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PREFACE

These Proceedings contain the text of the papers presented at the ANS
International Topical Meeting on Waste Management and Decontamination and
Decommissioning held in Niagara Falls, New York, USA, on September 1M-18, 1986.
The meeting was sponsored by the ANS Fuel Cycle and Waste Management Division
and ANS Niagara-Finger Lakes Section.

The U.S. Department of Energy, New York State Energy Research and Development
Authority, ANS Remote Systems Technology Division, Canadian Nuclear Society,
Atomic Energy Society of Japan, European Nuclear Society, Nuclear Energy
Society of France, and British Nuclear Energy Society all served as
co-sponsors. The U.S. Department of Energy also furnished financial support
for the preparation of these proceedings. Corporate support was provided by
Battelle - PNL, Mitsubishi Heavy Industries, Ltd., Dames and Moore, London
Nuclear, ENSA GZA, Ishikawajima - Harima - Heavy Industries Co., Ltd, Ebasco,
Waste Chem and Westinghouse.

The meeting was designated "Spectrum T86" to represent the gamut of activities
comprising a success story for nuclear waste management around the globe. The
papers reported on a turning point which had been reached in the nuclear
industry: all phases of waste treatment as well as D&D had been demonstrated
"commercially." In fact, systems that are in-place were cited as operating
reliably with extended life cycles.

The nuclear community reacted eagerly to the opportunity and challenge that
this meeting forum presented: to describe their countries' and companies'
progress and the "spectrum" of ingredients which were the basis for being able
to report these achievements. The Proceedings contain 195 papers from 600
attendees, ^0* of whom represented foreign countries.

The technical program chairman in collaboration with the assistant technical
chairs selected the session topics, and were also especially instrumental in
arranging for the majority of the outstanding international papers presented at
the meeting.

ASSISTANT TECHNICAL PROGRAM CHAIRS

Belgium Dr. E. J. Detilleux
Canada Dr. E. L. J. Rosinger
France Mr. C. G. Socnbret
FRG , Dr. K. D. Kuhn
Italy „.... Dr. P. Risoluti
Japan ...., Dr. K. Uematsu
Netherlands Mr. J. Vrijen
Sweden Mr. L. Devell
U.K. t Dr. W. Wilkinson

A large and renowned Technical Program Committee soliciting interest in the
meeting was another reason for the outstanding response in terms of both papers
and attendees. These members, augmenting the technical chairs, were called
upon to screen the large number of abstracts in selecting the conference's
papers and corresponding sessions.
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TECHNICAL PROGRAM COMMITTEE

Members at Large

A. Beitel Rockwell Hanford
A. Brodnick, Esq Florida Power and Light Co.
C. Chapman West Valley Nuclear Services Co., Inc.
P. Duckworth Westinghouse Idaho Nuclear Co.
W. Fisch Westinghouse WTSD
P. Hamric United States Department of Energy
E. Harrison Westinghouse Research and Development Center
K. Holton Battelle Pacific Northwest Laboratories
Hook Bechtel National, Inc.
G. Kitchen E.I. DuPont de Nemours and Co.
D. Leal ........^............... Dames and Moore
F. Li kar Westinghouse WIPP
B. Macedo Catholic University
Maillet Societe Generale Pour Les Techniques Nouvelles
J. McDaniel ..... Oak Ridge National Laboratories
L. McElroy Battelle Pacific Northwest Laboratories
D. Pye Alfred University
J. Roberts Dames and Moore
F. Schwarz .... New York State Energy Research and Development Authority
E. Shaw Ebasco Services, Inc.
A. Turi United States Department of Energy
Weisenburger Kernforschungszentrum Karlsruhe Gmbh
Wheeler Westinghouse Idaho Nuclear Co.
Witte WasteChem Corp.

The program sessions were chaired by these committee members and technical
chairs as well as the following additional individuals who represented still
other important Waste Management and D&D activities:

Mr. W. F. Bonner Mr. McFadden
Mr. S. Marchetti Mr. J. LeFevre
Mr. T. W. Mclntosh Dr. K. D. Kuhn
Dr. S. Goles Mr. T. Row
Mr. T. Tamai Mr. M. Yamamoto
Mr. P. Colombo- Mr. C. Little
Mr. T. S. Sridhar Mr. D. M. Levins
Mr. G. D. Leal

This overall group of aforementioned technical specialists performed an
outstanding service in supporting a rigorous peer review of these Proceedings
to yield a quality reference text. The literary editing was performed by Mr.
Erich Mayer and Ms. Irene Leonard both of West Valley Nuclear Services Co.,
Inc. Their assistance merits particular recognition and, as such, these
individuals are designated co-editors.
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To reach a successful conclusion, every major endeavor such as these
proceedings also needs and energetic catalyst with persistance. This
acknowledgement is sincerely due Ms. Anne Englert who, as much as anyone, was
responsible for these proceedings*.

The remainder of the Meeting Organizing Committee was composed of the following
West Valley personnel:

SPECTRUM '86 ORGANIZING COMMITTEE

General Chair John L. Knabenschuh
Assistant General Chair Anne E. Englert
Technical Program Chair James M. Pope
Registration Susan C. Perrin
Hotel Liaison Carol W. Senn
Finance Rick D. Hughes
Publicity VI. Dean Hoffman
Publications .VErich J. Mayer
Guest Programs Debbie Zerfas
Exhibits Dolf L. Bonenberger
Niagara-Finger Lakes Liaison Martin N. Haas
Special Program Advisor « William H. Hannum

John Knabenschuh, the General Chair, was the "heart" and the spirit of the
meeting. His experience and stability overcame all difficulties.

Lastly, you the authors and participants deserve our thanks because you made it
happen.

Dr. James M. Pope
Technical Program Chairman
West Valley Nuclear Services Co., Inc.
West Valley, New York

July, 1987
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BELGIUM'S RADIOACTIVE WASTE MANAGEMENT POLICY

Emile Detilleux and Freddy Decamps
National Agency For Radioactive Waste And Fissile Materials

ABSTRACT

Belgium has set up an important nuclear energy
program in which the waste problems have
continuously received special attention and
care. The paper describes the institutional
and technical aspects of the policy impleinented
to manage safely and economically the radioactive
waste and gives a brief status of the results
achieved so far.

INTRODUCTION

Radioactive waste to be managed in Belgium arise mainly from :

two power stations (Doel and Tihange) totalling 5540 MW(e) and 7 PWR
units which should produce in 1986 more than 65% of the electricity
generated in the country

two fuel fabrication plants (FBFC and BN, both at Mol-Dessel), the
first one producing standard LWR fuel assemblies and the second one Mox
fuel assemblies either for LWR or FBR

the former Eurochemic reprocessing plant (Mol-Dessel) presently
managed by a Belgian company (Belgoprocess) and kept in stand-by pending
the decision to resume or not reprocessing

the reprocessing by Cogema (La Hague - France) of Belgian spent fuel
under contracts which provide the shipment back to Belgium of the
resulting conditioned.waste

the National Nuclear Research Center (CEN/SCK - Mol) engaged in
important R&D programmes related to reactor technology fuel cycle
activities and waste management

the National Institute for Radioelements (IRE - Fleurus) which
develops and produces a wide range of radionuclides and radioactive
compounds for medical research and industrial application.



the conditioning of wastes for the producers who do not have
adequate installations

the storage of unconditioned or conditioned waste when it is
performed outside the producer's sites

the storage of spent fuel if performed outside the sites of the
power stations or reprocessing plants

the final disposal of conditioned waste.

The technical tasks implied by these responsibilities are carried
out either by its own means or by subcontracting them to third parties.
The Agency is also authorized to create or take interest in subsidiary
companies.

Moreover, the Agency has :

to ensure the application of the norms, specifications and
prescriptions enacted by the authorities concerning the nature and the
quality of the conditioning, storage and disposal techniques

to define, in cooperation with the waste producers concerned, the
conditioning and confining processes to be applied and the R&D programmes
to be performed in the field of its competences.

Financial Means

The law specifies that the Agency operates at cost prices and is
obliged to the financial equilibrium, but that all its expenses are to be
financed by those who use its services, namely the radioactive waste
producers. The expenses are distributed among them on the basis of
objective criteria defined as far as possible by common agreement, or, if
failing, by ministerial decisions. The Agency is also authorized to
subscribe to loans to finance its investments.

The long term tasks, which are essentially those related to the
final disposal will be financed by a Special Fund managed by ONDRAF. The
waste producers will finance the Fund by contributions calculated in
proportion to the expenses estimated to be charged to their respective
wastes.

The implementation of the Fund is still under discussion between
ONDRAF and the representatives of the main waste producers. The target
date for the set up of the Fund is 1987.



To these major producers have to be added the numerous users of
radioisotopes in industry, research and medicine; they individually
produce rather small volumes, but represent many "pick-up" points
dispersed all over the country.

The amounts of conditioned waste expected from the above outlined
activities are over a period of 30 years corresponding to the lifetime of
the power plants, of the order of 110,000 nv̂  for the "operation waste"
and 60,000 up for the "decommissioning waste".
Respectively, 15% and 1% of these amounts are considered for disposal in
a geological formation.

The conditions prevailing in Belgium, a territory of limited size
(30,500 Sq km), with one of the highest population densities of the world
(323 inhab./Sq km), a ground water table in many locations close to the
surface and limited choices for geological formations for a waste
repository, have, from the early beginning of the nuclear era around
1956, focused the attention of the authorities and of the responsibles of
the nuclear development towards waste management problems. Therefore, a
policy has been implemented which aims at a maximum volume reduction and
leach resistance of the conditioned waste in order to use at best the
possibilities existing in the country for storage and final disposal.

The paper aims to review and outline the main institutional,
organizational and technical aspects of the waste management policy
developed and applied in Belgium, a small country with an important
nuclear industrial activity.

INSTITUTIONAL RESPONSIBILITIES : ONDRAF (NIRAS)

Status

The "National Agency for Radioactive Waste and Fissile Materials",
ONDRAF in French (NIRAS in Dutch) was established in application of a law
promulgated in 1980. The purpose of the legislatures decision to grant
governmental status to the Agency is to have, at a national level, a body
entrusted with the definition and application of a policy ensuring the
protection of the population and the environment in the field of the
current and long term management of the radioactive waste and fissile
materials. This status expresses the will of the legislature to let
assure the activities and responsibilities governing the management of
the radioactive waste outside the risks of the economical life and
outside any profit making purpose.

Competences•

ONDRAF received responsibilities in the following fields :



Relationship With The Waste Producers

Contractual relations are established with the most important
producers (nuclear power plants, nuclear fuel cycle installations, IRE,
CEN/SCK).
A system of fees covering the services ensured by ONDRAF is applied to
the other producers, essentially the users of radioisotopes
(laboratories, hospitals, e t c . ) .

Two series of agreements have been implemented.

Agreements on the Takeover of Wastes with the view to their
treatment, conditioning and/or storage and disposal. The costs which, at
the moment of takeover, cannot be fixed definitely because of
uncertainties such as the length of the storage or the disposal method
(sea disposal, shallow land disposal, disposal in geological formations,
etc.) are covered by reserves constituted and managed by each producer
concerned. This system, which is temporary, has been adopted awaiting
the constitution of the Fund for the financing of long term operations
mentioned above.

Agreements on Studies and R&D Works. A basic agreement defines all
the conditions according to which the producers concerned make available
to ONDRAF the financial means required for the execution of the waste
management policy. Every action . agreed upon is subjected to a specific
annex which defines the program, the annual budgets and the share of each
producer concerned.

GENERAL WASTE MANAGEMENT SCHEME

The main features of the general waste management scheme already
largely in force, are :

a fraction of the waste generated by the main producers (power
stations, reprocessing plants) is conditioned on the spot by their own
means

the remaining fraction, and the waste arising from all the other
producers are shipped, under ONDRAF responsibility, to a central
treatment-conditioning facility, namely for the time being, the
installations of the National Research Center (CEN/SCK) at Mol, which
assures the services as subconstructor of ONDRAF

all the conditioned waste awaiting disposal are placed in surface
central storage facilities which are also located at Mol-Dessel on the
site of the CEN/SCK and the adjacent site of the former Eurochemic plant
now Belgoprocess.



This storage is also performed under the responsibility of ONDRAF, which
for the time being subcontracts the operations to the CEN/SCK and
Belgoprocess.

As far as disposal is concerned the following actions are considered:

for low-level waste, sea dumping which was regularly practiced until
1982, and/or shallow land disposal, a project still under active
investigation under the leadership of ONDRAF

for the alpha and high-level waste :
the geological disposal in deep-clay formation, a project under intensive
development since 1975 at the initiative of the National Research Center
(CEN/SCK) in close cooperation with ONDRAF and the European Economical
Community (EEC).

The main specificity of this general waste management scheme is the
attempt to develop a central location for the treatment and conditioning
of the largest possible fraction of low- and medium-level waste as far as
they can be safely and economically transported. The same concept is
applied to the surface storage of all the conditioned waste arising in
the country awaiting disposal. This centralization started several years
ago, when the National Research Center (CEN/SCK) offered these services
to the waste producers. Consequently the Mol-Dessel site, where these
facilities and the surface storage facilities associated to the former
Eurochemic plant are located, is considered as the starting point for the
development of this central waste treatment, conditioning and storage
complex. Moreover, the site is less than 100 km distant from the other
major nuclear facilities and excellent rail and road connections exist
between them.

If indeed, the nuclear activities are rather extensive in Belgium,
it remains however that the amounts of radioactive waste generated on
most of the sites are too limited to allow the use, on an individual
basis and at reasonable economical conditions of processes such as
incineration and supercompaction which are necessary to reach significant
volume reduction factors, one of the views of the national waste
management policy. Therefore the centralization is a benefitial approach
since it allows to distribute the charges among all the producers and
gives to each of them access to highly performing processes.

The status of development of each step of the above outlined general
management scheme is reviewed in the following paragraphs.



TECHNICAL STATUS OF THE WASTS MANAGEMENT SCHKMF,

Taking Over Of The Waste

The taking over at the producer's sites of the conditional ir>:
unconditioned waste for shipping to the central treatment, conditioning
and storage is performed under the supervision of ONDRAF. The Agency ha.T
definied a series of specifications for the various waste categories
which have to be net to assure after conditioning the required quality
for the storage and disposal.
The power stations condition themselves most of their highly radioactive
waste. They apply essentially the embedding into concrete using 400 1
druias with standardized characteristics defined by ONDRAF. However, the
power station operators are considering with more and more interest the
possibility to ship to a central conditioning facility, some of the waste
processed by themselves. Presently, the Tihange power station is already
shipping regularly to Mol-Dessel its evaporator concentrates for
conditioning.

Transport

The shipment from the producer's sites to the central facility for
conditioning and storage at Mol-Dessel is assured by carriers duly
authorized for radioactive transport.
The packages with a radiation dose at contact between
1 and 5 rem.h"-'- are transported in a specially designed shielded
container placed on a trucktrailer. Each container has a capacity of
fourteen 400 1 drums weighing up to a total of 15 tons.

The packages exceeding 5 rem.h"! at contact will be transported in
individual shielded containers presently under construction by ONDRAF
which will put them at the disposition of the concerned producers in
order to assure the optimization of their rotations. The containers,
made of steel, have a wall thickness of 12 cm and weigh 5 tons.

These rather elaborate transport conditions are one of the
consequences of the volume reduction policy followed for the reasons
outlined above in § l.b. The economical aspects of this policy will be
treated in another ONDRAF paper to be presented by Mr. ZACCAI at the
session on "Economics".

Treatment And Conditioning

Presently, the Treatment and Conditioning installations used as
central facility dispose of three main subfacilities, one for liquid
effluents treatment, one for incineration and one for compaction. They
are completed by some auxiliary service units, such as sorting,
concreting and bitumen embedding stations.



Liquid Effluents Treatment

All the low- and intermediate-level effluents generated on the
Mol-Dessel site are transferred by underground pipelines to the waste
station. This station also receives, via road transport, the
concentrates of the evaporators of the Tihange power station and
miscellaneous effluents resulting mainly from the production and use of
radioisotopes.

The applied process is a chemical precipitation- floculation
allowing chemisorption of the radioactive contaminants on the
precipitates which are finally separated by centrifugation. The
resulting concentrates are currently mixed with cement or incorporated
into bitumen. However, the possibility to treat them by high temperature
slagging (see 4.5.2.) is contempleted for the future in order to improve
the leach resistance of the product and the volume reduction factors
achieved so far.

This liquid effluent treatment station is highly efficient and has a
process-capacity largely sufficient to process, in addition to the
effluents received currently, the concentrate from the evaporators of all
the power plants, an option not to be fully utilized for the time being.

Besides those installations other facilities exist on the Mol-Dessel
site which are still used for the conditioning of the medium and high
level effluents arisen from the operation untill 1974 of the Eurochemic
reprocessing plant and its subsequent decontamination.

The medium level waste is incorporated into blown bitumen in a four
screw mixer evaporator and the high level waste is vitrified in the
Pamela plant erected at Mol-Dessel by the FRG to demonstrate the German
vitrification process.

Incineration

Two incinerators are presently in operation : a conventional fixed
bed unit and a demonstration unit for the high temperature slagging
process (HTSI) developed by the Nuclear Research Center.

The conventional incinerator, in operation more than 20 years, has
to be replaced in the coming years. The main difficulties encountered
with this low temperature process is the rather low performance of the
cleaning of the off gasses and a certain instability of the obtained
ashes which react to some extent with the embedding matrix.

The HTSI demonstration unit is able to treat a variety of wastes
including blend of combustible and non combustible metallic materials and
ion exchange resins. The main characteristics of the HTSI process are :



the high temperature (<VL400°C) allowing the treatment of plastics,
chlorinated materials, etc, without particular problems for the off-gas
purification

a highly insoluble and inert end product showing a leachability
favorably comparable to the one of the borosilicate glasses.

An industrial scale HTSI unit with a capacity 500 kg h"1, is
presently in a design stage, considerations are given to the possibility
to use this new facility for the destruction of highly toxic
non-radioactive compounds as well as for radioactive wastes.

Compaction

A low capacity compactor built in an alpha tight area and a second
one for non-alpha low-level waste have been in operation more than 20
years. Their compaction capability is rather low and the process has not
been optimized so far in Belgium. Preliminary studies conducted in 1985
by ONDRAF in cooperation with the CEN/SCK have shown that the use of a
modern supercompaction press available on the market would allow the
volume of compacted waste achieved to-day to be further reduced by a
factor of at least 1.7. Consequently the construction of a
supercompaction facility is considered as a necessary step for the volume
reduction policy implemented in Belgium. The realization of this project
should start this fall or early 1987.

Modernization And Development Of The Central Facility

The modernization and development of the central
Treatment-Conditioning complex will be focused around three main
subfacilities :

the existing effluent treatment station

the HTSI demonstration unit which could be reserved for alpha
bearing waste, and the industrial scale HTSI unit

the supercompaction facility which will replace the existing
compactors approaching the term of their lifetime.

Some auxiliary services have tc be built to complete and modernize
the complex; they concern the sorting and grouping of the incoming
unconditioned waste; the embedding and packaging of the concentrates
delivered by the major subfacilities, the monitoring and the quality
control of the coming in and going out waste.



Surface Storage

Until the decision in the course of 1983 to interrupt sea dunging,
the surface storage of conditioned waste was, in Belgium, actually
limited to the intermediate- and high-level waste produced by the
operation of the former Eurochemic reprocessing plant and limited amounts
of waste from other sources which were not suitable for sea disposal.

Since 1983 the situation has changed radically; indeed, on the one
hand even the low-level conditioned waste had to be stored awaiting
either a questionable resumption of the dumping or the opening of a
disposal site, and, on the other hand it is time to take the necessary
actions to allow the storage of conditioned waste to be returned to
Belgium in application of the reprocessing contracts signed between the
utilities and the French Cogema.

At the initiative of ONDRAF the additional storage facilities
required will be, as far as technically possible, integrated in the
existing ones housing the conditioned Eurochemic waste which include :

four concrete vaults (three effectively used) for intermediate-level
waste bituminized in 220 1 drums with a dose rate at contact up to 200
Rem~l (5.000 drums per vault)

a heavily shielded and ventilated cell for the storage of the
vitrified high-level waste (produced by Pamela, the vitrification
demonstration plant built and operated by the FRG on the former
Eurochemic site at Mol-Dessel).

All the handling operations are remotely controlled in both
facilities.

The additional facilities required to meet the surface storage needs
as they are evaluated to-day are :

a new warehouse for the low-level conditioned waste, with a wall
thickness of 25 cm (heavy concrete), designed for successive modules
extension and served by lift-truck and conventional bridge cranes;
facility to be operational by the end of 1987

the fourth concrete vault of the storage facility built by
Eurochemic for its intermediate-level bituminized waste and which is not
required for this purpose and will then receive conditioned waste from
other origines; facility operational

a series of new installations to receive the intermediate and
high-level and alpha contaminated waste to be shipped back from
reprocessing in France; the conceptual study of these additional
facilities is going on and their construction is scheduled for to start
mid 1987.



Disposal

In connection with the final disposal, two programmes are going on
in parallel, one aiming at developing an alternative to the dumping into
sea of the low-level waste based on a surface or shallow land repository
concept, the second one aiming at evaluating the potentialities of the
clay for the deep disposal of alpha bearing and high-level waste.

Surface Or Shallow Land Disposal

The program, managed by ONDRAF with the assistance of the Nuclear
Research Center and some specialized engineering offices was initiated in
1984. It includes :

the definition, description and evaluation of various burial
concepts (concreted trenches, monoliths, or galleries)

the setting up of a general methodology for the evaluation of the
safety and the performances of the concepts

the application of this methodology to a well characterized site, in
concurrence the Mol-Dessel site

the search and selection of sites suitable for the opening of a
repository.

The inventory of the potential sites which is going on for the time
being should allow, at the end of the current year, submitted to the
Safety Authorities, a list of potentially suitable locations. The final
choice to be made between the selected locations will afford
investigations on the spot. The surface area required for the
anticipated repository does not exceed 1 Sq km, a surface which easily
meets the disposal requirements for the coming 30 years. Ten years have
been considered as necessary from the start up of the project in 1984
until the opening of the repository to allow its study, development,
realisation and licensing.

Deep Disposal

In Belgium the choice of geological formations suitable for alpha
and high-level waste disposal is almost limited to clay, which is
abundant in shallow and deep layers. In particular, beneath the region
where Mol-Dessel is located, exists a thick and homogeneous clay layer
over about 5,000 Sq km. Under the nuclear site of Mol-Dessel the layer
is found between 160 and 270 meters. Since 1974 this site is actively
investigated under the responsibility of the Nuclear Research Center
(CEN/SCK) with a financial contribution of the European Economical
Community (EEC).
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The more than 10 years of intensive laboratory research and field
investigations have led to preliminary but very positive conclusions. On
the basis of these results, it has been decided to build an underground
experimental facility which has been commissioned in 1984 to perform an
important program of inactive tests in situ.

Simultaneously, ONDRAF, with the assistance of the CEN/SCK and
various scientific and engineering organizations, has undertaken the
preparation of a Safety Assessment and Feasability Biterim Report (SAFIR)
scheduled to be ready end 1987. This report will present and discuss the
knowledge acquired so far, the objectives being to allow on the one hand
the authorities to take position on the use of the clay layer as host
formation for a repository and on the potentialities of the Mol-site to
be used for this purpose and on the other hand the promotors of the
project to identify critical items which require further investigations.

In spite of the efforts already developed and of the promising
results obtained important items remain to be investigated, developed or
demonstrated particularly in the technological and radiological fields to
test the behaviour of the concept in as realistic as possible
conditions. For these reasons a second phase of the underground work is
being started; it includes twor parts, namely :

Part I (1985-1992) : construction of a 30 m long, 5 m diameter
tunnel, dug from the existing shaft, opposite to the access to the
underground laboratory; this tunnel, provided with simulated storage pits
will allow to study the lining technology of the gallery, the digging
technology without freezing the clay, the effect of heat and radiation
sources on the clay in situ, etc.

Part II (from 1988) : construction of a 200 m long tunnel provided
with storage pits and the equipment necessary to handle the waste
canisters and the backfilling material. This tunnel will be accessible
through a new shaft, which could be used later on for the repository, and
the existing one which gives to-day access to the underground laboratory.

This second phase of the project is also performed with financial
participation from the EEC.

CONCLUSIONS

In spite of the limited resources Belgium has implemented an
important nuclear program in which the management of the radioactive
waste has, from the beginning, continuously received special attention
and care. We hope this paper will contribute to a better understanding
of what has been achieved in Belgium so far.
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PROGRESS IN INDUSTRIAL SCALE RADIOACTIVE WASTE MANAGEMENT IN THE
UNITED KINGDOM

Frank Feates
Chief Radiochemical Inspector

UK Department of the Environment

ABSTRACT

Recent years have seen a number of successes in
implementation of the policy for radioactive waste
management set down by the Government ten years ago.
This paper reviews progress achieved in reducing
radioactive effluent releases from nuclear power
stations and from reprocessing of nuclear fuel,
progress towards operation of a vitrification plant for
high-level wastes, and progress towards operation of
plants for the treatment and packaging of intermediate
level wastes. Early disposal of low and
intermediate-level wastes is an objective of current
Government policy. To this end, UK NIREX Ltd has been
set up as a legally constituted body to take direct
responsibility for development and operation of
disposal facilities. The Department of the Environment
has conducted an assessment of the best practicable
environmental option for storage and disposal of all
types of low and intermediate-level solid wastes.
Near-surface disposal in suitable engineered trenches
is seen as the best option for over 80% by volume of
these wastes and four sites are now being investigated
by NIREX in the perspective of operation of a
near-surface waste repository by 1992. These
developments are described and the schedule for further
successful implementation of policy is discussed.

BACKGROUND

Ten years ago the Royal Commission on Environmental Pollution

considered nuclear power and the environment. The Commission published a

report which was generally accepted by government in 1977. It led to the

following policy objectives for safe waste management being formulated:
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to ensure that creation of wastes from the nuclear activity is

minimised

to ensure that the handling and treatment of waste is

carried out with due regard to environmental

considerations

to secure the programmed disposal of waste accumulated at

nuclear sites

to ensure there is adequate research and development of

methods of disposal

to secure the disposal of wastes in appropriate ways, at

appropriate times, and in appropriate places.

Since 1977 there has been an extensive research and development

programme aimed at achieving these objectives and this paper summarises

the progress which has been made. Work has been undertaken by the nuclear

industry in the United Kingdom; by Government Departments, either

directly or under commission, or jointly with the European Community.

Many of the programmes will be reviewed in detail in papers presented to

this conference and I will only identify specific highlights in this

introductory presentation. I will consider control of the radioactive

content of effluents, waste solidification and treatment

processes, decontamination, decommissioning, storage and disposal.
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EFFLUENT TREATMENT

The principal source of radioactive discharges from the United

Kingdom is the Sellafield Reprocessing Plant. Since 1977 a major capital

investment programme has been undertaken. This has involved a radical

reappraisal of effluent management procedures at Sellafield, the

construction of improved facilities for storage and decanning fuel, the

commissioning of a high capacity ion-exchange effluent treatment plant

and the development of evaporation/concentration facilities to enable

certain alpha-active waste-streams to be stored pending the completion of

dedicated alpha activity removal plant. Already the radioactive content

of the discharges has been reduced by a factor of more than 10 (figure 1)

and will be reduced still further by 1991 when the final stage of the

investment programme is complete.

These improvements are reflected in a progressive tightening of the

statutory authorisations which permit radioactive discharges. The liquid

discharge authorisation relevant to Sellafield was revised in January

1985, reissued with the introduction of additional controls and more

stringent limits in July 1986 and will be reviewed again by 1990.

Discharges from nuclear power stations are also being subjected to

close scrutiny and, where it is practicable to do so, the levels of

radioactive discharges to the atmosphere, or to the marine environment,

will be reduced. This may demand the construction and commissioning of

advanced treatment plant, or the development of new methods of waste

management.
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FIGURE 1 ANNUAL SELLAFiELD DISCHARGES TO SEA
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WASTE TREATMENT

Papers to this meeting describe developments in waste treatment of

low and intermediate level wastes at the research level on improved

immobilisation techniques, remote handling and size reduction. This

research is being applied to operational plant at the sites which are

major waste producers. In particular, plant are under construction at

Sellafield, Dounreay and Winfrith. New plant is also operating at

nuclear power stations. At Dungeness a process is at present under

investigation for the dissolution of Magnox cladding components in

carbon-dioxide, thereby significantly reducing the bulk of the secondary

wastes arising at Magnox power stations. The conclusion has been reached

that in many cases the most effective immobilisation medium for low and

intermediate-level wastes is cement and the majority of plant are using

this as the primary matrix. Not only does it have good mechanical and

shielding properties, but it provides effective chemical buffering in a

disposal environment, thereby reducing the migration of any long-lived

radionuclides which may be present.

Heat generating wastes from fuel reprocessing will be vitrified in a

plant currently being built at Sellafield. Research is in progress to

develop improved vitrification techniques and a major research programme

is investigating the use of joule-heated ceramic melters. Paper to this

conference gives information on the progress which has been achieved.

DECONTAMINATION

A research programme has been underway for several years,

investigating methods of reducing the contamination of materials with

plutonium and other actinides. A wide range of techniques has been

considered and papers to this meeting report progress with

electrochemical methods. Present plans are that the most promising
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techniques will be introduced into routine service by the end of this

decade provided they do not prejudice, for example, encapsulation plants.

DECOMMISSIONING

The United Kingdom is undertaking a major decommissioning

experiment, using the prototype advanced gas-cooled reactor which was

built at Windscale in the early 1960s. The reactor will be fully

decommissioned eventually to green field status. There has been a major

research programme to establish the most effective packaging method for

the large components which will arise from the decommissioning activity.

A study is also underway to determine the most appropriate disposal route

for the variety of wastes which are arising.

STORAGE AND DISPOSAL

The nuclear power industry produces over 150 discrete types of waste

(solid, liquid and gaseous) each of which needs to be considered to

determine the most effective management strategy. Following

recommendations from the Royal Commission on Environmental Pollution, we

are currently commissioning studies to determine what is the best

practicable environmental option for managing the waste-streams of

greatest radiological significance.

A study has already been completed of a range of low and

intermediate-level wastes which have in the past been destined for

disposal to the marine environment. The study considered a range of

options, including storage, shallow or deep geological disposal, as an

alternative to disposal to the marine environment. The conclusion was

reached that each of the disposal options has a part to play in a total
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waste management strategy, but for many wastes there is little

environmental difference between the options considered. The report has

been published.

Regulatory Departments have also issued guidance to the nuclear

industry on the principles which need to be satisfied in the future

development of disposal facilities. Apart from a wide range of

environmental impact assessments which will be required, the primary

radiological target is that the risk to an individual resulting from any

disposal activities should not be greater than one in a million in any

year. The risk level required can be equated approximately with a

maximum dose to the individual of O.lmSv psr annum. Operators proposing

to develop disposal facilities will need to satisfy authorising

Departments that this criterion can be met, taking into account the

probability of radiological consequences of any future developments at

the site when institutional control has ceased and for all time that the

radioactivity remains a potential hazard.

Low-level waste (containing little long-lived radionuclides) should

be disposed of as soon as is practicable. UK policy is that such waste

is suitable, in principle, for disposal near the surface in trenches

lined with concrete. The Nuclear Industry Radioactive Waste Executive

(NIREX) is planning to develop one such facility by about 1992 and has

identified 4 potential sites on which investigatory studies have just

commenced. Two are on the East Coast of England and 2 are in the central

region of the country. When a NIREX site is available it, together with

existing disposal sites at Drigg and some nuclear facilities like

Dounreay, which all have low radiological impacts will be able to

accommodate all low-level waste arising in the United Kingdom (including

hospital and industrial wastes) until at least 2030.
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The United Kingdom proposes to dispose of intermediate-level waste,

particularly that containing transuranium elements, by deep disposal at

least 100 metres below the land surface. Generic studies are still being

undertaken and techniques being investigated include conventional mining

under land, drilling from land into the geological structures below the

coastal waters, or placement under the sea bed by, for example, using oil

drilling techniques from rigs. A comparison of these techniques will

take place over the next few years with the objective of commissioning

the first deep disposal site early in the next century. Until that site

is available the quantities of intermediate-level wastes which are being

generated will be stored. The volume of these wastes is small in

comparison with other industrial wastes.

Heat-generating wastes arising primarily from reprocessing

activities will be vitrified and stored for at least 50 years to allow

some of the radiation-induced heat to decay. Early in the next century

this policy will be reviewed, when a decision will be taken whether to

continue storing the vitrified product for a longer period, or to develop

a suitable deep site to accept the material. The options of disposal on

land or deep in the ocean are at present being kept open.

In the past the United Kingdom has disposed of some low and

intermediate-level drummed solid waste in the Western Atlantic. No waste

has been so disposed since 1982 and the Government is currently reviewing

the position. As I mentioned earlier, the study of best practicable

environmental options identified sea disposal as an effective way for

disposing of a limited a range of wastes, particularly those containing

tritium and certain low-level wastes from decommisioning, and it seems

prudent to retain this option,to be employed when appropriate.
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RADIOACTIVE WASTE MANAGEMENT POLICY IN JAPAN

Kunihiko Uematsu
Power Reactor and Nuclear Fuel Development Corporation
9-13, 1-chome, Akasaka, Minato-ku, Tokyo 107, Japan

ABSTRACT

The present paper describes the basic concept and present
status of the treatment, storage and disposal of radio-
active wastes in Japan.

In the field of the development of HLLW vitrification
techniques, we are planning to start the construction of
a vitrification plant based on several new ideas in 1987
and the operation in 1990.

In the field of TRU waste treatment techniques, we are
planning to establish the techniques for volume reduction
and stablization focusing on the demonstration tests at
PWTF and WDF.

In geological isolation program, we are performing various
R&D for the selection of the disposal site and geological
isolation system in the second stage of the basic program.

In order to store vitrified HLW wastes and immobilized LLW
wastes and develop geological isolation techniques at deep
geological test sites, we are planning to establish a
radioactive waste storage engineering center in Hokkaido.

Regulations are under preparation for the implementation
of the disposal of radioactive wastes.

1. INTRODUCTION

Nuclear power in Japan has played an important role in supplying
electric power. Namely, the total electricity generating capacity oJ
operating nuclear power reactors has been approximately 24.5 Gigawatt
since 1985.

253 tons of the spent fuels from these reactors have been reproce
at the Tokai Reprocessing Plant since September 1977, and as a result
about 226 cubic meters of high-level liquid waste (HLLW) have been
generated and safely stored in the on-site tanks. The vitrification
program is successfully under way aiming at the first vitrification p
operation in 1990.
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On the other hand, almost 627,000 drums of low-level radioactive
wastes (LLW) have already been generated from the operation of nuclear
power plants arid occupy a great deal of space at each reactor site. The
solution to the question of LLW final storage has become an urgent matter.

In August 1984, the Advisory Committee on Radioactive Waste Management
of the Japan Atomic Energy Commission published a report and identified
concrete programs for the actual processes and steps to be taken in the
land disposal of LLW according to the level of radioactivity and the
disposal of high-level radioactive waste (HLW).

2. VITRIFICATION OF HLLW

The major features on the treatment of HLLW in the basic policy on
radioactive waste management in Japan are as follows:

1. In the development of the HLLW solidification technology, emphasis
should be put on the vitrification into borosilicate glass;

2. The Power Reactor and Nuclear Fuel Development Corporation (PNC) and
Japan Atomic Energy Research Institute (JAERI) should lead the
researches on the development of vitrification technology and the
safety evaluation of vitrified materials, respectively, in cooperation
with governmental and industrial organizations;

3. Vitrification technology should be demonstrated by the early 1990's
through the construction and operation of the vitrification plant.

In accordancce with this program, PNC has continued the development of
the vitrification technology based on the liquid-fed Joule-heated ceramic
melter (LFCM) process. Cold engineering tests in the Engineering Test
Facility (ETF), full-scale mock-up tests in the Mock-up Test Facility
(MTF) and laboratory-scale hot vitrification tests in the Chemical Proc-
essing Facility (CPF) in which PNC's full campaign aiming at manufacturing
a vitrified material containing actual radioactive waste substances have
been performed since February 1980, May 1982 and December 1982, respec-
tively. These tests are focused on providing detailed data for designing
the vitrification plant for the Tokai Reprocessing Plant.

Major development items in process technology in recent years are
improvements of both the design of a ceramic melter and the performance
of melter off-gas cleanup system. A new engineering-scale ceramic melter
with a 915 MHz microwave heating device has been in operation since
September 1985. Melter dismantling technique, numerical flow analysis
code and others are also being developed as a part of melter technology.
In the off-gas technology, airfilm cooler at the outlet of the melter off-
gas, high efficiency mist eliminator and wet type electroprecipltator are
developed and their performances are checked.

During 1986, the license application of the plant will be submitted to
the authority. Its construction will be started in late 1987. The treat-
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raent capacity of the plant is equivalent to the Tokai Reprocessing Plant
(0.7 ton of HM/day). This plant employs fully remote operations and
maintenance in a large vitrification cell (Fig.l). All the equipment in
the cell area are designed in compliance with standardized rack-mounted
modules. It is planned that the construction will be •:ompleted in 1990
and hot operation will be initiated the late 1991.

3. TRU WASTES

Radioactive wastes containing transuranic (TRU) nuclides generated
from the operation of reprocessing plants and plutonium fuel processing
facilities are currently being safely stored in the same manner as low-
level radioactive wastes. Currently, more than 30,000 drums of TRU wastes
are being stored at the PNC's Tokai plants. And it is anticipated that
the amount will increase in the future through the operation of a commer-
cial reprocessing plant and also under overseas reprocessing contracts.

TRU wastes have been treated similarly to the low-level wastes.
However, the importance of the research and development program on TRU
wastes management is intensified in the report of the Advisory Committee
on Radioactive Waste Management focusing the following items:

° Reduction of the creation of wastes
0 Reduction of the volume of wastes
° Solidification of wastes into a form appropriate for disposal
° Segregation of non-TRU from TRU wastes
° Disposal

In order to reduce creation of TRU wastes, improvements of in-process
equipment and operation techniques are being carried out.

Furthermore, in PNC's Pu Fuel Facility, efforts on the development of
techniques for volume reduction of wastes are being made. These involve
the incineration of combustible materials, cyclone incineration of organic
chlorinated wastes, acid digestion, electroslag remelting of metal wastes
and solidification of non-combustible wastes into ceramic-like waste form
by microwave heating. These techniques will be demonstrated at the Pu-
contaminated Waste Treatment Facility (PWTF) of PNC, which is now under
construction and is scheduled to be in operation in 1987. The size of
PWTF is a 54m-long, 30m-wide, 20m-high. The total floor area is about
7,000 m2. Fig.2 shows the detailed schedule of PWTF and Fig.3 shows the
schematic process flow diagram of PWTF.

The techniques for decontamination and dismantling of large-size waste
contaminated with TRU nuclides have also been developed in PNC, which will
be applicable to decommissioning of nuclear fuel cycle facilities. These
include ice/dry ice blasting technique, electropolishing technique and
redox technique for decontaimination, and portable plasma cutting remote-
arm. These techniques have been developed and partly demonstrated at the
Waste Dismantling Facility (WDF) of PNC's 0-arai Engineering Center since
March 1984.
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The immobilizations of some portion of low-level liquid wastes gener-
ated at the Tokai Reprocessing Plant have been done by bituminization
process for evaporator concentrates and by phosphoric acid extraction
process for solvent wastes. Therefore, Bituminization Demonstration
Facility (BDF) and Solvent Waste Treatment Demonstration Facility (SWTDF)
are installed at Tokai Reprocessing Plant site.

BDF adopted extruder solidification process and started active liquid
waste treatment operation from October 1982.

SWTDF adopted phosphoric acid extraction method (KfK method).
Construction of this facility has been completed at the beginning of 1984.
Cold tests have been carried out from May 1984 to October 1985 and started
hot test from December 1985.

4. LOW LEVEL WASTES

The 50,000 drums (200 litre drums) of LLW annually generated by the
operation of nuclear power plants are put into safe storage at various
storage sites after they have been conditioned. A total of ̂ 21",000 drums
had already been accumulated in each on-site reactor areas by the end of
March 1986.

Basic plans for the final disposal of LLW consist of conventional land
burial and ocean dumping.

At present, the Japan Nuclear Fuel Industries Ltd., composed of major
utilities, is studying the possibility of drawing up concrete plans for
the centralized terminal storage of LLW at Rokkasho Mura in Aoraori
Prefecture.

5. GEOLOGIC DISPOSAL PROGRAM

The committee revised the geologic disposal program of HLW and
recommended 4~phase program (Fig.4) in which the last phase calls for the
beginning of emplacement of HLW into a selected repository around 2000.
The first phase has been already completed, and the second phase of this
decade calls for the selection of candidate disposal sites as well as
conducting the R&D of waste disposal in underground research laboratories
and in hot test facilities.

The revised program consists of the following four phases:

Phase 1: Survey on potentially suitable geologic formations for
disposal (completed)

Phase 2: Selection of candidate disposal site (possible in about ten
years)

Phase 3: Demonstration of disposal technology
Phase 4: Disposal of actual waste

This four-phase program is illustrated in Fig.4.
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Geological surveys were conducted in the phase 1 achieving the results
that the geological disposal system is feasible in achieving the double
barrier within Japanese geological formations combined with engineered
barrier system.

In phase 2, further geological surveys focused on ground-water
characteristics and long-term stability of deep geologic formation and
relating effect of earthquake will be done with a backup of underground
laboratory study. Material science and nuclide chemistry will also be
emphasized to get better understanding on release and migration of
nuclides. These activities will be undertaken for another five years in
order to get disposal concept acceptable to the public.

Since TRU wastes contains long-lived radioactive nuclides, it should
be disposed of in the similar way as HLW. The concrete steps to be taken
in this disposal process are to be studied taking the results of research
on the disposal of HLW into due consideration.

6. CONSTRUCTION PROGRAM OF A RADIOACTIVE WASTE STORAGE RESEARCH CENTER

The center is to be constructed for the purpose of storing vitrified
HLW and immobilized LLW, and developing waste disposal technology
including utilization of heat and radiation from HLW. 4,000,000 m2 of
land is to be provided for the center which will comprise a high-level
vitrified radioactive waste storage plant and a low-level immobilized
radioactive waste storage facility as main facilities and a research and
development laboratory, an underground research laboratory, a hot test
facility and others as adjascent facilities.

Start of operation

HLW storage plant: 1992
Immobilized LLW storage facility: 1992
Underground research laboratory: 1988 (boring)
Hot test facility: 1992
Research and development laboratory: 1988

80 billion yen is anticipated for overall expenditures of the first
10 years.

7. ESTABLISHMENT OF RELATED LAWS

At the past 104th session of the National Diet, which was held in
March 1986, an amendment was added to the Nuclear Reactor Regulation
Law. With the addition of this new amendment, the government policy for
radioactive waste disposal was established. Matters concerning
radioactive wastes have been clarified to a significant degree by setting
up legal statutes for the assumption of responsibility for the safe
management of the treatment and disposal procedures for radioactive
wastes, safety regulations and reparation liability for nuclear accidents.
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CONCLUSION

In order to prepare for the completion of nuclear fuel cycles, Japan
is proceeding with the demonstration of treatment techniques and the
development of disposal techniques for radioactive wastes. In these
fields, it will become more and more important to steadily promote the
program implementation based on the public understanding and under
international cooperation for solving common important problems.

Inspection Cell

Crane

Storage Cell

Two-arm Muntouiator

Racx Moauie
Canister Handling Eauioment

Glass Melter

Fig. 1 Conceptual Drawing of Vitrification Cell
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RADWASTE MANAGEMENT IN THE NETHERLANDS:

A DUTCH APPROACH

J. Vrijen
COVRA, Petten, The Netherlands

ABSTRACT

In the Netherlands the particular circumstances of
the past led to the situation that one might observe
right now. In order to be able to understand the
logic in some of the choices that have been made, it
is necessary to go back in history. From that
approach the present and future functioning of COVRA,
the Netherlands Central Organization for Radioactive
Waste is outlined.

INTRODUCTION

Directly after World War II was over, nuclear research and somewhat
later also nuclear industry was organised in the Netherlands. Reason
for this was a fair amount of yellow cake already present in the
Netherlands before WWII, but safely hidden during these years of war.
At that time public interests were all in favour of fast reconstruction
of Dutch industry. Every new development that could be useful was
accepted with great enthousiasm. This held for the shipyards, for
construction and building industries and also for new industrial
developments like the chemical, electronical and energy industries.
Each member of the Dutch society had or could have a job and all
welcomed the profitable consequences of their labour. And as far as the
later "Atoms For Peace" was concerned this new issue resulted in a
rather large group of highly motivated new institutions and companies,
each dedicated to a special task field in this new nuclear area. Good
examples are the Reactor Center of the Netherlands at Petten, and the
Institution for Fundamental Research, FOM, at Amsterdam, where Kiste-
maker developed the enrichment process by means of ultracentrifuges. An
example of dedicated industrial effort is the initiation of Neratoom, a
joint company of a large number of major Dutch industries in the late
fifties.
During the first fifteen years after WWII this evolution was considered
quite logical and was accepted by the politicians and by the public in
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general. It is interesting to note that people at that time did not
even doubt whether waste could be taken care of in an appropriate way,
even where no waste policy was outlined, not even coarsely, for the
high level radioactive waste. Confidence was enormous at that time.
This, in many aspects, was similar in neighbouring countries. But
it changed. And everywhere it changed differently, due to the national
circumstances. In the Netherlands circumstances also changed in the
early sixties but it did not start in nuclear research or the nuclear
industry. Economic growth tended to turn over to consolidation. The
first generation of people after WWII became partially replaced by the
second generation. Some of these had no war experiences at all. This
second generation started to ask questions about "why working that
hard" and "the quality of life". Especially these people were not to
accept so easily the somewhat simplified rule "working the way we tell
you, is best for you". In the early sixties a wave of alternative
movements developed in the Netherlands, starting at Amsterdam. Well-
known movements are Provo, Flower Power, students resistance, finally
resulting in an overwhelming pressure to more public involvement
in decision making. Here also politics enter technical areas. In
the more wealthy middle and western parts of our country this resulted
in renewed selfconciousness with a touch of culture, sometimes very
refreshing.
In Belgium and the northern part of Germany a logical and fast intro-
duction of nuclear energy took place. In the Netherlands the presence
of the rich natural gas supplies postponed this logical introduction.
At a modest scale we decided to construct nuclear power plants and
started with Dodewaard (50 MWe) followed by Borssele, (450 MWe). At
research and industry development level, the Netherlands had not
postponed anything as far as nuclear was concerned. The country
constructed reactor vessels for many nuclear power stations all over
the world. And the Dutch had worked since early 1960 at the development
of handling capability for fast breeders; in the same way as we are
involved in research for controlled fusion on a scientific and techno-
logical level at present. In the early seventies, this sodium techno-
logy, TNO and ECN worked on, led to our participation in the sodium
cooled fast breeder project SNR-300 at Kalkar, both on industrial and
research level. In the early seventies Dutch Government decided to
propose expansion of the nuclear electricity production with another
3000 MWe. It took more than ten years of discussions amongst the
Dutch and in Parliament. But in January 1985 Government concluded
these discussions by the declaration of her energy policy.
This policy included that before the year 2000 two up to four large
(1000 MWe-range) light water reactors should be constructed and
commissioned. The Tsjernobyl accident of April 1986 however adjourned
any further decision making. For all these reasons the amounts of
radwaste, produced yearly in the Netherlands, are not very large. And
since the spent fuel of the two existing nuclear power stations will be
reprocessed in France at Cogema and in the United Kingdom at BNFL, only
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low- and medium level radwaste had to be taken care of until now. In
the mid sixties the Netherlands started sea-dumping of these kinds of
waste. Though the Dutch authorities followed strictly the international
rules such as set by the London Dumping Convention, society protests
started in the late seventies and grew stronger in the early eighties.
This caused the Dutch Government to look for alternatives. Finally
interim above-ground storage for many years, followed by deep geologi-
cal disposal is considered as the preferred option. Because of advan-
tages in environmental protection, economics, employee safety and
management the Government opted for a centralized approach and storage
at one single site. To take responsibility for these materials a new
organization was needed. So the initiative was taken to establish
COVRA, the Central Organization for Radioactive Waste.

COVRA ORGANIZATION

Though COVRA is founded in 1982 on initiative of the Dutch Government,
COVRA is a private company. Within the Dutch society deliberately a
structure has been chosen in which all major parties involved would
cooperate.

Shareholders in the company are:

- the State of the Netherlands (10 % ) ;
- the Netherlands Energy Research Foundation (30 %);
- the two nuclear utilities PZEM and GKN (30 % each).

SHAREHOLDERS:

State
ECN
PZEM
GKN

WASTE
PRODUCERS:

Utilities
Research
Industry
Hospitals

SUPERVISION
AND CONTROL

CONTROL BOARD

COVRA

GOVERNMENT POLICY
Internal advisors:
Policy departments
External advisors:
Health Advisory Board
ECN
TNO

LICENSING BODIES:
Governmental departments

CONTROL BODIES:
Governmental departments

COVRA's position within Dutch society.
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COVRA counts one director. He operates under the supervision of the
control board. The control board consists of four representives of each
of the shareholders and a fifth non-related person, acting as chairman
of the board. Since the State holds only 10 percent of the shares, it
could be assumed that the role of the State is limited. However, in the
statutory provisions of COVRA and in a separate agreement between
shareholders the importance of the Governments involvement is imple-
mented in detail. In principle for each decision of vital importance
for the functioning of COVRA, agreement of the States' representative
is essential in the control board.

COVRA'S TASKS

As pointed out in the statutory provisions COVRA has to take care of
all radioactive wastes after transfer from the wasteproducer to COVRA.
This care includes all environmental aspects. This comprises:
- the responsibility for the radioactive waste including liability;
- transportation from the wasteproducer to the processing installations

or to the waste storage buildings;
- transportation from the waste processing installations to the waste

storage buildings;
- processing, conditioning and packaging of waste;
- guarding and surveillance of the stored waste to prevent any contami-

nation from this waste;
- keeping a detailed administration of the stored waste, including

keeping track of the natural decay of the stored nuclides;
- providing that the radiation dose rates inside and outside the

facility are kept within the limits set by the operating license;
- providing a lasting isolation of the packed waste from the biosphere,

including the final geological disposal;
- periodically reporting to Government and society.

Until now COVRA is only involved with low- and medium level waste. In
the near future also high level waste such as vitrified waste from
reprocessed fuel or the spent fuel itself will be put under COVRA's
responsibility.
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COVRA'S PRESENT ACTIVITIES

At this moment COVRA has office and storage buildings on a site at the
village Petten. COVRA supplies the waste producers with drums (approved
by COVRA) in which they can collect their radwaste. Of course different
kinds of drums are used for the different kinds of waste. Once these
drums are filled up, they are collected by COVRA-trucks troughout the
Netherlands. On contract by COVRA this waste is being processed,
conditioned and packed by ECN. This packed waste is stored in COVRA's
waste storage building. This building has sufficient capacity for all
low-and medium level waste produced within a period of 5 years. Apart
from all related work COVRA is preparing its next site. Therefore a
site-independent environmental impact statement was submitted to
the Government in 1985. Also an investigation has been initiated for
the most appropriate long-term interim storage method of heat producing
high level wastes like vitrified waste or spent fuel.

COVRA'S FUTURE ACTIVITIES

In the near future on a new site in the village Borssele all processing
and storage activities related to all kinds of Dutch radwaste will be
carried out, except the reprocessing of spent fuel. On the premises
will arise the necessary offices, garages, waste processing building,
storage buildings for conditioned and packed low- and medium level
waste, handling building for vitrified waste and spent fuel, storage
buildings for these kinds of waste and a handling and storage building
for high level waste not requiring cooling. At first COVRA will have to
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obtain the necessary licences. This means that according to the Dutch
Nuclear Energy Act an operating license has to be applied for. In
addition construction permits are needed. Together with the license
application a site specific environmental impact statement has to
be submitted to the Government. COVRA expects to submit the necessary
license documents in 1987. Under normal circumstances construction can
start at the end of 1988.

COVRA'S FAR FUTURE

With the realization of a really long term interim storage facility the
Dutch Government can work out all necessary details related to final
disposal. At this moment only small scale studies are performed. This
makes it possible to keep many disposal options open for a long time. A
final option will be selected when enough knowledge is available and
when the majority of our society is convinced of the thoroughness of
the approach. This will possibly take fifty or even hundred years
to solve critical questions and to reach consensus about the acceptance
of environmental risks in the long run.
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NUCLEAR WASTE MANAGEMENT IN FRANCE

Jean Lefevre
Guy Baudin

Commissariat a l'Energie Atomique France

ABSTRACT

The experience acquired over forty years through
an extensive nuclear power program has enabled
France to develop a corresponding comprehensive
waste management policy. This covers rules and
regulations, health and safety aspects for both
the short and the long term, technologies from
the design of installations to their decommis-
sioning and the conditioning, transport and
disposal of the entailed wastes. An intensive
on-going R & D program aims at providing support
to all the technologies involved and the
required experience and information to
demonstrate the long term safety ot the adopted
options .

INTRODUCTION

France has no domestic coal,oil or gas to speak of.
Hydraulic resources have long been developed to their utmost.
These bare facts explain thats despite inevitable adjustments
to the general economic and energy picture, and whatever the
political pressures, the French nuclear power program remains
sizable : 44eGW by the end of this year, 58 eGW by 1990 and a
possible 70 eGW by the year 2000. Nuclear plants even now
generate 657, of our electricity, at a competitive cost.

The accompanying domestic fuel cycle industry covers all
steps, from uranium mining and milling to the reprocessing of
FBR fuel, and shortly to the fabrication of MOX fuel on an
industrial scale.

Obviously, the problems posed by the ensuing radioactive
waste have somewhat evolved since the early years of our Civil
and Defense program, in the 40ies and 50ies. Management had to

3 5



adjust both to technological changes, and to the growing scale
of the program, that of the industrial plants themselves and
that of the overall volume of wastes. The organisation of
waste management had to be reviewed, in order not only to meet
these growing volumes with the corresponding industrial scale
technology, but to take over the long term responsibility of
nuclear wastes. Last but not least, the pressure of public
opinion, in France as elsewhere, forced the parties concerned,
who had tended to consider nuclear waste issues, like other
nuclear safety issues, a matter for specialists to be settled
between themselves and the safety authorities, to come out
into the open and publicise their policy - with the exercise
in clarification that such publicising usually entails.
Accordingly, waste management policy in France has been set
out in the CEA "General Radioactive Waste Management Program",
which followed the Parliamentary Debate on Energy of October
1981, was approved by Government and published on June
19, 1984.

Before briefly recalling the general lines of this
policy, and concluding with the present Waste Research and
Development Program, the structures and distribution of
responsabilities should be described.

WHO DOES WHAT IN NUCLEAR WASTES ?

The broad outline of waste management policy, the
national rules, regulations and control, as well as the
authorization and licensing of nuclear installations, waste
disposal site Included, are the responsability of the
government. The main ministry concerned is the Ministry
responsable for Industry.

Short term management is carried out mainly by the waste
producers themselves up to, and including, temporaty storage
at the production site. Long term disposal is the responsi-
bility of a specialized agency : ANDRA, set-up by the
Government in 1979 within CEA.

ANDRA has a wide mission which covers :

Selection, installation and management, of disposal
sites,

. Setting specifications for the system of barriers
set-up between the waste and the environment, namely, the
waste packages themselves, and the site engineered barriers.
The specifications ensure that the safety standards set by
the ministry are correctly observed.
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Ensuring quality assurance and quality control both
during treatment and conditioning of the waste, and at the
disposal site. (Apart from the usual inspections and controls
carried out by the specialised regulatory authorities).

. In order to carry out its mission, ANDRA must also make
forecasts on the production of waste volumes, so as to program
future disposal sites in time.

ANDRA is funded by the waste producers on a cost basis,
according to the volume and nature of the wastes delivered.
Prefunding of future disposal sites is also charged to the
producers according to future delivery forecasts.

Waste producers include the national utility EDF, COGEMA,
the fuel cycle CEA subsidiary, the CEA civil and military
research centers, and the usual miscellaneous producers -
universities, hospitals, industry etc.

R and D is mainly carried out and funded by CEA, with
some contribution from the European Community, and, through
ANDRA, from waste producers. These, mainly EDF, carry out some
research in their own laboratories, as also do various
Universities and Institutes, either under contract to CEA or
through their own funds. The transfer of technology to
industry is ensured through equipment and service suppliers,
many of them subsidiaries of CEA or EDF. These also carry out
some research themselves.

Needless to say, this presentation is a deceptive
over-simplification. The licensing procedures for nuclear
installations, including waste disposal sites, involves all
major Departments concerned, especially the Health Department,
who have a right of veto. It also involves the public through
a public enquiry.Though the Authorities still have the last
word, this entails supplying an independant enquiry commission
with far more information than formerly and taking account of
founded objections. Besides , the policy itself, the rules and
specifications, and even the research program, are discussed
in committees and commissions. These include, in some cases,
trade-union and/or environmental group representatives,
outside specialists etc.

WASTE MANAGEMENT POLICY

Nuclear wastes have been divided into three categories,
according both to the technological problem posed by the level
of their activity and to the health protection problem posed
by their long term potential hazard.
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C_ategory A

Category A, to be disposed of in surface or near surface
sites, includes low and medium level wastes containing mainly
beta and gamma emitters whose half-life does not exceed 30
years, with an alpha emitter content no higher than 370 Bq.g"^
(0.01 Ci/t) averaged over the site. Maximum individual package
alpha emitter content must not normally exceed 3.7 kBq.g"*
(0.1 Ci/t) ; this can be extended, on a case by case basis, to
an individual maximum content of 18,5 kBq.g"* (0.5 Ci/t).
These alpha emitter limits are computed for the end of the
monitoring period, i.e. a maximum of 300 years after closure
of the site.

Waste forms can be cement grouts, bitumen or polymer
resins, mixed forms or any approved solid form. The engineered
site barriers developed by ANDRA are the now well known
"tumulus" or mound, and monolith concept.

The one available disposal site of the sort has been
running for 16 years in the north west of France, close to the
La Hague reprocessing plant. It will be filled to its 400000
cubic meter capacity in a few years time. Total Category A
waste volume is expected to reach about 800 000 cubic meters
by the year 2000.

Category B

Category B wastes are any low and medium level wastes
with a higher alpha content than admitted on surface sites.
(TRU wastes). They stem mainly from reprocessing activities,
with some military and research wastes. A great effort has
been made and is still in progress in order to reduce their
quantity, through sorting, separation and recycle, combined or
added to volume reduction by incineration, crushing, leaching,
etc. Embedded in cement grouts, polymer resins, bitumen, or
mixed matrices, all TRU wastes are put into temporary storage,
awaiting the availability of a deep geological disposal site,
which will not be for some years. The volume is expected to
reach between 60000 and 80000 cubic meters by the year 2000.

Category C

Category C is made up of high level wastes. The policy is
to vitrify them, as is being done since 1978 in the industrial
AVM plant at Marcoule, where over 1400 steel containers have
been produced, containing about 480 tons of glass.
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Two larger size plants are being built for the
vitrification of the high level liquid wastes from the
reprocessing of enriched fuel at La Hague. The first, R7, will
be available for active tests in 1986. These will be discussed
in Mr Maillet's paper later on at this conference. The glass
containers will be stored for cooling for a probable minimum
period of 30 years, which leaves some time for preparing a
final disposal site, but not much, since real disposal
conditions must be known beforehand to optimize the overall
barrier system.

THE DISPOSAL SITE PROGRAM

As the existing low level waste disposal site will be
filled to capacity within a few years' time, the Government
has given ANDRA the go ahead for submitting two further sites
for approval, so that one or both could be commissioned in
1990. The preliminary work carried out by the bureau of mines
(BRGM) for ANDRA made it possible to narrow down the search
to three counties. At least one site has been identified as
probably suitable and the qualification work is now in
progress. This entailed an intensive information campaign by
ANDRA among all sectors of the population, starting with
local authorities and the press.

As far as deep geological disposal is concerned, the
Government has requested CEA to submit a proposal for a site
for an underground laboratory by the end of 1987. It is hoped
that the site will be good enough to be qualified as a
repository. No specific geological formation has been named :
the choice is open to salt, granite, clay or shale. Should the
laboratory prove the site not to be suitable, another
laboratory would be built in another site. In the other event,
the laboratory would be developed into a final repository.

Although some options may still be open, the general
lines of waste management policy have been laid and the major
part of the techniques are available here and now. There is
still scope enough however, for a major R & D program.

THE WASTE R & D PROGRAM

One of the first priorities of the R & D program is to
offer support to the main industrial projects which imply the
generation of radioactive waste such as :

- the above mentioned nuclear power station program,
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- the LWR fuel reprocessing plants at La Hague (UP3 and
UP2-8OO with an 800 t/annum capacity each) and the FBR fuel
reprocessing project (MAR 600, 62 t/annum), with its 5 t/annum
pilot at Marcoule, (TOR : Traitement Oxyde Rapide),

- "MELOX" the 100 t/annum MOX fuel fabrication plant,
also at Marcoule,

the MAR 500 project which will process all Marcoule
(non HL) liquid wastes stemming from the old UP 1 reprocessing
plant, MAR 600, MELOX, etc),

- the two surface sites and the underground laboratory.

Two main avenues of research are implied :

- improving and adjusting existing technology to each
specific project,

- acquiring new information : technological information
either in order to solve new problems or to solve old problems
with new technology ; more basic knowledge is also essential
to our understanding of the fundamental phenomena involved in
the long term behaviour of radioactive waste in its final
disposal environment.

Improvement of existing technology

Effluent release activity reduction . Great attention has
been given to iodine effluent releases from the La Hague
reprocessing plants, which are not to exceed present
authorizations, whereas capacity is to be multiplied by four.
Desorption of iodine from process solutions is being improved
while fixation on solid supports is being added to the primary
chemical trapping of the iodine in off-gases.

TRU waste volume and activity reduction. Two industrial
incineration projects are in the designing stage : one at
Marcoule for Cogetna (15kg/h), to service the MELOX project,and
the other at the Valduc Defense Center (5kg to lOkg/h). This
entails active pilot testing (IRIS project) arid full scale
inactive prototypes. These installations are now being
equipped. The Valduc full scale 5kg/h prototype Is due for
start-up this year, the 4kg/h active pilot facility and the
full scale prototype for MELOX are due to start testing in
1988.Plutonium recovery ,for recycle,from various matrices is
being developed, including from ashes through PuO2 oxidizing
dissolution in nitric solutions in the presence of electro-
generated silver ions. Fast 98% recovery is expected for the
majority of the waste to be thus processed.
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Process reliability improvement. Industrially produced
solution characteristics are never totally identical to those
which are deduced from process flow sheet analysis, and which
are used in laboratory testing. Besides, inevitable
perturbations in industrial conditions can affect chemical
process efficiency. Such is the case for sludge
co-precipition and for waste conditioning processes. In HLL
waste vitrification, for instance, variations can be observed
in the compositions of the HLL and of the raw materials
necessary to vitrification, in the calcine or the process
solution feed rates to the vitrification facility, and in the
temperature at vital points in the heating apparatus. The
acceptable variation range for these parameters must therefore
be investigated. Bench and full scale tests are currently in
progress at Marcoule. Inactive samples are tested for
viscosity,alterability, thermal stability, homogeneity. The
next step is to test active samples in the same way in hot
cells. This program is complemented by complete full scale
testing on the Marcoule inactive prototype of the vitrifica-
tion installations now building at La Hague.

Safety improvement . In surface disposal, for instance,
experience from 20 years of safe operation of the La Manche
disposal site is supplemented with R&D on sophisticated floor
and cover designs for future sites. Further safety studies are
also carried out on the radionuclide retention capacity of the
natural materials in situ in case of failure of the waterproof
cover. Mock-ups of various possible disposal site components
are to be set up at Cadarache in two parts, one with a mount
or device from which a leachate representative of a failed
disposal system will be obtained, and the other made up of
soil columns or cubes fed with representative nuclide charged
water.

Innovation and long term research

Advanced treatment and conditioning processes. These
imply new as opposed to improved technology. Such is the case
for high temperature vitrification. Present metal melter
technology limits fused glass flow temperature to 1150°C. A
1350°C temperature would permit higher silica content with,
possibly, containment improvement. This higher temperature can
now be obtained in cold crucibles. Fusion of spent fuel
cladding hulls is another advanced technology. Melting is
induced by induction in a cold, water cooled, non refractory
crucible, with downward drawing of the ingot. Safety
advantages are derived from the fact that only small
quantities of metal are melted at a time, and at a range of
temperatures only just above melting point (no more than
50°C), which reduces the scale of any water/metal reaction. A
far longer life span can be expected than from a metal
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(Inconel) or refractory melter. The Inactive full scale
prototype at Marcoule is currently able to produce ingots from
both zirconium (LWRs) or stainless steel (FBRs). Active pilot
testing should start in 1986. This technology is to be tested
in connection with FBR fuel reprocessing first at the pilot
stage and later at the industrial stage.

Advanced conditioning processes R+D bears amongst others
on investigation of new cements : selection of cement type,
water content and porosity reduction, demonstration of
characteristics and behaviour in representative conditions
(real wastes).

Demonstration of deep disposal safety relies both on
modeling and on the experimental and exploratory work
necessary to feed the model with data.

The Melodie mode 1 currently being developed aims at deter-
mining the long-term radiological impact of deep disposal ; it
is obtained by coupling specific models resulting from the
investigation of long-term waste package behaviour, barrier
interactions, and radionuclide migration through the disposal
environment. The Melodie model is now sufficiently developed
to be applied in the PAGIS European Community program.

Information on long-term waste package behaviour in
disposal conditions requires going into the fundamental
mechanisms involved, in order to be able to predict slow
evolving phenomena. Accordingly, a long term behaviour
Laboratory (LECALT) has been set up , work being carried out
in collaboration with University laboratories.

Another important avenue of research concerns the acqui-
sition of the geological, geochemical and hydrological data on
the disposal host formations. This implies the setting up of
Methodology and Instrumentation Underground Laboratories
(LEMI) in order to train the teams and develop both the
investigation methods and the instrumentation. As long as the
site of the ANDRA qualification laboratory has not been
selected, LEMIs will be set up in each of the a priori
suitable rock formations : clay, granite, shale and salt. So
far, two LEMIs have been installed since 1984, both in Central
France, in Cogema uranium mines in granite formations. Both
are joint ventures of CEA, the French geological survey (BRGM)
and the Paris Mining Institute (Ecole des Mines) and funded
through a cost shared contract with the EEC. The FANAY-AUGERES
LEMI is devoted to the evaluation of the consequences of the
scale effect on- the determination of permeability and
dispersion coefficients in fractured media. At the TENELLES
LEMI, a second experience aims at investigating hydro-thermo-
mechanical phenomena.
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The devices and Instrumentation developed include a
series of probes for the in situ measurement of host rock
characteristics and its possible radionuclide retention
properties.

One of the high priority projects in the field of deep
disposal feasability demonstration also implies the study of
engineered barriers, selection of the material, implementa-
tion, feasability and characterisation. Two smectite and one
illite deposits have been identified as suitable. After two
years of characterisation work, these materials will be tested
in a mock-up of a HLW disposal shaft in granite.

Alternatives to present options

The waste R & D program also includes looking into
alternatives to present waste management options, such as
alpha-emitter separation from HL waste and contribution to the
sub-seabed OECO program, such as the highly successful boring
and penetrometer launching ESOPE campaign in the summer of
1985.

CONCLUSIONS

Economic strictures may have made us concentrate on
practival goals more than we would otherwise have done. It
will have been seen however that we do keep an open mind, i.
e. on-going work on other options, although space does not
allow to go into details here. Our R & D is confined neither
to state of the art nor to present industrial options.

Besides, the very nature of the long term issues leads us
into the wider spaces of basic research, such as chemistry or
geology, and some sizable specific contracts go to
Universities and large research institutes, such as the
National Research Center (CNRS) or the various mining and
geologic Institutes. This wider effort is also the condition
for our technology to remain as able to adjust to
technological changes in the future as it has in the past. Not
to mention benefits which might "fall out" to industrial waste
management in general or contribution to science as a whole.

The impulse and efficiency of the R & D program was only
possible thanks to the setting up of a fairly centralised
organisation in planning and budgeting as well as in the
implementation : As was stated above, waste management
research is overwhelmingly supported (up to 90 X) through the
government grant to CEA, the rest being provided mostly by the
customers through ANDRA and through the EEC. Total budget
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amounts to about 300 M F F C 1 ) for 1986, 58 % of which go to
treatment and conditioning and 42 % to long term safety. About
400 people are employed. 60 % of the funds are implemented by
the Department of Waste R+D (DRDD) in the Institute of
Industrial Research and Development (IRDI). 15 % of the
remaining 40 % go to two specialised units of the Health
Protection and Safety Institute (IPSN) and the rest is
distribued to various other teams.

CEA re sponsabil i t ies do not end with research but go on
to insure proper transfer to the designer, the manufacturer,
and the operator of the process or installation. CEA teams
carry the project all the way from the earliest bench type
experiments to the inactive prototype and the pilot plant
stage. In return, the operators feed the CEA back with their
experience. HLW vitrification is a case in point : the ten
years which will have separated AVM(2) start-up from
commissioning of the vitrification installations at La Hague
will have jointly being well spent by the CEA R & D teams, the
engineering firms and the operators in improving reliability,
operating conditions and design. This transfer is helped by
the fact that CEA is a major industrial group and is able to
pass on the results of its waste R & D effort, through licence
agreements, to its engineering subsidiaries.

This organisation, combined with the consultation
procedure mentioned above, make us hopeful of meeting our goal
of ensuring long term safety, through a viable and reliable
industry at a reasonable cost.

(1) ANDRA disposal sites and underground laboratory not
included

(2) Atelier de Vitrification de Marcoule : first industrial
vitrification plant. Start up in 1978.
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WASTE MANAGEMENT AT WAK

Karl Dieter Kuhn

and

Hans Otto Willax

Wiederaufarbeitungsanlage Karlsruhe Betriebsgesellschaft mbH

ABSTRACT

After a short description of the WAK plant and its repro-
cessing and intervention activities, types and sources of
WAK wastes are described. Roughly half of the waste volume
is generated during reprocessing, the other half during
intervention periods. Most of the waste is transported to
KfK for conditioning. Only waste from the head end cell is
cementated on the spot. HLLW is stored in stainless steel
tanks. Some results from analyzing this stuff are given.
The corrosion behavior is acceptable for medium term
storage.

INTRODUCTION

The WAK-plant was built in Karlsruhe on the premises of the Karls-
ruhe Nuclear Research Center (KfK) between 1967 and 1971. The plant is
operating since 1971, and its fifteen years of operation mark the long-
est period yet accumulated by any plant worldwide in reprocessing light
water reactor fuel.

WAK is a pilot plant, built to test and advance reprocessing techno-
logy and to train personnel for the planning, construction and opera-
tion of an industrial reprocessing plant in Germany.

In the period between the commissioning of WAK in September 1971
and June 1986, 22 reprocessing campaigns of varying lengths (26 to 241
days) were conducted to treat fuel assemblies from seven German nuclear
power plants (KKS, GKN.KRB, VAK.KWO, HDR, MZFR), one research reactor
(FR2), and one ship reactor ("N. S. Otto-Hahn") with a throughput of
175 t of uranium and 910 kg plutonium.

However, a factor almost as important as reprocessing performance
is the experience accumulated in operational tests of new procedures
and components. Regarding the total period of operation of the WAK
plant it can be seen that nearly one half each of the available time
has been spent on reprocessing (46 %) and on interventions (41 %) (1).
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Shutdown periods are necessary not only for the maintenance re-
quired for plant operation but also for specific modification at the
plant to achieve technical improvements and innovations. Such interven-
tions are preplanned in detail and can be made only after decontamina-
tion of the plant components involved as WAK has been designed for di-
rect maintenance. The removal of plant components for scrapping and the
installation of new components, including the piping, is done "hands-
on" by the plant personnel. Nine intervention periods of varying lenghts
(4-28 months) have been carried out to date (2).

Aside from the objectives they were designed to meet, i. e., to
improve procedures and components, these interventions produced va-
luable experiences on improved plant layout and on specific require-
ments of time, occupational dose, and radioactive waste arisings asso-
ciated with such shutdowns.

The data obtained were used especially to minimize the dose rates to
the personnel and to improve intervention and decontamination techni-
ques.

Liquid and solid wastes , classified as shown in table 1, arise as
well as
- in decontamination of plant components and decommissioning and
- in reprocessing operation.
table 1

Waste category

Low level liquid waste
Medium level liquid waste
High level liquid waste
Low leve! solid waste

Medium level solid waste

(LLW)
(MLW)
(HLW)

Activity range

37 Bq/I - 37 kBq/l
37 kBq/l - 37 GBq/l
> 37 GBq/l
packaged in 200 1 drums,
dose rate in contact
< 200 mR/h
packaged in 200 1 drums
with shielding, dose rate
in contact < 200 mR/h.

WAK Classification of WAK-Waste 1.8.2-9
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DECONTAMINATION AND DECOMMISSIONING

Five intervention phases are shown as examples in table 2 together
with the key data on decontamination.

table 2

time

6.73- 8.74

7.77-10.77
7.78- 4.79

6.80-10.82

5.84-12.84

Intervention periods
length

14

3
10

28

7

') deep interrupted

WAK

task
exchange/installation

HA-battery
3W-evaporator demister
reworkfilter 1. cycle')
1 CU-evaporalor
pumps Pu-cycle
solvent wash pumps
pipe connection
1W-evaporator')
reworkfilter 1. cycle')
dissolver
head end cell
electrolytic 1 B-baitery

) deco stopped

Decontamination
radiation level
before after

deco

1000
20

500
!l 5

3
20
50

20

10000
200

mR/h
100

60
10000

10
50
50

150

600

50
100

length

d
52
31
54
40

145
84
84

145
105
180
65

removed
activity

TBq
444

48
890

2
8

10
160

73
170

6
220

Intervention Periods (Examples)

MLW

m'
10
33
40
25
44
74

243

152
62

118
39

1.11-5

As different plant components and radioactivity levels are involved,
these data cannot be compared. As a consequence, it is not possible
to quantify the minimization of waste volumes and of personnel doses
achieved as more and more experience was accumulated.

The replacement of the dissolver and the simultaneous reinstallation
of the head end cell will be described as example to show how deconta-
mination and decommissioning procedures are carried out at WAK.

On May 17, 1980 after nine years of operation, a leak was detected
in the dissolver which made it necessary to replace the entire unit.
For this purpose, the head end cell containing the dissolver had to be
made accessible for men. As a first step in this procedure, the dissol-
ver, the dissolver off-gas cleaning system, and the associated vessels
were decontaminated by rinsing with acids and alkaline solutions. In a
parallel step, the facilities for fuel assembly dismantling and fuel
rod chopping were dismantled by remote techniques and most of them were
scrapped. Mechanical and thermal cutting equipment was used to cut the
components down to a size so small, that they could be removed through
locks, mostly in 200 1 drums.
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After the connecting pipes had been severed, the dissolver was pul-
led out on April 16, 1981 and scrapped, also by remote techniques. The
head end cell then was cleaned by remote decontamination at first and
after achieving a suitable radiation level by direct decontamination.

Remote decontamination of the cell was achieved mainly by means of
a spray system attached to the cell crane, which used pressurized wa-
ter, sometimes with the addition of detergents, to wash the walls and
the floor of the cell.

This initial cleaning of the larger surfaces already reduced the
dose rate by a factor of 2. Specific cleaning steps performed on more
strongly contaminated areas, such as pipe curtains and the discharge
chute to the cell sump as well as the area, where the disassembly and
chopper system had been installed, used hot water and decontamination
additives, which reduced the radiation level in the cell to 0,5 to 2 R/h
by late September. On October 2, 1981, people for the first time, were
able to enter the cell for a brief decontamination action.

In specific actions WAK personnel then worked on a number of hot
spots. Disassembly of items hard to decontaminate, i.e., cable boxes,
cable pipes, filters and cleaning of the cell sumps further reduced the
radiation level to 0,1 to 1 R/h. An excellent cleaning effect was achie-
ved on the cell lining by using a high pressure cleaning unit; it dec-
reased contamination on the walls to levels below 100 mR/h.

Subsequent to these steps final decontamination was carried out by
means of the pressure cleaning device and a handheld washing unit as
well as a floor sweeper, all of which lent themselves well to removing
residual contamination. The average dose rate in the dismantling cell
after final decontamination was around 50 mrem/h. This level constitu-
ted the basis for the following steps and for assembly of the new cell
installations.

Concerning vessels and pipes from this action and others the follo-
wing principles of decontamination can be derived:

- Formation of rinsing chains, i.e., connection in series of equipment
to be decontaminated by feed lines with rising activity levels arran-
ged so that the rinsing solution is always transported from a less
highly to a more highly contaminated piece of equipment.

- Processing of cleaned uranyl nitrate solution through highly radio-
active plant components to remove plutonium and fission products.

- Use of decontamination agents in the following order:
• Rinsing with 1 - 5 M HN03, •
• alternate rinsing with HN03 and 2 M NaOH, both heated to 80 C,

3

intermediate rinsing with RpO to avoid precipitate formation,
alternate rinsing with HNO, and NaOH with added complexing agents,
such as EDTA, citric acid, oxalic acid, KMnO*. KMn0» in an alkaline
solution was found to be most effective.
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REPROCESSING

During reprocessing operations liquid and solid wastes are genera-
ted in different forms and from various sources.

Types of Waste

Low level liquid wastes consist of laboratory aqueous waste, distil-
late from acid rectification, sanitary wastes.

Medium level liquid wastes comprise solutions from the solvent wa-
shing system, washing solution from final uranium purification,waste
from cleaning the water of the storage pond and laboratory waste solu-
tions.

High level liquid waste is formed by the concentrated fission pro-
ducts solution.

Low level and medium level solid wastes are collected separately.
The first one comprises filters on the one hand and cleaning devices,
tools, parts of equipment 'and laboratory waste on the other.

Medium active solid wastes are more important. They contain:
feed clarification sludge, structural materials and cladding mate-
rials of fuel assemblies, off-gas filters, ion exchange resins, silica-
gel, parts of equipment, laboratory waste.

Procedural Measures for Waste Reduction

Measures designed to minimize the creating of radioactive waste
were taken already in the design stage and, subsequently, during opera-
tion, not only for cost reasons, but also to minimize personnel exposu-
re. As far as liquid waste is concerned the following measures may be
mentioned:
Recycling the aqueous raffinates from the second extraction cycles
for feed adjustment.
Quantitative reuse of the recovered acid for dissolution and in the
first cycle.
Direct reuse of the distillates from the intercycle evaporators as
stripping solution for uranium.
Dropping the solvent wash step in the second Pu cycle in favor of
recycling the solvent (2 BW) to the 1 BS battery.
Partial recycling to the evaporators of the distillate from acid rec-
tification.
Use of the fuel shipping cask cooling water to make up for losses in
the fuel storage pond.
Recycling of the scrubbing solutions of the dissolver off-gas.
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WASTE MANAGEMENT

The radioactive wastes arising from reprocessing and decontamina-
tion were either treated within WAK, which is the case only for a small
fraction of waste or mainly were transferred to KfK. KfK has powerful
waste treatment facilities (3).

Hence waste management in WAK includes the following steps:
- Delivery to KfK of liquid and solid low and medium level wastes,
- cementation of hulls, feed clarification sludge, structural parts,
and wear parts from the head end cell and thereafter delivery to KfK,

- intermediate storage of high level liquid waste.

Low Level Waste

The annual quantities of low level liquid wastes show, that these
volumes have been reduced by almost fifty percent in the course of ope-
ration time. To date they amount to approx. 1600 - 1700 m per annum.
This volume occurs irrespective of whether reprocessing work or inter-
vention work is carried out. It is shipped to KfK in a 10 nr vessel
car. No shielding measures are required during handling.

The annual amounts of solid low level waste range from 200 to
300 m . The variations are due to the extent of maintenance work car-
ried out. There is hardly any potential for further reduction. The waste
is collected in 200 1 drums and then delivered to KfK.

Medium Level Waste

No major reduction in the amount of liquid MLW has so far bean
achieved. The basic annual volume to be handled averages some 300 m .
Shipment to KfK is carried out in a special car equipped with a shielded
2 m vessel filled by means of a vacuum system.

If one analyzes the sources of MLW one finds it to come half from
decontamination procedures and half from reprocessing. Table 3 shows
the amount of waste from a typical reprocessing campaign with 15m /t
of reprocessed uranium.
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table 3

Origin of waste

Solvent wash
Laboratories
Pond water purification
Off-gas scrubber
Process water
Diluent wash (organic)

Total

Amount, m3

27.4
8.6

10.5
6.9
2.5
4.2

60.1

(5. KWO-Campaign 1985,3.81 fuel)

WAK Typical MLW During a WAK-Reprocessing CampaignjiBzw

The main source of MLW is seen to be tne solvent wash step. WAK has
a solvent wash unit in the first cycle, which is equipped with Holey-
Mott mixer-settlers. Under WAK-flow-sheet conditions, some 60 kg of
NaNOyt of uranium are produced. Running the units before and after re-
processing campaigns and operation for rework produces in total 130 kg/t
of uranium. Development work has therefore been carried out over the
past three years to find improvements. Solutions due to be implemented
next year are the following:
- Improved dosage and monitoring of the process streams in the solvent
wash unit.

- Measurement of the washing potential of the alkaline solution.
- New type of mixer-settler resulting in more efficient mixing and sett-

ling of the two phases (4).
- Filtration of the solvent.

Pilot scale tests indicate NaNOg quantities to be expected of 25 - 30
kg/t of uranium.

A large part of the solid MLW arises as feed clarification sludge,
hulls, and structural parts in the head end cell, where it is directly
immersed in concrete in 200 1 drums. After setting, the drums are passed
through a double-lid lock system and transported to KfK in shielding
vessels.

The balance of the solid MLW, which arises chiefly from scrapping of
plant components, is removed from the process cells through the hatches
in shielded special containers ("coffins") after having been welded in
plastic-foils.
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High Level Waste

HLW comes from the first cycle of the PUREX process. It contains
around 85 % of the whole activity inventory of a spent fuel assembly.
In WAK, the waste stream leaving the HA battery is concentrated by a
factor of 1:10 in the 1 W evaporator and then stored (5). Storage is
performed in a stainless steel tank of 65 m J of net volume
This vessel is an upright cylinder of 4.5 X 5 m with a wall thickness
of 10 mm. Next to it there is another tank of the same design, used for
standby purposes.

The tank at present holds 61 m3 of HLW. Corresponding to this vo-
lume, present HLW arisings amount to 340 1/t of uranium (see table 4).
This low figure is due to in-tank concentration and in-tank denitration
during storage which, however, can only be carried on as far as the HLW
can still be transfered by steam jets.

table 4

Oati if sanplinfl

VllttlM HI

Fuel riprecturi
tu
B»rnnp. MWM U

MflAIMVn

Atftrafli

m3 HAWC/t fuel

Stpt. 78

45.21

85,5

300
39.000
13.820

0.527

JUM80

49.03

114.3

300
39.000
13.860

0.429

J M . 83

51.3

127

300
39.000
14.000

0.404

April 86

56.1

167

300
40.000
16.000

0.336

KSf
WAK

HAWC History and Sampling Dates 1.9.8-3
4/86
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Long term storage requires that the composition of HLW has to be
known; these data are determined by complete analyses. Table 5 shows
some of the key figures,
table 5

WAK

Content

Nitric acid
Salts
Solids
Alpha-Activity
3eta-Activity
Plutonium
Density

Concentration

5.8 M
152 g/l

15 g/l
96 GBq/l
19 TBq/l

208 mg/l
1.3 g/ml

Essential Features of WAK HAWC 1.8.2-11

Estimates of the corrosion behavior can be derived from analyses
of the parameters determining corrosion: HNCL concentration,Tc content,
Halogen content. These estimates were confirmed by assay for the
increase \n Fe, Cr, and Ni during the shutdown phase of WAK in
1980/82, when no reprocessing was done, i.e., the HLW tank was not
filled any further. The corrosion rate was found to be 6.5 /um/a.

The possibility to transfer the HLW by means of the installed steam
jets is a function of the density and the solids content of the solu-
tion. These parameters are therefore monitored continously.

Analysis of the solids content of the HLW, which is present in the
order of 15 g/l (Table 5), indicates it to be mainly inorganic and to
contain substances of various origins:
- Undissolved fuel fractions (U, Pu, and fission products, such as
Ag, Pd, Rh, Ru, Zr, Te): 12 %.

- Precipitations formed in the HLW including Cs, Mo, P0.3~: 40 %.
- Impurities not due to the fuel such as SiO? and corrosion
products. c

- Small particles of cladding tube material.transformed into ZrO?: 30 %.

The solids are grey in color; more than 96 % of the grain size is
between 10 and 25 mm, which can be explained from the fact, that the
WAK feed filter has a mesh size of 15 pi. The solids are easy to sus-
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pend and will not form sediments even after 72 hours, as has been seen
in laboratory tests.

The question of the transfer of the HLW is a topical problem right
now, for a new HLW storage building, LAVA, will be commissioned in Sep-
tember this year.

This storage facility will have two stainless steel tanks of 63 m
useful volume each, which will be equipped with all necessary facili-
ties. It is planned to transfer the HLW from the old storage tank into
the new LAVA tank and fill the second LAVA tank in the future. The two
old tanks will be used for standby purposes.
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GROUT FORMULATION FOR THE IMMOBILIZATION
OF MIXED ORGANIC-CONTAINING WASTES*

J. E. Mrochek, T. M. Gilliam, and E. W. McDaniel
Waste Immobilization Technologies

Chemical Technology Division
Oak Ridge National Laboratory

Oak Ridge, TN 37831

ABSTRACT

The Waste Immobilization Technology Group in the
Chemical Technology Division at Oak Ridge National
Laboratory (ORNL) is formulating grout mixtures to
immobilize a mixed, organic- and inorqanic-containinq,
biodenitrified waste. This development effort is pri-
marily concerned with the fixation of organic components
in the waste since it was felt that the metallic con-
taminants could be readily immobilized using conven-
tional techniques. Grout formulations incorporated
Type I Portland cement as a binder, ASTM Class F fly ash
as a cement extender, bentonite clay as a suspending
agent, and calcium chloride as a set accelerator.
Additives to encapsulate or sorb the organics included
sodium silicate (dry salt and liquid) and Microcel E, a
calcium silicate product. Grout monoliths developed
unconfined compressive strengths ranging from 500 to
2000 psi after curing for 28 d at 100% relative humidity.
Static leaching tests with distilled water at ambient
temperature indicated that more than 91% of the total
organic carbon (TOC) was retained within the grout for
all blends; however, the inclusion of silicates improved
this to >99% (10 wt % liquid sodium silicate at a mix
ratio of 8 lb/gal). Microcel E (5 wt %) proved to be
nearly as effective as the best of the sodium silicate-
containing blends and avoided a surface-cracking problem
which the latter encountered upon short exposure to
ambient air drying. The retention of total phenols was
sharply improved by silicate addition. Blends without
silicate leached up to 100% of their total phenol con-
tent within 28 d (6 Ib/gal mix ratio), whereas the best
of the silicate-containing blends only lost 6% over the
same period (8 lb/gal mix ratio).

*Research sponsored by the Health, Safety, Environment, and Account-
ability Division of the Y-12 Plant, U.S. Department of Energy, under
Contract No. DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc.
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INTRODUCTION

Long-term durability and the ability to inhibit transport of the
components of the waste to the surface of the monolithic mixture are prime
requirements for any scheme selected to immobilize waste. Attesting to the
strength and durability of cement-based materials are the long-lived
existence of the Roman aqueducts, docks, and marine facilities and the
ancient structures still standing in Greece and Egypt (1). Cement-based
materials have been employed as hosts for the immobilization of radioactive
low-level waste (LLw) materials in a deep shale bed which had been
hydraulically fractured along horizontal bedding planes. The process, known
as hydrofracture, was employed for over 20 years to immobilize millions of
gallons of LLW at the Oak Ridge National Laboratory (ORNL) over the period
of 1964 to 1984 (2-5). Principal reasons, in addition to their known
durability, for the attractiveness of a cement-based grout for fixation of
these wastes are:

1. the wide availability at favorable prices of the main ingredients,
cement and fly ash;

2. existence of batch or continuous processes operating in off-the-
shelf equipment at ambient temperatures; and

3. the easy adaptability of these processes to a wide range of disposal
methods including shallow-land burial, deep geological disposal,
underwater (deep-sea) disposal, aboveground intermediate storage,
and bulk in-situ solidification (6).

Martin Marietta Enerqy Systems, Inc., and ORNL are vitally concerned
with the development of environmentally safe disposal methods for a number
of stored wastes. The Chemical Technology Division at ORNL became involved
in studies to develop a monolithic mixture to immobilize a mixed, organic-
containing, biodenitrified waste from the Y-12 facility. The primary con-
cern of these development studies was whether orqanic constituents could be
immobilized in grout. Measurements to determine the extent of both organic
and inorganic fixation were performed by conventional static and dynamic
leaching experiments using distilled, deionized water.

EXPERIMENTAL METHODS

Grout Formulation

One of the primary objectives of phase I of this study on the grouting
of a liquid waste from the F-l tank at the Y-12 Plant was to immobilize the
organic constituents. In the absence of definitive analytical data on the
waste at the beginning of this work, a broad, conservative approach to blend
formulation was taken. Five solids blends (see Table 1) at mix ratios of 6,
8, and 10 lb/gal were selected to evaluate the contributions of some indivi-
dual components of the dry mixes. The components of the blends were limited
to those which are readily available from local sources, to minimize costs,
and have a demonstrated capability to immobilize waste. As indicated in
Table 1, components selected for evaluation consisted of the silicate and
bentonite clay.
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TABLE 1. FORMULATION OF DRY SOLIDS BLENDS TO BE TESTED
WITH THE SLUDGE FROM THE F-l TANK AT Y-12

Blend No.

Portland cement, Type I

Fly ash, TVA, Kingston, Class F

Sodium silicate (dry)

Bentonite clay

Calcium chloride

55

44

0

0

1

_2

55

39

0

5

1

Composition
(wt %)

_3

55

34

5

5

1

_4

55

29

10

5

1

_5

55

24

15

5

1

Preliminary analysis of the waste sample from the F-l tank indicated it
was not representative of the tank contents (the tank had been sampled near
the bottom in a quiescent state). Coupled with initial analytical data on
the leaching of organics, a decision was made to develop modified blend
formulations and make a new pour with a more representative waste sample.
Four new blends were formulated (see Table 2), testing other forms of sili-
cate, and pours were made at a single mix ratio, 8 Ib/gal. Liquid sodium
silicate was substituted for the dry chemical in two of the blends (3L and
4L) because it is cheaper than the dry chemical and was thought to be more
effective. The remaining two blends (3E and 4E) were formulated with
Microcel E, which is a calcium silicate product of Johns Manville.

The initial five blends (see Table 1) contained cement, fly ash,
bentonite clay, dry sodium silicate, and calcium chloride. Cement serves as
the binding material that forms the final solid matrix, while fly ash is a
cement extender that has a positive effect on product strength and signifi-
cantly reduces material cost (approximately one-sixth the cost of cement).
Bentonite clay is a suspending material that disperses solids, enhancing
product uniformity; it acts as an ion-exchange medium for heavy metals,
reducing product leachability and drainable water. Silica, in solutions of
soluble silicates, is present as a complex distribution of polymeric sili-
cate anions that tend to crosslink and form a gel network when the soluble
silica concentration is sufficiently high (>1%) (7, 8). In the basic waste
solution (pH ~9), sodium silicates quickly react with free calcium forming
a calcium silicate gel network, which is believed to form a physical barrier
to the transport of the organics to the surface of the grout monolith.
Finally, the calcium chloride was added to the dry solids blend as a set
accelerator to offset the organics which are known to have a deleterious
effect on the setting of cement.

As mentioned earlier, after beginning the leaching experiments on
blends 1 to 5 using the initial sludge sample from the F-l tank, analytical
data were obtained that suggested a nonrepresentative sample had been
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TABLE 2. NEW BLEND FORMULATIONS CONTAINING
ALTERNATE FORMS OF SILICATE

Blend No.

Portland cement, Type I

Fly ash, TVA, Kingston, Class F

Sodium silicate (liquid)a

Microcel Eb

Bentonite clay

Calcium chloride

Ik
55

34

5

0

5

1

Composition
(wt %)

4L_

55

29

10

0

5

1

_3E_

55

34

0

5

5

1

4E_

55

29

0

10

5

1

a. 41° Baume liquid containing 525 g/L sodium silicate; amount shown is
equivalent dry wt %.

b. Calcium silicate, product of Johns Manville.

obtained from the 500,000-gal tank. The acquisition of a new, more repre-
sentative sample afforded an opportunity to modify the grout formulation in
accord with early leaching results from the initial five blends at three mix
ratios. A single mix ratio of 8 lb/gal (0.96 kg/L) was employed in place of
the three (6, 8, and 10 lb/gal), and liquid sodium silicate was substituted
for the dry salt. This change was based upon the belief that the liquid
product would be more effective at a lower concentration (higher silica to
sodium ratio), and costs (not including any transportation charges) were
reduced by a factor of 3. Another silicate additive tested was Microcel E,
a product of Johns Manville Corporation. This material, a calcium silicate,
was incorporated in the belief that it would act as an absorptive media for
organics.

The dry solids were blended in 4-kg batches for 6 h at 30 rpm in a
7.6-L Patterson-Kelly twin shell V-blendor and then stored in sealed cans
until use. Preparation of grouted waste was performed by introducing 1 L of
homogeneous waste into the 5-qt stainless steel bowl of a Hobart laboratory
mixer (Model N-50) equipped with a type "B" flat beater. Tributyl phosphate
(0.4 mL) was added as an anti-foaming agent and the mixer started at low
speed (139 rpm). The appropriate amount of dry solids [719.0 g, 958.7 g,
or 1198.7 g for 0.72, 0.96, and 1.2 kg/L (6, 8, and 10 Ib/gal mix ratios,
respectively)] was added within 30 s. The mixer was then increased to
285 rpm for 30 s; after completion of the mixing cycle, the grouted waste
was introduced into the desired molds for 28 d curing under 100% humidity
conditions.
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Preparation of Grout Specimens for Physical Testing and Leaching Studies

Stainless steel cement molds (Humbolt Manufacturing Co., Model H2810),
containing three 2 in. cubes/mold for physical testing, were prepared for
the introduction of grouted waste by sealing all cracks with beeswax. Molds
for the preparation of leach specimens were fabricated from a cylindrical
piece of Teflon (15.5 cm diam., 5.9 cm high). Nine cylindrical holes were
drilled equally spaced around the outer periphery of the cylinder and three
more around the center for a total of 12 holes per mold. The holes (2.50 cm
diam. by 4.92 cm deep, ± 0.005 cm) contained a small (6.4 mm) hole in the
bottom. Each of the twelve holes in the mold contained a snugly fitting
flat disc (3.18 mm thick) when filled with grout. Application of force
through the small hole in the bottom of the mold against the disc ejects the
cylindrical leaching specimen without distortion after curing.

Each grout formulation (1 L waste plus appropriate amount of dry
solids) was sufficient to fill the three cubes in a cement mold and two
Teflon molds (24 leach specimens), with the remainder (~250 mL) placed in a
500-mL plastic bottle for phase separation tests. The individual molds were
slightly overfilled to allow for shrinkage and, after ~2 d, the excess grout
was leveled off with a stainless steel spatula. This resulted in uniformly
sized leaching specimens (2.5 by 4.5 cm) having smooth top and bottom sur-
faces with a total surface area of 45.16 cm2.

Physical Testing of Grout Specimens

Once a grout has been produced from a complex waste stream, the main
criterion employed to judge its quality is 28 d compressive strength.
Predicting the quality of a final product based on initial properties
measured for a grouted waste is a tenuous, if not impossible, task because
of the potential deleterious effects of constituents in the waste. It is
important, from a time investment point of view, that some indication of the
quality of the product be obtained prior to that 28 d measurement. In order
to achieve a desired compressive strength, the grout must begin to set
(harden); therefore, one early measure of product quality may be set time.

The ACME laboratory penetrometer is used to measure the rate of set in
accordance with ASTM C-403-70 "Time of Setting of Concrete Mixtures by
Penetration Resistance." This procedure determines rate of set by measuring
the rate of hardening. Initial set is defined as achieving a penetration
resistance of 500 psi, and final set is defined as achieving a penetration
resistance of 4000 psi. During initial set, a coagulating structure is
formed, characterized by the presence of a three-dimensional network formed
by disordered coupling of the finest particles in the disperse phase through
thin layers of the dispersion medium. This stage is characterized by slow
development and low strength. This period comes to an end at a certain
critical time and is followed by a rapid growth in strength. Here, intense
crystallization occurs, accompanied by intercrystal bonding, forming a
strong network.

The significance of compressive-strength testing for grout monoliths is
to ensure that their structural integrity is sufficient to withstand the
projected storage conditions. Crushing strengths of the 2 in. grout cubes
were determined after curing at 100% humidity for 28 d using a Super "L"
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Tinius Olsen Testing Machine (Model 60,000) in accordance with ASTM
C-109-80. Minimum unconfined compressive strengths >300 psi were desired in
order to support two- to three-tier, block-type disposal.

Phase separation or drainable water is determined by measuring fluid
that collects on the freshly poured grout after a given time interval. It
is a common observation that after grout or concrete has been poured, and
while it is still plastic, bleed water appears on the surface. This occur-
rence is essentially a sedimentation phenomenon caused by the solids
settling in the plastic mass. Phase separation is influenced by plasticity
of the mix, amount of entrained air, and motion or vibration to which the
mix is subjected during placement.

Phase separation can be beneficial to the final product, providing a
mechanism for proper hydration of the outer surface. If a source of
moisture is not available to this surface during the curing period, then it
will crack and powder. Phase separation is the most economical means of
supplying the needed moisture. However, phase separation also has an
undesirable trait in waste immobilization. The drainable water may furnish
a means of transport for contaminants from the monolith. This, of course,
is highly undesirable in waste immobilization, and a performance constraint
for this program is that no drainable water be present after 7 d.

Leaching Methodologies

The primary leaching method used during the initial phase of this grout
formulation study was the MCC-1, (9) static leach test. Some limited leach
tests were also performed employing the ANS 16.1 leach procedure (10).

MCC-1 Leaching Procedure3

This is a static leaching test performed at ambient temperature using
distilled, deionized water (DIW) as the leachant. The grout cylinders
(2.5 by 4.5 cm) are suspended in the center of the leachant solution using a
Teflon line attached to the center post of the lid of the Teflon leach
vessel. Each data point is obtained from an individual grout specimen that
has been exposed to the leachant solution for a specified time period
(1, 3, 7, 14, or 28 d ) . Each grout specimen was weighed before and after
its submersion test, and the pH of a 5 mL sample of the leachate was
measured. This volume of solution was replaced with 5 mL of diluted nitric
acid (325 mL of cone. HN03/L, ~5.1 M) to stabilize the leachates. The total
amount of leachate used in these leaching studies was 477 g of DIW. This
was in excess of the recommended volume (10 times the external geometric
surface area or 451.6 cm3) because of a desire to minimize dead air space
within the leaching vessel. This increased volume of leachant adds to the
conservatism of the source-term data obtained.

aThe experiments presented in this report eliminated the sample
polishing step required by MCC-1. This modification is consistent with the
version of MCC-1 being proposed by the ASTM subcommittee C26.07 as an ASTM
standard.
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The MCC-1 static leach test results in a significant concentration
gradient in the leachate. This gradient will continue to increase until
saturation or equilibrium is achieved. As the concentration of a particular
chemical species approaches equilibrium, its rate of release from the grout
sample is reduced due to the resulting increase in liquid-phase mass
transport resistance. Consequently, mathematical models that assume negli-
gible liquid-phase mass transport resistance cannot be applied to MCC-1
leach data. Rather, these data are used to provide source-term information
for subsequent pathways analysis. In the case of inorganic heavy metals, an
appropriate source term may be the maximum concentration possible in the
leachant in contact with the grout. This maximum concentration is the
saturation or equilibrium concentration which is obtained by the MCC-1 leach
test.

ANS 16.1 Leach Procedure

The ANS 16.1 leach procedure (10) is designed to determine effective
solid diffusion coefficients for the species of interest. Solid, diffusion-
controlled leaching represents the maximum rate of release for the species
of interest (11). The procedure employs periodic replacement of the
leachant (DIW) to simulate a continuous flow system. The replacement sche-
dule used for this work is as follows (cumulative time): 2, 7, 24, 48, 72,
96, and 120 h. The procedure is designed so that the results can be modeled
by the fundamental mass transport equation:

where

Za-j = cumulative mass of species i released throuqh cumulative time t,

A o = mass concentration of species in the waste form,

V = external volume of waste form,

S = external surface area of waste form,

D e = effective solid diffusion coefficient of species released (12).

For this equation to be valid, a plot of [(£ai/A 0)(V/S)] vs t
1/ 2 must be

linear and pass through the origin. A positive intercept could represent an
amount of a chemical species that is leached or readily washed off over a
relatively short period of time (due perhaps to factors such as especially
active, contaminated, or nonrepresentative surface). A negative intercept
would correspond to a time that represents a delay or lag in the leaching
due perhaps to factors such as a passive surface or the filling of voids.
In many cases, these intercepts represent only a small fraction of the total
amount leached (positive intercept), or the time lag (negative intercept) is
a small portion of the total time of the experiment (12).
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Analytical Methods

The primary analytical emphasis of this work has been on four assays.
Leachates generated have been analyzed for total organic carbon (TOC), total
phenolics, uranium, and a suite of 29 metals by ICP spectrometry. In addi-
tion, the waste sludge samples were analyzed for purgeable and extractable
orqanics by gas chromatography-mass spectrometry (GC-MS).

Total Organic Carbon (TQC) Assay

Organic carbon in a sample is converted to carbon dioxide by catalytic
combustion and measured directly by the infrared detector of a Beckman
Model 915B Tocamaster. This method is applicable to the measurement of TOC
above 1 mg/L.

Coiorimetric Assay for Total Phenolics

The colorimetric determination of total phenolics is based upon the
reaction of the phenolic material with 4-aminoantipyrine (4-AAP) in the
presence of potassium ferricyanide to form a stable, reddish-brown colored
antipyrine dye. The method is approved by the EPA for the analysis of
drinking and surface waters as well as domestic and industrial waste. This
method determines phenol, ortho- and meta-substituted phenols, and, under
the proper pH conditions, those para-substituted phenols in which the
substitution is a carboxyl, halogen, methoxyl, or sulfonic acid group. The
4 AAP method does not determine those para-substituted phenols in which the
substitution is an alkyl, aryl, nitro, benzoyi, nitroso, or aldehyde group.
A typical example of these latter groups is para-cresol.

Because the relative amounts of various phenolic compounds in a given
sample are unpredictable, it is not possible to provide a universal standard
containing a mixture of phenols. For this reason, phenol itself has been
selected as a standard for colorimetric procedures, and any color produced
by the reaction of other phenolic compounds is reported as phenol. This
value will represent the minimum concentration of phenolic compounds present.
A lower detection limit of 0.001 mg/L is possible when the colored end
product is extracted and concentrated in a solvent phase. The precision of
the method at the 95% confidence level is ±10% of the value.

Analysis for Uranium by Fluorometry

This method is used to measure trace levels of uranium in surface
waters as industrial waste and has a lower reporting limit of 0.001 mg/L.
The method is based on the extraction of uranium into tri-n-octyl-phosphine
oxide (TOPO). An aliquot of the extract is fused in a flux of anhydrous
sodium fluoride, and the yellow-green uranium fluorescence of the pellet is
measured using a fluorophotometer and compared to the fluorescence of a
known uranium standard. The lower limit of detection is 0.005 mg/L.

Metals by Inductively Coupled Plasma (ICP) Spectrometry

The ICP-atomic emission spectrometer employs a high-temperature, radio-
frequency (RF) argon plasma emission source to vaporize, atomize, and excite
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liquid aerosols injected into the plasma. The atomic-line emission spectrum
is dispersed by a diffraction grating mounted within the spectrometer
(Jarrell-Ash ICAP 9000) housing and monitored by individual photomultiplier
tubes. The unit is capable of performing simultaneous measurements of up
to 42 separate elements in a given sample within ~5 to 6 min. Sensitivity
varies from a maximum of 0.3 ppb (0.3 yg/L) for beryllium to a minimum of
600 ppb (0.6 mg/L) for potassium. Typical sensitivities for some hazardous
elements (in ppb) are As (50), Al (0.5), Cd (3), Cr (10), Pb (50), Sb (50),
and Se (50). A total of 29 elements were analyzed in the waste samples and
leachates.

RESULTS

Characterization of Waste Sludges

The waste sludge being addressed in this work is a biodenitrified waste
stored in a 0.5-million cjal, mild steel tank. The liquid waste contains a
small amount of depleted uranium, numerous metallic and salt contaminants,
and ~5000 ppm TOC. Illustrated in Table 3 is a direct comparison of some of
the physical and chemical properties of the two waste sludge samples;
Waste I was the sample obtained from the bottom of a quiescent tank, while
Waste II was obtained after the tank was recirculated and stirred for 4 h.
Note that the solids content has decreased sharply, while the TOC in solu-
tion has increased by over a factor of 3 for Waste II, the circulated
sample. In excess of 44% of the TOC was present in the solids-free liquid
of Waste II compared to <14% for Waste I, although only a modest (~17%)
increase in TOC for the total sludge was observed. The solids from Waste I
exhibited a dark, nearly black physical appearance, whereas the solids from
Waste II were light gray in color. This finding may indicate considerable
physical sorption of organic carbon on the surface of the settled solids
that becomes solubilized during recirculation. The ICP analyses of the
filtered solids from Waste I and Waste II showed little difference between
them with the single exception of magnesium, where an eightfold decrease was
observed for Waste II.

Extractable organics were measured by GC-MS and generally were below
detection limits in both sludge samples; however, nine compounds were
detected in Waste I and two in Waste II. Volatile organics considered to be
hazardous were all below the detection limits of GC-MS with the exception of
0.4 ppm acetone in Waste I. Analyses of the total sludge sample (Waste II)
for metals by ICP are shown in Table 4.

Physical Testing of Grout Formulations

Maintenance of physical integrity under the stress of three-tiered
stacking is important for the grout formulations tested in this study. In
order to achieve this integrity under stress, a minimum unconfined
compressive strength of 300 psi was desired and employed as a criterion of
acceptability. Another criterion for acceptable grout formulations with
this F-l waste form was that there would be no drainable water after 7 d.
Measurements of these factors are fundamental to ensurinq that grout formu-
lations meet the criteria prior to subjecting them to exhaustive leaching
tests.
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TABLE 3. COMPARISONS BETWEEN UNCIRCULATED AND CIRCULATED
SLUDGE SAMPLES FROM TANK Fl

Waste Ia Waste IIb

Solids, % 22.2 5.03

Density, g/mL 1.044 1.030

Solids volume, mLc 35.2 24

TOC, mg/L 3818d 4600e (4460)d

TOC, solids, % 0.83 0.92

TOC, liquid, mg/L 820 2600

Uranium, mg/L 451 59.1

Total phenol, mg/L 20.4f 23.9f

a. Sample drawn from bottom of quiescent tank, no agitation or circulation.

b. Sample drawn after tank was recirculated and agitated for 4 h.

c. 100-mL homogeneous sludge sample drawn, capped, and allowed to settle
for 3 weeks.

d. Calculated from TOC assay on solids and liquid, sample density, and
solids volume.

e. TOC analysis.

f. Measurements on sludge were inaccurate; number is based on leaching data
from blend 1 for Waste I and adjusted for Waste II based on TOC assays.

Phase Separation

Measurements of drainable water were performed on the five grout formu-
lations detailed in Table 1 at three mix ratios - 6, 8, and 10 Ib/gal.
Within 24 h, all blends met the goal of zero drainable water at mix ratios
of 8 and 10 Ib/gal. However, at a mix ratio of 6 lb/gal, the two blends
containing the largest amount of sodium silicate (Nos. 4 and 5, containing
10 and 15 wt %, respectively) still had measurable free water after 14 d.

Blends 3 and 4 were modified by the substitution of an equivalent
amount of liquid sodium silicate for the dry salt (blend Nos. 3L and 4L; see
Table 2) and replacement of the dry sodium silicate by an equal weight of
Microcel E, a calcium silicate (blend Nos. 3E and 4E; see Table 2). These
modified blends were mixed with the Waste II sample (see Table 3) from the
F-l tank. All drainable water was reabsorbed within 24 h for these four
modified blends.
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TABLE 4. ANALYSIS OF TOTAL SLUDGEa FOR ICP METALS

Metal

Alumi num
Arsenic
Barium
Beryllium
Boron
Cadmium
Calcium
Chromium
Cobalt
Copper
Iron
Lead
Lithium
Magnesium
Manganese
Molybdenum
Nickel
Niobium
Phosphorus
Potassium
Sodium
Strontium
Thorium
Titanium
Vanadium
Zinc

a. Waste II.

Concentration
(mg/L)

1700
<0.5
8.2
0.047
7.0
0.33
6300
12
0.26
20
120
3.4
20
500
6.2
2.5
37
0.13
80
380
3500
4.0
2.6
3.9
0.14
6.4

Penetration Resistance and Compressive Strength

Determination that a particular grout blend has achieved initial set is
important in test formulation studies. Compressive strength measurements
are usually performed after curing the formulations for 28 d under 100%
humidity conditions; thus, a considerable amount of time could be lost if
the rate and degree of set could not be determined early in the curing
process. Penetration resistance measurements (see Preparation of Grout
Specimens for Physical Testing and Leaching Studies) are employed for that
purpose, and a so-called "rule of thumb" is that compressive strength will
be ~l/10 of the penetration resistance.

Penetration resistance measurements on the initial five grout blends
formulated during this study indicated that the silicate-containing blends
set more rapidly and developed a higher strength than those blends without
silicate. This was duplicated for the modified blends shown in Table 2, as
the Microcel E-containing blends (blends 3E and 4E in Table 2) developed
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this initial set more slowly than the blends containing liquid silicate
(blends 3L and 4L in Table 2).

Penetration resistance, of course, is only an estimate of the set of a
grout monolith. A better measure of the physical integrity of a grout mono-
lith has been obtained from measurements of compressive strength (see
Preparation of Grout Specimens for Physical Testing and Leaching Studies) on
2-in. cubes of grout after curing at 100% humidity for 28 d. Illustrated in
Table 4 are compressive strength measurements on the initial five grout
formulations (see Table 1) at three mix ratios — 6, 8, and 10 Ib/gal. Note
that all five blends at all three mix ratios have developed compressive
strengths well in excess of 300 psi. As might be anticipated, the
compressive strengths are a strong function of mix ratio, with the highest
strength being achieved for the greatest solids loading (10 Ib/gal). The
positive effect of silicate on early strength development was not duplicated
in the long term. An improvement in final strength of only 10 to 20% was
noted for the blends with silicate and then only for the lower solids
loading (6 and 8 Ib/gal). The high strength developed by blend 4 at
6 Ib/gal seems somewhat out of character, considering that the data at 8 and
10 Ib/gal for this blend do not show the same increase (see Table 5). Also,
the blends with lower and higher silicate contents at a mix ratio of
6 Ib/gal (blends 3 and 5) have lower compressive strengths.

TABLE 5. 28-d UNCONFINED COMPRESSIVE STRENGTH DATAa

Blend no.

Mix ratio
(Ib/gal)

6

8

10

1

518 ±

1050 ±

1962 ±

14

24

76

28-d

2

501

1027

1987

Unconfi

± 18

± 35

± 44

ned Compressive Strength
(psi)

3

588 ± 75

1143 ± 29

1963 ± 77

4

705 ±

1182 ±

1898 ±

12

19

73

5

576 ±

1275 ±

1898 ±

74

17

81b

a. Using Waste I sludge and based on an average of three replicate samples.

b. Based on an average of two replicate samples.

Substitution of liquid sodium silicate for the dry salt and use of the
recirculated waste sample from the F-l tank at a mix ratio of 8 lb/gal
resulted in a rather sharp decrease in compressive strength (compare blends
3 and 4 at 8 Ib/gal from Table 5 with 3L and 4L in Table 6). Part of the
decrease is caused by the decrease in mix ratio due to the water added with
the liquid silicate. For example, addition of 41° Baume liquid silicate
equivalent to 10 wt % of dry sodium silicate (blend 4L), reduces the actual
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TABLF 6. COMPRESSIVE STRENGTH DATA FOR MODIFIED
BLENDS USING WASTE II SLUDGE

28-d Unconfined Compressive Strength

Blend No. 3La 3Eb 4LC 4Ed

Mix ratio, 8 lb/gal 502 ± 29 941 ± 33 718 ± 31 948 ± 43

a. Original—blend Mo, 3 with liquid sodium silicate substituted for the dry
chemical; amount equivalent to 5 wt % of dry sodium silicate added to and
mixed with the sludge just before the addition of the remainder of the dry
solids.

b. Original blend No. 3 with 5 wt % of Microcel E (Johns Manville calcium
silicate product) substituted for the dry sodium silicate.

c. Same as "a" except 10 wt % added.

d. Sarce as "b" except 10 wt % added.

mix ratio from 8 to 6.9 Ib/gal and, for 5 wt % (blend 3L), to 7.4 1b gal.
Interpolation of the data in Table 5 based on these revised mix ratios
yields higher estimated compressive strengths (977 psi for 3L and 920 psi
for 4L) than were actually measured. Note also the relatively significant
increase in compressive strength for blend 4L compared to that of blend 3L
(see Table 5). This increase was similar to that noted for blend 4 over
blend 3 at 6 lb/gal (see Table 4) and may be an indication that this dif-
ference is real.

Analytical Measurements on Grout Leachates

The evaluation of the various grout formulations tested during the
course of phase I of this study was primarily based upon analyses of MCC-1
leachates (see Physical Testing of Grout Specimens for a description of this
leaching method). Analyses were performed for TOC, total phenolics, uranium,
and a suite of 29 metals by inductively coupled plasma (ICP). Since the
primary goal of this study was to identify the most efficacious blend for
the immobilization of organic as well as inorganic contaminants in the F-l
sludge, TOC and total phenolic assays were weighted most heavily.

The finding that the original sludge sample from the F-l tank was not
really representative of the waste in that tank did delay the study to some
extent. However, acquisition of a second, more representative sample was
utilized as an opportunity to make some cost-effective modifications to the
original blends based on preliminary analytical phenolic and TOC data to try
to improve organic retention. Early phenolic and TOC assays (1-, 3-, and
7-d leachates) from the modified blends were employed to select the best two
candidate formulations for more rigorous leaching tests using the ANS 16.1
methodology (see Physical Testing of Grout Specimens).
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MCC-1 Leaching of Organics

The static MCC-1 leach test at ambient temperature (see Physical
Testing of Grout Specimens) employs distilled, DIW in volume equivalent to
ten times the geometric surface area of the leach specimen. Thus, the
cylindrical specimens used in this study (45.16 cm2) would require a
leachate volume of 451.6 mL. However, in order to minimize free air space
within the Teflon leach vessels, a volume of 477 mL, equivalent to a
slightly more conservative ratio of 10.6, was used.

Assays of total phenols and TOC in leachates Illustrated in Fig. 1 are
the fractions of total phenols leached from the five initial grout formu-
lations (Table 1) for mix ratios of 6, 8, and 10 Ib/gal. Immediately
apparent is the fact that blend 5 (containing the greatest amount of sodium
silicate, 15 wt %) has demonstrated the most effective retention of the
phenols at all mix ratios. Blends 2 and 1, with and without bentonite clay,
respectively, show the poorest retention of these organics, with little, if
any, improvement observed for the addition of bentonite to the mix. The
concentrations of total phenolics in all leachates from blend 5 were <64 ppb
for a 10 Ib/gal mix ratio. This represents slightly better than 90% reten-
tion of the total phenols after a 28-d exposure to distilled water under
static flow conditions at ambient temperatures.

Illustrated in Fig. 2 are the fractions of TOC found in the leachates
from blends 1 to 5. The results again indicate that blend 5 at 10 Ib/gal
showed the best retention of TOC, although the differences between blends
are not as dramatic. This may be partly attributed to the fact that the TOC
assay was less precise than the total phenols assay and had a higher lower
limit of detection (1 mg/L compared with 0.005 mg/L). Thus, for example,
4 of 5 assays for blend 5 at 10 lb/gal were below the lower limit of detec-
tion but are shown at this limit in Fig. 2. More than 95% of the TOC of
Waste I was retained by all five grout blends at mix ratios of 8 and
10 lb/gal.

The fractions of total phenol and TOC retained by the four modified
blends (see Table ?.) are shown in Fig. 3. Here, liquid sodium silicate is
compared with an adsorption additive, Microcel E, a calcium silicate product,
at a single mix ratio of 8 lb/gal. Note that retention of total phenols is
improved over that shown by the solid sodium silicate-containing blends at a
comparable mix ratio. Blend 4L, containing 10% liquid sodium silicate,
shows better retention of phenols than the best of the initial 5 blends
(blend 5) at a 10 Ib/gal mix ratio. This occurs despite the fact that the
true mix ratio of blend 4L is really 6.9 lb/gal after considering the water
added with the liquid silicate. The two blends containing Microcel E (3E
and 4E) indicate that the lower content of additive (5% - 3E) is better than
the higher percentage (10% - 4E). Blend 3E retains total phenols better
than all initial blends (1 through 5) at a mix ratio of 8 lb/gal; however,
its retention of phenols is slightly worse than blend 5 at 10 Ib/gal.

The four modified blends (see Table 2) retained in excess of 97.5% of
the TOC for all leachates with Waste II (see Fig. 3), which is slightly
better than blends 1 to 5 (96%) at the same mix ratio. There was little
difference in TOC retention between the best of the modified blends (4L and
3E) and blend 5 at 8 and 10 Ib/gal, although both of the former blends ware
slightly better at 28 d (>99% compared to 98.8% for blend 5 at 10 Ib/gal).
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Figure 1. Total phenols in leachates at 3 different mix ratios (Waste I),
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Figure 2. TOC in leachates at 3 different mix ratios (Waste I).
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Figure 3. Total phenols (a) and TOC (b) in leachates comparing liquid
sodium silicate (blends 3L and 4L) and calcium silicate
(blends 3E and 4E) additives (Waste II).
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Figure 4. ANS 16.1 leaching data for total phenols from blends 4L and
3E suggest they are solid diffusion limited.
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MCC-1 Leaching of ICP Metals and Uranium

The work discussed previously has been aimed primarily at the
immobilization of organics. It was felt that the organics would be more
mobile and hence more difficult to contain than the inorganic metal species.
This was substantiated by the analyses of 28 d leachate solutions from the
best three blends (5, 4L, and 3E) for the various metals by ICP spectrometry
and uranium by fluorometry (see Table 7). For the 30 metals measured in the
leachates, a total of 17, 19, and 19 (including uranium in all cases) were
below the detection limits of the measuring instrumentation, respectively,
for blends 5, 4L, and 3E.

Note that, for those metals where interim national water quality
standards are available (see Table 7), the 28 d leachate concentrations are
below the interim primary and secondary drinking water standards, with the
exception of selenium. Here, the local ICP detection limit of 50 ppb is
above the 10 ppb interim standard.

ANS 16.1 Leaching Studies

The abbreviated 5 d leaching protocol of the ANS 16.1 method (see
ANS 16.1 Leach Procedure) was employed to obtain dynamic leaching data for
blends 3E and 4L (see Table 2). Leaching of the phenols as well as of
several of the metals (uranium and those having ICP-detectable concentra-
tions) appeared to be solid diffusion limited based upon their linear
relationship to the square root of time [see Eq. (1)]. Illustrated in
Fig. 4 are the total phenol leaching data for blends 3E and 4L. Effective
diffusion coefficients, calculated on a point-by-point basis to avoid cumu-
lative errors (12) and then averaged, yielded total phenol leachability
indexes [LI = log (1.0 cm2»s"1»De"

1)] of 9.8 ± 0.4 for blend 4L and
9.5 + 0.5 for blend 3E.

CONCLUSIONS

All of the nine grout mixtures tested during the course of this work
performed well in the retention of metallic contaminants. Three of the
grouts used on these biodenitrified wastes proved to be reasonably
successful in the immobilization of organic content in the range of 4000 to
5000 ppm. Those blends containing silicates (either sodium or calcium) out-
performed the blends without silicate in the retention of organics. Blends
containing liquid sodium silicate, with a higher Si02:Na20 ratio (3.22:1),
had improved retention of organics compared to those with the dry salt
(Si02:Na20 = 1:1). This is of economic importance, since the cost of the
liquid product is one-third of the dry salt; however, transportation charges
would reduce this advantage somewhat.

Microcel E, a calcium silicate product of Johns Manvilie, proved to be
nearly as effective as sodium silicate in retaining organics. Blend 3E,
containing 5 wt % Microcel E, was almost as effective as the best of the
sodium silicate-containing blends (4L containing 10 wt % ) . In addition, all
of the grout monoliths containing sodium silicate as the additive developed
surface cracks soon after being removed from the high-humidity curing
environment. The effect of such cracks on the subsequent leaching perform-
ance of the sodium silicate-containing blends was not examined; however, it
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TABLE 7. LEACHATE CONCENTRATIONS OF METALS AFTER 28-d STATIC LEACHINGa

OF GROUT MONOLITHS FROM THE TOP 3 BLENDS

Aluminum
Arsenic
Barium
Beryllium
Boron
Cadmium
Calcium
Chromium
Cobalt
Copper
Iron
Lead
Lithium
Magnesium
Manganese
Molybdenum
Nickel
Niobium
Phosphorus
Potassium
Selenium
Silver
Sodium
Strontium
Thorium
Titanium
Vanadium
Zinc
Zirconium
Uranium

5.0
<0.05d

0.027
<0.0003
3.9

<0.003
36
<0.01
<0.005
0.035
0.012
<0.05
0.43
0.005
<0.001
0.028
<0.01
<0.007
<0.20
76
<0.05
<0.006
430
0.115
<0.20
<0.003
0.010
<0.001
<0.005
<0.005

Blend No.

4Lc

6.8
<0.05d

0.046
<0.0003
4.0
<0.003
33
<0.01
<0.005
<0.004
<0.n04
<0.05
0.50
<0.0005
<0.001
0.04
<0.01
<0.007
<0.20
86.5
<0.05
<0.006
340
0.17
<0.20
0.0065
0.0091
<0.001
<0.005
<0.005

Concentrations
(mg/L)

3EC

5.5
<0.05d

0.24
<0.0003
5.6
<0.003
110
<0.01
<0.005
<0.004
<0.004
<0.05
0.86

<0.0005
<0.001
0.012
<0.01
<0.007
<0.20
135
<0.05
<0.006
155
0.62
<0.20
0.0073

<0.005
0.0036
<0.005
<0.005

National Water
Ouality Standards

0.05e

1.0e

0.01e

0.05e

lf
 f

0.3f

0.05e

0.05f

0.01e

0.05e

5f

a. MCC-1 leaching test.

b. Using Waste I, see Tables 1 and 3; 10 lb/gal mix ratio.

c. Using Waste II, see Tables 2 and 3; 8 Ib/gal mix ratio.

d. <xxx is below indicated detection limit.

e. Maximum concentration, primary drinking water.

f. Maximum concentration, secondary drinking water.
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was presumed to be detrimental. This would suggest the need for some type
of barrier to air drying for above-ground storage of qrout monoliths con-
taining this additive. However, the calcium silicate-containing blends did
not develop these cracks and retained their smooth, hard outer surface when
exposed to ambient air conditions.

Bentonite clay, used to disperse solids and to reduce drainable water,
appeared to be unnecessary from a comparison of drainable water and leaching
data between blends 1 and 2. Calcium chloride, added as a set accelerator,
also appeared not to be required as these blends set very rapidly. The
blends tested in this work were not designed for pumpability but rather for
use in a batch cement plant using forms.
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ABSTRACT

This paper discusses the preliminary grout formula
recommended for solidifying Hanford Facility Waste in the
Rockwell-Hanford Operations Transportable Grout Facility
and presents support data illustrating that this formula
meets all performance criteria. Performance criteria
include processibility, corapresslve strength, drainable
water content, and leachability.

INTRODUCTION

The immobilization of wastes in cement-based grouts is a proven

technology used routinely by the nuclear industry* The resulting grout

monoliths have been shown to be less permeable and more resistant to

leaching by groundwater, deterioration on exposure to radiation or thermal

cycling, and overburden subsidence than the surrounding host soil. Disposal

costs and operator exposure to radiation can be greatly reduced when these

monoliths are formed on a large scale auch as in earthen trenches or vaults.

Use of this technology is being considered by Rockwell-Hanford

Operations (Rockwell) for the permanent disposal of several radioactive

waste streams. A Transportable Grout Facility (TGF) in which wastes will be

mixed with cement-containing dry solids is now under construction. The

resulting grout will be pumped into earthen trenches or vaults where it will

harden to form large monoliths.
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The Oak Ridge National Laboratory (ORNL) is providing technical support

for the TGF by developing the grout formulas to be used in the facility.

One waste stream being considered for processing in the TGF is a

1 : 1 mixture (by volume) of N-Reactor decontamination and ion-exchange—

resin-recharging wastes, which will be referred to as Hanford Facility Waste

(HFW). This paper discusses the preliminary grout formula recommended for

solidifying HFW in the TGF and presents support data illustrating that this

formula meets all performance criteria. Performance criteria include

processibility, compresslve strength, drainable water content, and

leachability. Note that this work was performed in 1984. Consequently,

design and performance criteria guiding the formulation development studies

are subject to change. However, data presented here are still useful and

serve to document the development history of the TGF.

HANFORD FACILITY WASTE COMPOSITION

The waste stream for these studies is defined by Rockwell as a

50 : 50 vol % mixture of sulfate and phosphate wastes.1 The major

components of this waste are shown in Table 1. The development work

presented in this report was aimed at producing acceptable grouts with a

waste composition encompassing those in Table 1.

TABLE 1. POSSIBLE MAJOR COMPONENT CONCENTRATIONS OF HFW

Concentration
Component (M)

0.15 - 0.5

Na2HP04 0.01 - 0.02

Na2SO4 0.01 - 0.02

NaOH 0.01 - 0.02

NaN02 0.01 - 0.02

Phosphate Waste

The phosphate waste which makes up 50% of the reference HFW results

from the United Nuclear Corporation (UNC) decontamination operations at the

Hanford site using a TURCO decontamination solution. Before flush water is
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added, the TURCO solution contains the organics shown in Table 2 and up to

70 wt X H3PO4. For a N-Reactor decontamination, 76 m3 of TURCO solution was

combined with flush water, resulting in a total volume of 908 xa6 with a

H3PO4 concentration of 8 wt Z. After the reactor decontamination was

completed, the 908 m3 was neutralized with NaOH to il _< pH £ 12 in order to

meet a Rockwell tank farm specification.

TABLE 2. ORGANIC CONSTITUENTS OF TURCOa 4512-14A

Sodium xylene sulfonate

N,N,N',N' tetrakis (2-hydroxypropyl) ethylene diamine

Ethylene glycol raonobutyl ether

2-mercaptobenzothiazole

Nonylphenoxy polyethoxy ethanol

Complex araine inhibitor^

2-butyne -1, 4-diol

a. TURCO is a trade,name of a range of products manufactured by TURCO

Products Division of Purex Corporation, Carson, CA 90749.

b* The complex amlne diethylthiourea is a corrosion inhibitor*

This waste as received by the tank farm is defined as phosphate waste.

The recipe for synthetic phosphate waste used in these studies is shown in

Table 3.

TABLE 3. RECIPE FOR ~ 1 L SYNTHETIC PHOSPHATE WASTE

Ingredient Amount

Phosphoric acid decontaminant 36 aL

(TURCO 4512-14A)

Water 905 mL

19-M NaOH, aqueous 65 mL

NaN02 0.88 g
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Sulfate Waste

The sulfate waste that makes up the other 50% of HFW results from the

use of dionized water to recharge the ion-exchange columns associated with

the fuel pool storage basin. The sulfuric acid from this operation is

neutralized with NaOH, as in the case of TURCO waste, and sent to

underground tank storage.

The waste as received by the tanks is defined as sulfate waste.

Although the radionuclide content of this stream was unknown at the time of

these studies, it was assumed to contain l^Cs. ^ g r e cip e for synthetic

sulfate waste used in these studies is shown in Table 4.

TABLE 4. RECIPE FOR ^1 L SYNTHETIC SULFATE WASTE

Ingredient Amount

Na2SO4 2.84 g

Water 1 L

PERFORMANCE CRITERIA

By definition, a successful grout formula meets all specified

performance criteria when mixed with HFW. Collectively, these criteria

determined the recommended grout formula.

Operating Criteria

1. The TGF is designed to operate at a nominal capacity of 3.2 x 10~3

ma/s, but it will be capable of operating within a range of

1.9 x 10~3 to 4.4 x 10~3 m3/s.

2. The grout distribution pump will be capable of supplying a

continuous output pressure of 2.4 MPa.

3. The grout will be pumped through £914 m of 5.1-cm-ID distribution

pipe.

4. The maximum pressure available to overcome gel strength is 3.4 MPa.

In order to comply with the first three criteria, the grout's

Theological properties must be tailored to result in a pressure drop of

2.3 MPa through 914 m of 5.1-cm-ID pipe at a nominal flow rate of 3.2 x
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10""-* ma/s. The grout's compliance is determined by applying the following

series of equations.- The first equation is the power-law model of the

relationship between shear stress and shear rate:

Ss = <'(S r ) ^ , (1)

where

Sg = shear stress for non-Newtonian fluids, Pa;

K" = fluid consistency index, Pa's11 ;

Sr = shear rate, s~*;

n" = flow behavior index (0 < n"* < 1.0), dimensionless.

From Eq. (1), the Reynolds number for flow through a cylindrical pipe

can be calculated by:

P(i)
Re = : ji- (2)

K* (8)n -1

where

Re = Reynolds number, dimensionless;

U - fluid velocity, ra/s;

d^ * inside pipe diameter, m;

p * fluid density, kg/m^, and

<* = fluid consistency index, kg/s'^-n )«m.

From Eq. (2), frictional pressure drop can then be calculated

where

APf =• frictional pressure drop through a straight pipe, Pa/ra;

f = fanning friction factor, dimensionless (f is a function of

Reynolds number).
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ORNL experience has shown that grouts need to be pumped in turbulent

flow to minimize stagnant volumes in the pipe that can eventually result in

excessive pressure buildups. This criterion further restricts an acceptable

grout to be one that obtains a Reynolds number _>. 2100 in the TGF distribution

pipe at a pump rate less than 4.4 x 10"^ m^/s, per Eq. (2). As such, this

critical velocity [i.e., velocity at which a Reynolds number of 2100 is

obtained as per Eq. (2)] would be viewed as the minimum acceptable velocity.

To demonstrate compliance with the fourth criterion, the pump head

pressure necessary to overcome the gel strength of a grout that has been

static for 10 minutes in the distribution pipe is calculated by

ph f

(1.44 x 104)Ap

where

Ph = pump head pressure, Pa;

G * 10-min gel strength, Pa;

Ay » pipe inside surface area, m^,

Ap • inside pipe cross-sectional area, m^.

These calculations were performed assuming a pipe diameter of 5.1-era-ID and

a length of 914 nu Thus, an acceptable grout would be tailored to result

in:

G £ 48 Pa.

Drainable Water

The Nuclear Regulatory Commission (NRC) standard recommended for

determining drainable water is the American Nuclear Society (ANS) 55.1 test.

The 55-gal drum test is not amenable to laboratory-scale work and is not

representative of the proposed TGF disposal scenario. Consequently, a

laboratory-scale test was designed such that drainable water was measured by

pouring fresh grout in a cylindrical mold and covering the grout with a

water-saturated cloth. The covered grout was allowed to remain stationary

for 28 d. Percent drainable water was then determined as 100 x volume of
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water collected/original grout volume. An acceptable grout has 0% drainable

water at 28 d or less.

Compresslve Strength

The method suggested by the NRC for measuring unconfined corapressive

strength is ASTM C-39-81. However, the cylindrical samples required by this

method are more material and cost intensive than the comparable ASTM C109-80

method that uses 5.1-cra cubes. Consequently, ASTM C109-80 was used in this

study. However, it has been shown that values obtained by ASTM C109-80 are

consistently 20% higher than those obtained by ASTM C-39-81. Therefore, the

corapressive strength criterion became 414 kPa with ASTM C109-80 at 28 d for

these studies.

Leachability Index

Leachability index (L) is defined as the inverse of the log of the

effective diffusion coefficient as determined by the proposed ANS 16.1 test

protocol.•* Thus, an acceptable grout would result in an effective diffusion

coefficient <10~6 cra2/s (i.e., L _> 6) for each radionuclide. It was beyond

the scope of this work to perform these measurements on all of the nuclides

of interest. Consequently, compliance with this criterion was determined

for 9C>Sr anc| 137Q S ( thought to be the two most mobile radionuclides.

Waste Loading

Target values were waste (solids and liquids) loading >50 wt % and

volume increases (over the original waste) <30 vol %. To obtain a waste

loading >50 wt %, the dry solids blend-to-waste ratio (mix ratio) must be

less than the density of the waste (1078 kg/m-*).

Materials

To reduce costs and minimize development time,, the formulation studies

were based upon a dry solids blend consisting of components used routinely

in the ORNL hydrofracture process for over 20 years.^»5 Thus the major dry

solids blend components used in this study were limited to Portland cement,

ASTM Class F fly ash, Attupulgite-150 drilling clay, and Indian Red pottery

clay.
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Formula Deviations

Experience at ORNL has shown that it is unrealistic to expect the bulk

solids blending to be performed at precisely the recommended formula.

Reasonable deviations from the reference blend which can be expected are

_+ 5% relative variation for dry solids blend components. Thus, an acceptable

formula will also meet all performance criteria with these deviations in the

blend composition.

FORMULATION DEVELOPMENT STUDIES

The dry solids blend components used in this study are cement, fly ash,

Attupulgite-150, and Indian Red pottery clay. In general, these components

were chosen for their applicability to HFW, commercial availability, and use

in the ORNL facility for ~20 years. However, it is appropriate that some

rationale for the range of components explored in the experimental studies

be presented here.

Cement

The physical properties of hardened concrete or grout are determined by

the quality of the cement paste (i.e., water and cement). Assuming proper

mixing, etc., the quality is controlled by the water-to-cement ratio (w/c).

For example, an oil-well cement slurry typically contains -»73 wt % cement

and has a w/c of 0.38.

In general, a w/c of only 0.25 is required for complete hydration

of Portland cement, with additional water serving to fluidize the mix and

thus make it more readily processible (pumpable in the TGF context).

However, increased water content (i.e., higher w/c) also tends to reduce the

quality of the final product. Specifically, increasing w/c tends to:

• increase shrinkage and cracking;

• decrease creep relief with age, thus creating a tendency to

crack; and

• decrease the likelihood of resorption of drainable water.

The maximum w/c which can be applied to HFW before these tendencies

become cause for concern was beyond the scope of this study. However, the

8 4



ORNL hydrofracture facility routinely uses a w/c of "3. Consequently, for

HFW formulation studies the w/c was limited to <3.

Indian Red Pottery Clay

Indian Red pottery clay is added solely as an ion-exchange medium to

retain 1^'Cs anc[ other similar nuclides. With an exchange capacity of

0.1 meq 137Cs per gram of clay6»7»8, little clay should be needed. However,

experience at the ORNL facility has shown that the pottery clay content of

the dry solids blend needs to be 8 wt % to ensure intimate contact with the

l-*7Cs. In addition, minor variations (+_ 5%) in the pottery clay content

have been shown to have a negligible impact on the grout's rheological

properties. Consequently, for HFW formulation development studies, the

pottery clay content of the dry solids blends was fixed at 8 wt L

The TGF should, at a minimum, match the blending efficiency of the ORNL

facility. However, because it is newer, the blending efficiency may well

exceed that of the ORNL facility, and less pottery clay may be needed.

Attapulgite-150 Drilling Clay

Attapulgite-150 is added primarily to reduce drainable water. However,

previous ORNL grout development experience has shown that when the

Attapulgite-150-water ratio _>. 84 kg/m3, leachability is reduced.

Consequently, HFW formulation development studies attempted to maintain the

Attapulgite-150 content at or above this value.

Fly Ash

Fly ash is a cement extender and its use should be maximized due to its

low cost. However, because of the constraints on the other components, it

must be the variable or slack component.

Mix Ratio

The dry solids blend-to-waste mix ratio is a key variable in the

formulation studies. Experience has shown that if all criteria are met at

mix ratios A and B, then all mix ratios between the two will also meet all

criteria. Experience at the CRNL facility has also shown that mix ratios

can be controlled to within 60 kg/tn^. Consequently, the increment in the
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mix ratio was 120 kg/m-* in the formulation studies. Also, the lower and

upper bounds of acceptable mix ratios would need to differ from the

recommended value by at least 60 kg/or*. For example, if the lower and upper

bounds of acceptable mix ratios were determined to be 839 and 958 kg/m^,

respectively, then the recommended mix ratio would be 899 kg/m-*.

As in the case of blending efficiency, the TGF may prove to be more

efficient than the ORNL facility in controlling mix ratio. This would

permit optimization of the mix ratio within the acceptable range. For

example, in the case of the previous illustration, it might prove beneficial

to operate at 863 +_ 12 kg/m-*. However, until this capability has been

proven, it is assumed that the TGF can only match the efficiency of the ORNL

facility.

EXPERIMENTAL PROCEDURES

Sample Preparation

Dry solids are blended in 5.0 kg lots for 6 h at 30 rpm in a 7.6-L

Patterson-Kelly twin shell V-blender prior to grout preparation. Mixing of

the dry solids blend and simulated waste is performed in a Hobart model N-50

mixer with a wire-loop whip mixer blade. Mixing is accomplished by adding

solids to liquid during 8—15 s while stirring at low speed. Mixing is then

continued at medium speed for a total mixing time of 30 s.

This laboratory blending and mixing technique was developed in support

of the ORNL facility and is representative of grouts leaving the mixing tub

from that facility. The ORNL facility contains a jet mixer and a mix tub

that is equipped with a three blade impeller. This design was similar to

that envisioned for the TGF at the time the formulation studies began.

Grout properties are a function of shear history, and it is essential that

mixing and blending procedures be standardized to ensure consistency and

reproducibility of data.

Rheological Measurements

Rheological measurements are made using a standard oil

well cement-slurry method with a Model 35A/SR-12 Fann viscometer. Shear
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stress readings are taken as a function of shear rate, going from high to

low shear rate.

Readings in Pa are taken in 12 steps ranging from 600 to 0.9 rpm. RPMs

are converted to recipical seconds (the standard shear rate unit) by

multiplying by an instrument conversion factor. These data are used to

determine the parameters (fluid consistency index and flow behavior index)

that, along with density, are required for flow calculations. The method of

data reduction is based on the Ostwald-de Waele Model,^ more commonly

referred to as the power-law model.

Using the same measurement technique, the 10-min gel strength is

determined as the maximum deflection of the dial (Pa) at 3 rpra after the

grout has been allowed to remain static for 10 min.

Phase Separation

Phase separation or drainable water is determined by measuring clear

fluid that collects on the freshly poured grout after a given time

interval. It is a common observation that after grout, slurry, or concrete

has been placed in position, and while still plastic, bleed water (phase

separation or drainable water) appears on the surface. This is essentially

a sedimentation phenomenon caused by the solids settling in the plastic

mass. Phase separation is influenced by the plasticity of the mix, the

amount of entrained air, and the motion or vibration the mix is subjected to

during placement.

Phase separation can be beneficial to the final product because it

provides the mechanism for proper hydration of the upper surface. If a

source of moisture is not available to this surface, then it will crack and

powder. Phase separation is the most economical means of supplying this

source of moisture for the Rockwell application. However, one of the

performance constraints is that no drainable water exist after 28 d. It is

anticipated that the trench or vault design will include a means of surface

water removal to allow both routine and emergency flushing of the TGF

distribution piping directly to the trench. Therefore, this criterion may

not have to be met by the grout.
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Nonetheless, measurement of phase separation was an integral part of

ORNL's formulation studies, and an acceptable grout resulted in no phase

separation at 28 d. For screening purposes, 2-h phase separation was

measured by this same method. Grouts developed in the study that exhibited

a 2-h phase separation >5% were arbitrarily eliminated from further

consideration.

PRELIMINARY STUDIES

There is an infinite combination of the four major dry solids blend

components that can be applied to the grout formulation development

studies. ORNL relied on previous experience to determine a meaningful

starting point. This experience has shown that a 1.0-M NaN03 waste solution

(pH M 2 ) prepared with the dry solids blend shown In Table 5 and mixed at

958 kg/râ  produced grouts that achieved turbulent flow at 3.3 x 10~3 m-Vs in

a 5.1-era-ID pipe.^ Consequently, this became the basis for the Rockwell

work.

TABLE 5. COMPOSITION OF DRY SOLIDS BLEND USED TO PREPARE GROUTS WITH 1.0-M_

Na2NO3 SOLUTION

Amount
Material (Wt %)

Type I Portland cement 38

Kingston fly ash 39

Attapulgite-150 drilling clay 15

Indian Red pottery clay 8

Preliminary studies, detailed in ref. 11, identified the upper and

lower bounds of the appropriate dry solids blend composition. Based on

these studies, the matrix shown in Table 6 was tested in the formulation

development studies.
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TABLE 5. VARIATION IN DRY SOLIDS BLENDS USED TO DEVELOP GROUTS FOR HFW

Amount
(wt f)

Material

Type I-II-LA Portland
cement

Centralia, WA ASTM
Class F fly ash

Attapulgite-150 clay

Indian Red pottery clay

1

Blend Number

40 41 42 42 40 38 37 39 41

42 41 40 38 40 42 41 39 37

10 10 10 12 12 12 14 14 14

8 8 8 8 8 8 8 8 8

HANFORD FACILITY WASTE USED IN FORMULATION DEVELOPMENT STUDIES

The concentrations of the major components of HFW are shown in Table 7.

Preliminary studies indicated that the major component of concern is the

sulfate content because it can prevent set. These studies also showed that

sulfate concentrations as high as 0.02 bl can be tolerated with cement

contents >273 kg/m^. These studies suggested that combining the sulfate and

the phosphate wastes might further mitigate the set, retard the action of

the sulfate, and thus permit even higher sulfate concentrations. Therefore,

in the formulation development studies, the Na2SO4 concentration was

increased over that presented in Table 7 to 0.03 J4. In addition, to assess

the effects of dilution associated with anticipated waste retrieval schemes

TABLE 7. MAJOR ELEMENT CONCENTRATIONS OF HFW COMPOSED OF A 50:50 MIXTURE OF

PHOSPHATE AND SULFATE WASTE

Component

NaOH

NaN02

TOC

Concentration
(M)

0.15

0.01

0.01

0.01

0.006

0.92 g/L
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and, to a lesser extent, the effects of major component concentration

variations, formulation studies were performed with four variations of the

waste composition:

• No dilution. HFW as defined by the Rockwell recipe, but with the

Na2SO4 content increased to 0.03 _M. Throughout the remainder of

this paper, this solution is referred to as the reference waste.

• 20% dilution (25% volume increase). A solution made by diluting 1-L

reference waste with 0.25-L water.

• 33% dilution (50% volume increase). A solution made by diluting 1-L

reference waste with 0.5-L water.

• 50% dilution (100% volume increase). A solution made by diluting 1-L

reference waste with 1-L water.

The resulting anion concentrations are shown in Table 8.

TABLE 8. CONCENTRATION OF ANIONS IN THE FOUR SYNTHETIC WASTE STREAMS USED

IN THE FORMULATION DEVELOPMENT STUDIES

Anion

PO4-3

SO4-2

N02"1

TOC, g/L

0

0.15

0.03

0.006

0.92

Concentration
(M)

Waste Dilution

20

0.12

0.025

0.005

0.74

33

0.1

0.02

0.004

0.62

50

0.08

0.015

0.002

0.46

EXPERIMENTAL RESULTS

Data for the nine blends are shown in Tables 9—11. For the matrix

studied, mix ratios less than 719 kg/in-* failed to form monolithic products

(Table 9 ) . Consequently, the minimuia acceptable mix ratio is >719 kg/nr*.

Grouts prepared at 839 kg/m^ (Table 10) met all process criteria with

the exception of blend 7, which contained 14-wt X Attapulgite-150 drilling

clay. For this grout, the 10-min gel strength exceeded the criterion of

48 Pa. Consequently, the Attapulgite-150 content needs to be <14 wt %.
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TABLE 9. DATA SUMMARY FOR BLENDS PREPARED AT A MIX RATIO OF 719 kg/m3

Waste
Dilution
(vol %)

0
20
33
50

0
20
33
50

0
20
33
50

10-min
Gel

Strength
(Pa)

6.7
6.7
8.1
5.3

4.3
3.4
2.9
3.8

6.7
5.7
6.7
7.7

28-d
Phase

28-d
Compressive

Separation Strength
(%)

0
0
0
0

0
0
0
0

(kPa)

Blend 4

2124
1800
2027
1214

Blend 5

1724
1669
1724
1214

Blend 6

0
0
0
0

Critical
Flow Rate
x 1000
(m3/s)

1.6
1.8
2.0
2.1

1.5
1.6
1.3
1.4

2.5
1.7
2.0
2.0

Pressure
Drop
(Pa/ra)

407
385
320
520

271
407
385
271

656
385
520
520
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TABLE 10.

Waste
Dilution
(vol %)

0
20
33
50

0
20
33
50

0
20
33
50

0
20
33
50

0
20
33
50

0
20
33
50

DATA SUMMARY

10-min
Gel

FOR BLENDS PREPARED AT

28-d
Phase

28-d
Corapressive

Strength Separation Strength
(Pa)

8.1
9.1
12.5
8.6

12.9
9.1
12.5
3.8

16.3
17.2
19.6
15.3

7.7
10.1
7.2
6.2

10.1
18.7
16.8
16.8

9.6
13.9
17.7
14.8

(%)

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

(kPa)

Blend 1

2193
2262
2283
1696

Blend 2

2489
2689
2131
1420

Blend 3

2296
2441
1779
1434

Blend 4

3165
2806
2262
1524

Blend 5

2972
2620
2006
1117

Blend 6

3220
2365
2055
1138

A MIX RATIO OF

Critical
Flow Rate
x 1000
(m3/s)

2.1
2.0
2.4
2.5

2.6
2.5
2.4
3.0

2.8
2.8
2.9
2.8

2.5
2.3
2.1
2.1

2.7
3.5
3.0
3.0

2.4
2.8
3.0
2.8

839 kg/m3

Pressure
Drop
(Pa/m)

543
543
656
656

792
792
656
927

950
950
950
814

814
633
566
566

814
1335
950
950

679
814
950
814
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TABLE 10. (CONTINUED)

Waste
Dilution
(vol %)

0
20
33
50

0
20
33
50

0
20
33
50

10-min
Gel

Strength
(Pa)

64.2
72.8
91.9
13.9

34.0
18.2
12.9
11.5

35.0
18.7
9.1
9.6

28-d
Phase

28-d
Compressive

Separation Strength
(%)

0
0
0
0

0
0
0
0

0
0
0
0

(kPa)

Blend 7

3351
3323
2737
1703

Blend 8

2786
2903
2131
1558

Blend 9

2896
2310
1910
1076

Critical
Flow Rate
x 1000
(m3/s)

3.9
3.7
3.8
4.2

3.5
4.3
3.9
3.8

5.0
3.8
4.2
4.1

Pressure
Drop
(Pa/m)

1493
1357
1470
1742

1222
1787
1493
1493

2307
1493
1629
1629

Grouts prepared at 958 kg/m-* (Table 11) met all process criteria with

the exception of blend 6 which contained 12-«t % Attapulgite-150 and

42-wt % ASTM Class F fly ash. However, data for blends 4 and 5 indicate

that minor formula deviations from blend 6 result in acceptable grouts.

Consequently, 12 wt % becomes the maximum permissible amount of

Attapulgite-150.

ANS 16.1 Leachability Indices for 90Sr and 137Cs were obtained on

blends 1—6 prepared at 839 kg/m3.** The average indices obtained were 9 and

11, respectively.
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TABLE 11. DATA SUMMARY FOR BLENDS PREPARED AT A MIX RATIO OF 958 kg/m3

Waste
Dilution
(vol %)

0
20
33
50

0
20
33
50

0
20
33
50

0
20
33
50

0
20
33
50

0
20
33
50

10-min
Gel

Strength
(Pa)

17.7
17.7
12.5
9.6

15.3
16.8
11.5
8.1

6.7
2.4
7.7
5.3

23.5
17.7
14.8
15.3

5.3
6.2
10.5
14.4

100.0
91.0
34.0
8.6

28-d
Phase

28-d
Compressive

Separation Strength
<*>

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

(kPa)

Blend 1

3048
3372
3117
2144

Blend 2

4661
5475
1641
2048

Blend 3

4633
4633
3937
2462

Blend 4

3434
3061
2048
1282

Blend 5

4902
1869
3599
1862

Blend 6

4130
4606
4371
3075

Critical
Flow Rate
x 1000
(m3/s)

3.4
3.5
3.7
3.8

3.9
4.0
3.8
3.4

2.0
2.0
3.0
2.8

3.6
4.2
4.1
4.8

2.1
3.0
3.5
3.2

3.8
4.9
4.7
4.0

Pressure
Drop
(Pa/m)

1222
1222
1357
1493

1493
1493
1493
1108

1267
1832
1674
2104

566
950
1267
1108

1538
2811
2081
1674
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Based on these data, the following formula is tentatively recommended

for HFW:

DRY SOLIDS BLEND

Amount
Material (wt %)

Type I-II-LA Portland cement 41

Centralia, WA ASTM Class F Fly ash 40

Attapulgite-150 drilling clay 11

Indian Red pottery clay 8

Mix Ratio

899-kg dry solids blend per ra3 of HFWa

a. 0.02 vol % tributyl phosphate (TBP) must be added to HFW as a defoaming

agent

SUMMARY

In reality, the recommended formula is a target value. During routine

TGF operation, the formula will be a composite, dependent upon the

prec.'sion of the blending (+5%) and mixing (assumed to be +60 kg/m3)

operation. The range in the average grout properties prepared with this

composite can be obtained by averaging the data at 839 and 958 kg/m3 with

blends 1—6. The average values thus obtained are shown in Table 12 for 0Z

diluted reference waste* As the data in Table 12 show, grouts prepared

with the reference formula meet all performance criteria, including:

• Frictional pressure drop <2488 Pa/m

• 10-min gel strength <48 Pa

• 28-d drainable water 0 vol %

• 28-d unconfined corapressive strength >414 kPa

ANS 16.1 Leachability for >6
90 and 137

• Solid-to-waste mix ratio £1078 kg/m3

• Critical velocity <4.4 x 10"^ m3/s

• Major dry solids blends components Only components used in
ORNL process

• Dry solids blends composition Tolerate _+_ 5% variation
in reference formula
components
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TABLE 12. AVERAGE PROPERTIES OF GROUTS ENCOMPASSING THE MATRIX BLEND

COMPOSITIONS WITH 0% DILUTED REFERENCE WASTE

Parameter

Mix Ratio
(kg/m3)

839

11

2.1

0

1404

24

2723

958

28

2.1

0

1445

35

4275

Grout Property

10-min gel strength, Pa

2-h phase separation, vol %

28-d phase separation, vol %

Density, kg/m3

Apparent viscosity, cP

28-d corapressive strength, kPa

Reference Conditions

Frictional pressure loss, Pa/m 762 1104

Critical flow rate, m3/s 2.5 x 10"3 3.2 x 10"3
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ABSTRACT

The leach rate of tritium from a solidified object is
directly connected with safety assessment. Experiments
consisted of three stages. In the first-stage experiment,
types of cement and mix proportions were selected on the
bases of weight reduction, micro-structure, compressive
strength, ignition loss, and chemical analysis. Two mix
proportions each, for normal portland cement and special
cement, were chosen for further testing. In the second
stage, the leach rate of deuterium was studied by measur-
ing densities of immersion liquid. The examinations of
the relations between the leach rates and the beforemen-
tioned properties clearly showed that lower reach rate was
achieved with lower water-cement ratio which represented
the higher density of the cement form. In the third-stage
experiment, the above test results were confirmed by carry-
ing out leach tests for tritium.

INTRODUCTION

It is considered that the quantity of tritium handled will increase
further in the future as experimentation apparatus become larger accompany-
ing the shift to the engineering stage of nuclear fusion research by
deuterium-tritium (D-T) reaction. Accordingly, tritium handling technology
is and will be an important problem with experimentation apparatus that have
become so large and in nuclear fusion power reactors of the future, and it
will be necessary to give consideration from now concerning management of
wastes containing tritium. Furthermore, handling of tritium as a waste is
a matter that remains a problem in fission reactors and nuclear fuel re-
processing also.

It was with such a consideration that the authors carried out research
and published "Management of Tritiated Wastes,"[l], and "Concept of Triti-
ated Waste Repository,"[2]. Concrete disposal concepts were proposed and
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the three items of (T) Waste Package, (2) Repository, and (3) Environment were
considered as the principal component elements of this system. In assessing
the safety of a disposal system, when the mobility into the environment and
the mobility in the environment of tritium, an isotope of hydrogen, is con-
sidered, it is thought important for the properties of tritium to leach out
from the solidified object itself in the waste package of (£) to be held to a
low level. Accordingly, experiments were conducted regarding evaluation of
the properties of cement solidified objects which are basic in carrying out
safety assessments and optimization of treatment and disposal forms as a
part if the abovementioned research are reported here.

COMPOSITION OF EXPERIMENTS

Basic Principles of Experiments

Tritium is an isotope of hydrogen, and as a form of water which is an
oxide, it can be separated with comparative ease from other radioactive
nuclides. Therefore, a treatment and disposal system for radioactive wastes
mainly containing tritium separated from other nuclides in the form of water
and solidified wa-» assumed. It was decided to study an effective method of
grasping quantitatively the rate of tritium leached.

As a method of solidifying waste water containing mainly tritium, solid-
ification treatment by hydraulic materials such as cement and other items
has been studied widely, and cases of implementation have been reported [3,
4, 5, 6]. In practically all of these, more water than necessary for hydra-
tion reaction, or the theoretical hydration quantity, was used to secure
workability. It is thought that this excess water in the mix and the voids
taken up by the water are the causes of high leaching from the solidified
object.

The authors took up the matter of solidifying tritiated wastes with
cement from this point of view, sought out the relation between water con-
tent and the physical properties of the solidified object, based on which
experiments were conducted to establish the optimum method of solidification
by cement.

The experiments were divided into the three stages of experiments with
ordinary water (Cold Experiments I), experiments with deuterium (Cold Experi-
ments II), and Hot Experiments using tritium. The findings of each stage
were related in the subsequent stage. Data were accumulated as much as
possible by Cold Experiments II, with the final confirmation done by the Hot
Experiments.

That is, in Cold Experiments I, the type of cement, water-cement ratio,
and methods of placement and curing were widely studied. In Cold Experiments
II, solidified objects using deuterium were made based on the findings of
Cold Experiments I, and leach tests were performed. In the Hot Experiments,
solidified objects were made using tritiated water and leach tests were
carried out.

The significances of the various experiments are cited in Table 1.
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TABLE 1. AIMS OF RESPECTIVE STEPS OF EXPERIMENTS

Experiment

Cold
experiment I

Cold
experiment II

Hot
experiment

Aims of Experiment

To investigate method
of cement solidifica-
tion

To predict a leach
rate of deuterium
and select sample
compositions

To predict a leach
rate of tritium

Contents of Experiment

Source Terms

Mix proportion
Mixing
Curing

Leach test
method

Leach test
method

Specimens

Evaluation Terms

Weight reduction rate
Micro-structure
Compressive strength
Chemical analysis
Ignition loss

Leach rate of
deuterium

Leach rate of
tritium

The specimens were made the cylindrical type 45 mm in diameter and 44 mm
in height recommended by IAEA [7J. In making the specimens, mixing was done
using a mortar mixer at low speed (standard speed according to JIS R 5201 [8])
for 1 min and high speed (double the low speed) for 2 min, after which the
mix was cast in an acrvlic clastic mold, and consolidated using a table
vibrator. The mold sealed up was used to prevent escape of moisture from
the solidified object which was then cured at constant temperature of 293K
for the required lengths of time.

Items Experimented

Composition of Specimens

The mix proportions for, Cold Experiments I were set up as shown in
Table 2.

The cements used were an ordinary portland cement as a standard type,
an ultra-dense cement making it possible to reduce pore volume in the solid-
ified object compared with ordinary portland, and the two cements with an
admixture to increase chemical bonding water in solidified objects, for a
total of four types.

Regarding water-cement ratios, 0.45 was set up as a standard which was
reduced as much as possible to hold leaching of tritium to a minimum as given
in Table 2 while still providing workability in order not to hinder fabrica-
tion of specimens.
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TABLE 2. SAMPLE COMPOSITION OF COLD EXPERIMENTS

No.

1

2

3

4
5

6
7

Type of Cement

Ordinary portland cement

Ordinary portland cement
including superplasticizer

Special cement
including pozzolan, etc.

Ditto

Ordinary portland cement
including expansive admixture

Ditto

Special cement (No. 3)
including expansive admixture

Water-Cement Ratio

Cold Experiment I

0.45

0.30

0.20

0.15

0.45

0.30

0.20

Cold Experiment II

0.45

0.30

0.18

—

—

0.18

In Cold Experiments II, the four mixes indicated in Table 2 were estab-
lished from the results obtained in Cold Experiments I. For ordinary port-
land cement, the water-cement ratio was made the same as in Cold Experiments
I, while for the ultra-dense cement, the water-cement ratio was made 0.18 to
be between 0.20 and 0.15.

In the Hot Experiments, a water-cement ratio of 0.20 was set for the
ultra-dense cement. Two types of specimens were made, using tritiated water
as the mixing water and using deuterium for comparison purposes.

Items Measured

Cold Experiments I — Tests possible with ordinary water were performed
on the five items below.

Weight Reduction Test—After curing under relative humidity
100 percent for 7 days and 28 days, specimens were placed in a constant-
temperature, constant-humidity room of temperature 293K and relative humidity
50 percent, and weight reductions were measured.

Micro-structure of Solidified Object—Total void ratios were
measured by Archimedes' method on specimens cured for 3 days and 28 days,
and pore-radius distributions by the mercury porosimeter method on specimens
cured for 7 days.

Compression Test—Compressive strengths were measured on speci-
mens cured for 7 days and 28 days. The compressive strengths were measured
on mortar of sand-cement ratio 0.5 (by weight), with specimens being cylin-
ders of 100-mm diameter and 200-mm height made according to JIS A 1108. [9].
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Chemical Analysis T e s t — Free lime contents were determined by
the glycerin-alcohol method for specimens cured for 7 days and 28 days,
(JIS R 5202 [10]), while analyses were performed concerning pozzolanic reaction
by DSC (Differential Scanning Calorimeter).

Ignition Loss T e s t — Ignition loss tests were performed at 1,173K
on specimens dried at 378K after curing for 7 days and 28 days.

Cold Experiments I I — Cement-solidified specimens were made using
deuterium, and after curing for 28 days, leaching of deuterium from the
specimens was measured. The methods of leach tests were the three kinds
described in Table 3. All of the immersion liquid was renewed at each time
of change. Samples of given quantities were collected from the immersion
liquid removed, and after distillation, densities were measured by vibratory
density meter (DMA 40 or DMA 60/602 mfd. by Anton Paar).

Experiments in these cases were conducted by Types 2 and 3 in Table 3
for the four mixes mentioned previously (Table 2), and by Types 1 and 2 for
the ultra-dense cement (water-cement ratio 0.20).

TABLE 3. METHOD OF LEACH TEST

Leach Water Changing Frequency

Type la Pure water 750 ml, 298K Every day first week

Weekly 2nd to 9th week

Type 2 Pure water 400 ml, 298K 3rd, 21st, 63rd day

Type 3 Pure water 400 ml, 298K 63rd day

a. Recommended method of IAEA [7]

Hot Experiments— Cement-solidified specimens were made using tritiated
water, cured for 28 days under conditions previously described, after which
the rates of tritium leached from the specimens were measured. The experiments
were conducted by Type 1 in Table 3. Liquid scintillation counters were used
for measurements on the samples collected.

RESULTS OF EXPERIMENTS

Cold Experiments I

Weight Reduction Rate

The rates of weight reduction in an admosphere of 293K, 50 percent R.H.
are shown in Fig. 1 (after curing in water for 7 days) and Fig. 2 (after
curing in water for «'.3 days).
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As a whole, weight reduction rates indicated smaller values as water-
cement ratios became lower. On comparing weight reduction rates at 5 months
in Fig. 2, Specimen 1 of water-cement ratio 0.45 had the largest at 17.9 per-
cent, while Specimen 3 of water-cement ratio 0.20 had the smallest at 4.20
percent, approximately one-sixth of the maximum value.

As for differences according to curing period, as a whole, weight reduc-
tion rate was smaller the longer the period, and specimens cured for 28 days
had values approximately 20.0 percent smaller than those cured for 7 days.
However, a clear difference was not recognized in the experiments with regard
to the effect of adding an ettringite substance.

Micro-structure of Solidified Object

The porosity obtained by the Archimedes1 method with specimens cured for
3 and 28 days are shown in Fig. 3. With all specimens, those cured for 28
days: had porosity approximately one-half of those cured for 3 days.

The porosity was decreased the lower the water-cement ratio. Comparing
specimens cured for 28 days, Specimen 1 of water-cement ratio 0.45was maximum
with 28.0 percent, while Specimen 4 of water-cement ratio 0.15 was minimum
with 7.5 percent, approximately one-fourth of the maximum.

The pore-radius distributions of specimens cured for 7 days are shown
in Fig. 4. "T.P.V." in the figure indicates total pore volume. Data on
T.P.V. are compiled in Table 4. On comparisons of Specimen 1 and Specimen 2
using ordinary port!and cement, it is found that when water-cement ratio was
reduced from 0,45 to 0,30} pores of larger radius were reduced in number the
most. With Specimen 3 using ultra-dense cement, almost all pores were of
radius not more than 14nm.

TABLE 4. TOTAL PORE VOLUME

No.

1

2

3

4
5

6

7

Water-Cement Ratio

0.45

0.30

0.20

0.15

0.45

0.30

0.20

Total Pore Volume
(mVkg)

0.1714 x 10"3

0.0962 x 10'3

0.0502 x 10"3

0.0388 x 10"3

0.2022 x 10"3

0.1459 x 10"3

0.0800 x 10'3

Regarding T.P.V., Specimen 1 of water-cement ratio 0.45 using ordinary
Portland cement was maximum with 0.171 x 10"3 m3/kg, while Specimen 4 of
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water-cement ratio 0.15 was minimum with 0.0388 x 10"3 m3/kg, approximately
one-fourth the maximum value.

Compression Test

The compressive strengths of specimens cured 1, 7, and 28 days are
shown in Table 5.

All of the specimens showed higher compressive strength values the
longer the curing period. On comparison of specimens cured for 28 days,
Specimen 4 using ultra-dense cement and of water-cement ratio 0.15 indicated
a maximum of 121.5 MPa, while Specimen 5 using ordinary portland cement with
addition of an ettringite substance having a water-cement ratio of 0.45 was
minimum at 53.4 MPa, approximately one-half of the maximum.

TABLE 5. COMPRESSIVE STRENGTH BY CURING PERIOD

No.

1

2

3

4
5

6

7

Chemical

Water-Cement Ratio

0.45

0.30

0.20

0.15

0.45

0.30

0.20

Analysis Test

1 day

11.4

29.6

43.0

59.1

8.8

33.0

42.6

Compressive Strength
(MPa)

Curing period
7 days

51.5

73.0

98.1

110.6

44.5

73.5

98.9

28 days

60.7

88.7

108.2

121.6

53.4

69.1

112.8

With the ultra-dense cement, it is thought the constitution of the
solidified object becomes dense because a substance showing pozzolanic reac-
tion is contained at the same time that water-cement ratio is lowered.
Therefore, the free lime content was measured. The results showed ultra-
dense cement cured for 7 days to have approximately one-tenth the free lime
content of ordinary portland cement, while that cured for 28 days had ap-
proximately one-fortieth. The results of analyses by DSC also showed that
with ultra-dense cement thermal absorption peaks of calcium hydroxide were
not produced.

Accordingly, it was confirmed that pozzolanic reaction had occurred
with ultra-dense cement.

With cement to which a substance producing ettringite was added,
it can be expected that chemical retention of water molecules will be in-
creased. Accordingly, ettringite in the solidified object was analyzed by
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powder X-ray diffraction. As a result, a peak showing that ettringite had
been produced in Specimen 5,6,7 was confirmed.

Ignition Loss Test

The results of ignition loss tests performed on specimens cured for 7
days and 28 days are given in Table 6. The specimens showed slightly higher
loss rates as the curing period became longer. On comparison of loss rates
for specimens cured 28 days, Specimen 5 using ordinary Portland cement with
addition of an ettringite substance was largest with 16.70 percent, while
Specimen 4 using ultra-dense cement was smallest with 8.70 percent, approxi-
mately one-half of the maximum.

No.
1

2

3

4

5

6

7

TABLE 6.

Water-Cement Ratio

0.45

0.30

0.20

0.15

0.45

0.30

0.20

Cold

IGNITION LOSS (

7 days

14.8

13.0

8.4

7.6

16.3

12.4

8.7

Experiments II

atl.l73K)

Loss Rate

Curing Period
28 days

15.6

13.3

9.1

8.7

16.7

12.7

9.4

The results of leach tests of deuterium are shown in Fig. 5.

The highest leach rate at 63 days was with Specimen 1 using ordinary
Portland cement and of water-cement ratio of 0.45, the rate being 0.698,
while the lowest was with Specimen 7 using ultra-dense cement and of water-
cement ratio of 0.18, for a rate of 0.235. The leach rates at 63 days of
Specimens 3 and 7 using ultra-dense cement were one-half to one-third com-
pared with Specimens 1 and 2 using ordinary Portland cement.

Examination of the results wit'1! Specimens 1 and 2 show that leach rate
is high when water-cement ratio is high.

The leach rate measured is affected by the method of exchanging leach
water, and as a whole, a lower value was indicated when changing was not
done. The largest difference occurred with Specimen 1 of high water-cement
ratio.
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CONSIDERATIONS

The results on the five items of weight reduction rate, total void
ratio, total pore volume, compressive strength, and ignition loss obtained
with Specimens 1 to 4 in Cold Experiments I, the leach rate of deuterium ob-
tained in Cold Experiments II, and the leach rate of tritium obtained in the
Hot Experiments, all in relation to water-cement ratio, are shown in Fig. 7.
The relative ratios taken on the ordinate of the figure express the ratios of
the various measured values with the maximum measured values for each meas-
urement item as 1. The results of measurements after 7 days of curing were
used for total pore volume, while those for specimens cured 28 days were used
for the others.

Weight reduction rate
Porosity
Total pore volume
Compressive strength
Ignition loss
Leach rate

0
Water cement ratio (%)

a. the ratio of the leach rate of
THO, 20% and D20 45%

Figure 7. Relationship between results of each
test and water cement ratio
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As the figure shows, there are positive correlations recognizable be-
tween weight reduction rate, total void ratio, total pore volume, ignition
loss, leach rate of deuterium, and water-cement ratio. In contrast, a nega-
tive correlation is seen for compressive strength. It can be comprehended
from this that voids and pore volumes will be smaller and weight reductions
and ignition losses less the lower the water-cement ratio. In effect, it
can be considered that the constitution is more dense and the leach rate is
thus lowered. It can also be said that a dense solidified object of low
water-cement ratio will have high strength. In estimating the leach rate of
a solidified object, it can be considered that weight reduction rate, total
void ratio, total pore volume, compressive strength, and ignition loss, items
on which measurements were made in these experiments, will be effective
indices. The results of Cold Experiments I show that the weight reduction
rate and total void ratio of.a specimen cured for 28 days are low compared
with those of a specimen cured for 7 days, while compressive strength is
increased. It may be considered from this that the leach rate will be low
when the curing period becomes longer. Ignition loss, which is a measure of
the amount of chemically-bound water, increases with 28-day curing, and this
shows that hydration has progressed during this time. With regard to the
effect of adding an ettringite substance, the experiments in this case were
not of an extent to show a difference that could be discerned.

Regarding the difference in leach rates of tritium and deuterium meas-
ured in the Hot Experiments, it is conceivable that there would be influences
of the differences in concentrations of deuterium and tritium contained in
the specimens and the influences of isotope effects, and details are present-
ly being analyzed. However, the difference is minute and it is permissible
to consider that deuterium and tritium show leach rates of equal trends.

CONCLUSION

The following may be said for the results obtained in the experiments
conducted:

a. In a tritiated waste treatment and disposal system, it is desirable
for water-cement ratio to be low in case of solidification with cement for
improving the soundness of the solidified object considered to be an impor-
tant factor in securing safety. In effect, a solidified object of dense
structure can be obtained by lowering water-cement ratio. The special
ultra-dense cement used in these experiments is suitable as a material making
possible low water-cement ratio while securing workability when mixing.

b. Weight reduction rate, total void ratio, and total pore volume
showed good correlations as indices for estimating high or low of leach
rate. Screening of cement-solidification methods can be done by solidifica-
tion tests with ordinary water using these indices, and these methods can be
applied in quality control of actual solidified objects.

c. Deuterium and tritium show the same trends with regard to leaching
from cement-solidified objects, and it will be amply possible to estimate the
leaching tendencies of tritium from cement-solidified objects based on the
leach rate of deuterium.
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d. Leaching from a solidified object will vary depending on curing
period, quantity of immersion liquid, and method of changing leach water.
It is necessary for standardization of these test methods to be aimed for.
It will be important in such case to simulate the conditions of contact be-
tween solidified object and groundwater in an actual disposal system.

Plans for further investigations include experiments to find how the
state of existence of water will vary in accordance with variations in curing
periods.

It would be gratifying to the authors if their studies were to contrib-
ute in the slightest degree toward establishment of a nuclear fusion power
generating system.
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DEVELOPMENT OF A CEMENT ENCAPSULATION PROCESS FOR
SPENT POWDERED ION EXCHANGE MATERIALS

D J Lee, C G Howard and M S T Price
United Kingdom Atomic Energy Authority,
AEE Winfrith, Dorchester, United Kingdom

ABSTRACT

The development of a cementation process for immobilising
spent powdex resins is reviewed in this paper. Methods
of sampling and characterising the active sludge in si tu
are described. Analysis of these active samples has led
to the development of a simulant which has been used for
laboratory and ful l -scale encapsulation studies. A
fu l l y active homogenisation experiment is described
together with a br ief description of the proposed
encapsulation process.

INTRODUCTION - NATURE OF WASTE

Spent powdered ion exchange resins are the major component of the
sludge wastes produced in the course of reactor coolant and pond clean-up
at the Winfrith Reactor (Ref 1). The 100 MW(e) station, operated since
1967, is a heavy water moderated, light water cooled pressure tube BWR.
The slurries and liquors from water treatment and decontamination
operations (Ref 2) are received in one of three storage tanks on the
reactor site. A fourth tank is held empty for possible use in an
emergency.

A schematic diagram of the sludge arisings is shown in Figure 1 and
the bulk composition is given in Table 1. After suitable delay, during
which the solids settle, the supernatant liquid is transferred to the
central collection tanks of the Winfrith site. There, after suitable
chemical treatment (normally only pH adjustment), analysis and sentencing,
the liquids are discharged into the sea through the central tube of a
twintube pipeline.
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TABLE 1. BULK COMPOSITION OF WINFRITH REACTOR SLUDGE
(excluding adventitious materials)

Relative Amount
Material by weight [%)

(adapted from Ref 3)

Powdex - cation exchange resin (damp) 58.7

- anion exchange resin (damp) 27.3

'Stella' f i l t e r aids

- SOLKAFLOC BW40 0.9

- METASIL 'A' 2.7

Lime based decontamination residues 10.4

Total 100

OPTIONS FOR DEALING WITH THE WASTE

The time delay before the sludges could be disposed as low level
waste is in excess of 100 years. The sludge tanks were constructed in
1966 and their design lifetime is considerably less than 100 years. It is
necessary therefore to remove the sludge from the tanks at some time.
Although no formal date can be given for the closure of the Winfrith
Reactor it is desirable to empty the tanks whilst the Winfrith Reactor is
still operational. The timing for starting to remove sludge from the tank
is also affected by the date when, under present arrangements, they will
be full or sufficiently full to affect reactor operations.

The sludges have been accumulating since reactor start-up in the
three operational tanks with approximately 80 m in each tank. Each
tank has aa operational volume of 120 m and the rate of accumulation is
about 10 m /year. To delay sludge removal would lead to increased cost
because of the need to build an additional storage tank.

Consideration has been given to sludge disposal options which are
broadly of three different types namely:-

a) to leach the radioactivity from the sludges, prior to
disposal of the resulting two components, low level
solid waste and radioactive liquid.
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b) to dry the sludge and store for a long time to decay
before disposal to a land burial site,

c) to convert the waste into a solid form by incorporation
with a matrix, storing the immobilised waste in drums
on site and eventually disposing to a land burial site.

Direct disposal of the sludge, although of low radiological
detriment, is not considered environmentally acceptable. Option a) would
require very aggressive acid treatment and expensive corrosion resistant
plant. It would also increase the discharge of radionuclides to sea and
is ruled out on those grounds. Option b) would involve a relatively high
plant investment. These arguments were also expressed in financial terms
as a result of which it was concluded that the preferred course of action
is to remove the sludge from the tanks and immobilise it in a solid
matrix.

DEVELOPMENT OF SAMPLING EQUIPMENT

Special equipment has been developed at Winfrith for the safe
sampling and surveying of the sludge storage tanks. Four types of
samplers (Fig. 2) have been used which enable sampling to take place
through penetrations in the concrete, roof of a tank. Two samplers were
developed for extracting 100-200 cm samples from specific positions in
the sludge tanks.

a) Mk I soft sludge sampler - this is positioned in the
sludge with the cylinder evacuated and the end piece
is opened remotely so that sludge is drawn into the
sampler by suction.

b) Mk II soft sludge sampler - again this is positioned
in the sludge then a window in the sampler is opened
remotely and the sampler is rotated so that sludge
flows in.

Additional samplers have been developed for taking larger samples
(1 litre) through purpose made sampling points which were cut through the
concrete roof, i.e.:-

c) Core samplers and

d) Pneumatic samplers.

The core sampler has a detachable head, at the bottom of which is a
flap valve, which opens as the sampler is pushed into the sludge and
closes due to the weight of the sludge as the sampler is withdrawn. The
pneumatically operated sampler3is for more fluid samples and has been used
for volumes of 30 and 1000 cm . It is operated remotely by opening the
lid of the sampler pneumatically once it has been positioned.

The gamma dose rate from the samples was in the range 1-10 R/hr and
special shielded containers were developed for transporting them.
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In addition to sampling, the tanks have been surveyed for sludge
compaction and gamma dose rate by a specially developed penetrometer and
gamma scan device (Fig 3). The gamma probe is located in a chamber at the
end of the penetrometer which enables simultaneous penetration resistance
and dose rate measurements to be made. The probe is positioned accurately
in the x, y and z directions and penetration force is measured using a
spring load indicator.

DEVELOPMENT OF SIMULANT SLUDGE

Samples of sludge have been analysed for their chemical and
radiochemical composition and their physical properties. The average
properties are shown in Table 2. The results are consistent with records
of discharges into the sludge tanks.

The chemical properties show a high pH (11,0) due to the hydrated
lime component. Copper and iron residues in the ash are from the
corrosion products which deposit on the Powdex resin ion exchange filter.
A high ammonia content in the supernatant liquor arises from the use of
"Turco" (Decon 4521) decontamination reagent.

The mean specific .activities of the major radionuclides are, ^
1.6 x U T 1 Bq.m~° (4.2 Ci.nf0) and 2.2 x 10 l u Bq.rrfJ

(0.6 Ci ra", ) for Co-60 and, Cs-1373 respectively. The upper limits are
4.2 x 10 and 7.0 x 10 Bq.m respectively. Other radionuclides
present at trace levels are Fe-59, Zn-65, Mn-54, Co-58, Ci-51, Zr-95 and
Cs-134. Alpha activity has been detected but at an extremely low level.

A non radioactive simulant sludge has been prepared based on the
operational records for the sludge tanks, rather than the analytical
results. This approach has been preferred because of the limited number
of samples and their considerable variability such that they might not
represent the average composition. Nevertheless, analysis of the simulant
has shown very good agreement with the average composition of the active
samples (Table 2).

The results from the penetrometer and gamma dose rate survey confirm
the variable composition of the sludge within and between tanks. The
penetrometer results show a random layered effect with a maximum
penetration resistance of 0.34 Pa (50 psi). The sludge at the bottom of
each tank tended to be less compacted than the intermediate layers.

The average peak gamma dose rates were between 32 and 45 mSv/hour and
were higher in Tank 3 than in tanks 1 and 2. Peak dose rates occurred
nearer to the top of the sludge due to radioactive decay at the bottom.
No exceptionally high dose rates were found.

The simulant therefore is a reasonable representation of the average
properties of the sludge throughout the three storage tanks. It has been
used for developing a cement formulation for immobilising the waste and
for pilot scale process development work.
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TABLE 2. PROPERTIES OF THE WINFRITH REACTOR SLUDGE

Properties

Physical Properties

Wet density, g cm

% moisture (105°C)

% ash (600°C)

Dry density, g cm~

Part icle size % <125 urn
dried sample

Chemical Properties - supernatant

pH

Ca (ppm)

Na+ { p p m )

NH3
+ (ppm)

Chemical Properties - ash

Al (%)

Ca (%)

Cu {%)

Fe (%)

Si (*)

Radionuclides

Co-60 (Bq. m"3)

Cs-137 (Bq. m"3)

Active

Average
values

1.10

55

38

0.55

73

10.1

15

200

1080

0.9

30

1.8

11

4.5

2.5xlOU

2.5X1010

SIudge

Range

0.83-1.36

50-68

12-73

0.46-0.64

45-92

8.1-12.0

1-110

11-720

60-5200

0.3-3.0

5.5-70

0.03-4.6

0.3-23

0.5-15

3xl010-7.9xl011

4xl09-7xl010

Simulant
siudge

1.18

54

31

0.51

91

11.5

2

15

950

0.5

33

1.8

10.9

10.4

-

-
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FORMULATION TRIALS

Laboratory scale cement formulation development studies were carried
out using the simulant sludge. The aim was to produce acceptable fluid,
setting and mechanical properties for simple plant operation and for safe
handling in storage, transport and disposal.

The fluid properties were determined by measuring the viscosity and
free-water content of the cemented sludge. Setting was measured by
following the heat evolved by the hydrating cement and by penetration
resistance measurements. The mechanical properties which were measured
were the elastic modulus and dimensional changes.

A wide range of formulations containing Ordinary Portland Cement
(OPC) and OPC blended with ground granulated Blast Furnace Slag (BFS) or
Pulverised Fuel Ash (PFA) were tested. The best properties were obtained
using a blend comprising 90$ BFS and 10% OPC.

Formulations based on pure OPC were rejected because of the rapid
hydration reaction and the tendency for OPC/Ion Exchange resin waste forms
to expand and disintegrate. PFA/OPC formulations were rejected because of
their poorer properties. Pretreating the waste with calcium salts prior
to cementation was also investigated but was not successful as the product
properties showed no improvement compared to the formulations which were
prepared using OPC/BFS.

The mechanical properties of simulant sludge cemented using
90% BFS/10% OPC are shown as a function of sludge loading and time in
Figs. 4 and 5. A summary of the properties obtained at high (65% by
weight of sludge) loading is given in Table 3. The main points to note
from Table 3 are that viscosity, setting time, bleed and shrinkage are
similar for the paste containing sludge and for the control paste which
contains cement and water alone. The elastic modulus is low, but this is
expected because of the high waste loading. Co-60 and Cs-137 leach rates
are acceptably low.

Recent studies have examined the effect of gamma-irradiation on the
stability of cemented simulant sludge and have shown no detrimental
effects at doses which are more than ten times greater than the calculated
lifetime dose (Ref. 4).

Studies on the active sludge have included equilibrium leach testing
in addition to rheological and mechanical properties assessments. The
results confirm the low leach rates of Co-60 and Cs-137 and the physical
properties are in good agreement with simulant studies. A programme has
been initiated to determine the effect, if any, of the sludge on possible
solubilisation of actinides.

The next stage in the programme was to demonstrate that the
cementation process could be operated at full scale. The demonstration
mix was performed in a 500 litre drum fited with a disposable paddle.
Cement was added through a feed tube which discharged 15 cm from the axis
of the paddle. 284 Kg of a cement blend, of composition 90% BFS, 10% OPC,
was added at 20 Kg miri"1 to 378 Kg of simulant Winfrith Reactor sludge
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TABLE 3. SUMMARY TABLE GIVING THE PROPERTIES OF THE CEMENTED WINFRITH
REACTOR SLUDGE FORMULATION

Properties

Solids content of sludge

Cement/sludge weight ratio

Volume loading

Apparent viscosity

Setting time

Bleed, by volume, after 24 hours

Shrinkage at 56 days

Elastic modulus at 56 days

Leach rate of Co60 (1-100 days)

Leach rate of Csl37 (1-100 days)

Values for
cemented sludge

33%

0.51

67%

1.8 Pas

24-48 hours

0.1%

500 microstrain

2 GPa

10"6-10"9 cm.d"1

Values for
OPC/BFS/ control*

-

2.86*

-

1-3 Pas

24-48 hours

0

600 microstrain

16 GPa

10"3-10"5 cm.d"1

*Water/solids ratio of the control was 0.35 by weight compared to 1.29 for
the cemented sludge

(at 30% solids content) with the paddle rotating at 80 rpm. The cement
powder was added to the simulant sludge over a period of 17 minutes and
the total mixing time was 30 minutes. The sludge/cement mix took 48 hours
to set and produced 3 cm of bleed water.

SLUDGE HOMOGENISATION EXPERIMENT

A further part of the experimental programme involved homogenisation
of the contents of one of the three tanks.

The objectives of this part of the work were:-

1 To demonstrate that the sludge in Tank 2 could be
homogenised and thereby removed from the tank,

2 To obtain representative samples for detailed chemical
analysis and to confirm the formulation for the
cementation of the sludge,
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3 To determine the settling rate of the sludge in the
tank as a means of demonstrating the feasibility of
dewatering the homogenised sludge by decanting.

Tank 2, which was chosen for the experiment, is 7.3 m square and 4 m
3 3

deep and contained t 80 m sludge U 1.5 m thick) with 110 m of
overstanding liquid (-v 2.0 m deep).

During the winter of 1985/86, equipment to resuspend the sludge was
installed over sludge tank 2. The equipment consisted of 4 horizontal
impeller Flygt Mixers which were designed to be lowered into the sludge,
4 level probes to determine the sludge liquid interface and sampling
equipment for removal of sludge specimens (see Figure 6).

The initial part of the programme was affected by foreign objects
fouling the mixers. A number of items were removed from the mixers during
the first two weeks of operation but, after this, the mixers were
successfully operated. Further fouling was avoided by running the mixers
approximately half a metre above the floor of the tank.

Samples were removed from tank 2 by a remote sampling method (see
Figure 6). Samples were removed from different levels in the tank and
showed it had been adequately homogenised. A total of 15 litres of sludge
was removed from the tank for chemical and physical analysis.

Settling rates were determined by using ultrasonic level probes which
detected differences in the amounts of suspended solids in solution. The
resuspended sludge took 4 days to settle back to its original position.
The number of hours of homogenisation appeared to have no effect on the
settling rates.

BRIEF PROCESS DESCRIPTION

A block diagram of the proposed process is shown in Figure 7. The
first stage is to mix and resuspend the settled solids in the sludge
tanks. This homogenised sludge will be pumped into a holding tank
adjacent to the sludge tanks where partial dewatering will take place,
probably using settling and decanting techniques. This dewatered sludge
will subsequently be transferred by flask to a holding tank within the
central site cementation plant located about a mile away from the sludge
tanks.

At the cementation plant, the sludge will be metered into a 500 litre
unshielded disposal container and mixed with cement. The drum will be
moved to a temporary store for the cement to set, after which time it will
be capped. After a period of storage, either at Winfrith or off-site, the
drums will be disposed of to a land burial site operated by UK (NIREX)
Ltd.

APPLICATION TO THE FULL SCALE PLANT

The results of the homogenisation trial are still being assessed and
derivative experimental work is still proceeding, so that any comments
made in this section are only provisional.
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There is no doubt that the general design concept of using 4 Flygt
mixers on individual poles to permit vertical movement has been confirmed.
During the mixing process radioactive aerosols were not generated.
However significant amounts of ammonia were liberated, probably due to a
delayed reaction between the lime and the decontamination reagents. It
will be necessary, therefore, to provide adequate ventilation and this can
best be achieved by having a common ventilation system for all 4 mixers.

The presence of significant debris in Tank 2 indicates that care will
have to be taken to protect the mixers and the plant downstream from such
items. It may also involve a two-stage sludge removal programme, the
first stage involving removal of the majority of the sludge by the methods
demonstrated during the Sludge Homogenisation Experiment, followed by a
more ad hoc debris removal stage.

The transport properties of the homogenised sludge and its behaviour
during cementation are the subject of continuing studies.

The water requirements for cleaning down the plant after each batch
have been estimated from work with the simulant. The trials on Tank 2
have shown that the radioactive sludge is far less adherent to surfaces
and washing water requirements are likely to be able to be reduced
significantly.

CONCLUSIONS

Removal of the Winfrith Reactor Sludge from the storage tanks
followed by encapsulation with cement, has been identified as the
preferred disposal route for these wet solid wastes. Techniques have been
developed for sampling and surveying the sludge and a representative
simulant has been produced based on operational records. The simulant has
been used for cement formulation and process development with confirmatory
trials on active material.

A full-scale fully active in-tank homogenisation experiment has been
successfully completed. Application of the results of the development
work and the homogenisation experiment is being fed back into the design
of the Winfrith Reactor Sludge Cementation Plant.
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CONCRETING POWER REACTOR WASTE : THE MOBILE UNIT SOLUTION

Claude Jaouen
and

Eric Tcherrritcheff

Societe Generale pour les Techniques Nouvelles (SGN)

ABSTRACT

This paper gives with some detail a presentation of a
mobile concreting unit that SGN studied for Electricite de
France (tDF), with a view to apply this solution to the new
PWR plants planned in France.

The design of this unit installed on two truck trailers was
mainly related to long term development work in the field
of power reactor waste concreting and leading to use of a
new, but \/ery efficient, mixing technology : the GUEDU
mixer.

INTRODUCTION

For more than ten years, SGN has been involved in the field of treat-
ment and conditioning of liquid radioactive wastes issuing from reprocessing
plants, nuclear power plants or research centers.

In the specific sector of low and medium activity wastes issuing from
power plants and research centers this experience is mainly related to
bituminization and cementation processes.

Apart from the design and the start-up of numerous active liquid wastes
solidification facilities applying rather conventional technologies, SbN has
been working on the following :

- in collaboration with Associated lechnologies, Inc. (ATI) its Ameri-
can licensee, in the extension of the bituminization process to mobile
units. This is an answer to demands from the American market to avoid the
high investments in long term process imposed by permanent installations

- in a long term Research and Development programme undertaken in the
field of power reactor waste concreting which was conducted in the SGN's
laboratory
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As a result, SGN was supported in 1985 by Electricite de France (EDI-)
to design a mobile cement solidification unit with a view to apply this
concept to treat the borated concentrates and decontamination wastes issuing
from the new PWR plants planned in t-rance (P'4 and N4 1300 MWe generation).

THE DEVELOPMENT WORK

Taking into account the more severe requirements on the quality of the
final products, the development work was based on the investigation on a
batch cement solidification treatment with a simple but very efficient
mixing technology : the GUEDU mixer. Ihis mixer has already been used in
civil work tor eight years, in pharmaceutics, and the chemical industry.

Its industrial success is based on an unsophisticated design leading to
a highly reliable unit.

SGN's laboratory, which has had more than 5 years experience in the
field of concreting processes, technology development and testing, worked on
two GUtDU mixers :

- one GUEDU 12 at a "lab scale" and one GUEDU 90. These numbers are
related to the overall volume of the vessel.

Ihis investigation included :

- the mixer technology,

- the dry blend materials handling, transfer and metering systems,

- the process control systems.

Apart from the development work itself, tests have been performed for
clients in the field of concreting wastes including formula development,
mixing technologies testing, as well as an in depth investigation on flus-
hing and rinsing methods.

Moreover, the French Atomic Energy Commission (CEA) selected this mixer
to embed alpha bearing concentrates and sludges in its Valduc Center. The
process obtained agreement from French Safety Authorities and the installa-
tion has been in operation for more than 2 years.

Such a mixer at a lab scale has been also in operation on active wastes
at the Saclay CEA Center (France).

THE IMPLEMLNTED PROCESS

This new concreting process is a chemical and mechanical process for
reliably and economically incorporating liquid radwastes into a solidified
cement matrix :

- it is a batch process. The different components are metered in a
simple but very accurate way, i.e. by weighing,
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*
has a high flexibility for a wide range ot waste streams and

provides the possibility of pretreatment in order to improve the quality of
the end product if necessary,

- the GUEDU mixer is essentially characterized by the particular shape
of the stirrer installed at the tank bottom and which communicates three
successive movements to the product :

. slow horizontal displacement,

. rapid rising,

. helicoid fa 11.

High efficiency and high embedding performances are achieved with
this low speed but high energy mixing system that involves \/ery short mixing
times i.e. less than 5 mn. A mix of radwastes and cement is obtained that
hardens into stable monolithic end-product with :

. excellent homogeneity,

. excellent mechanical resistance,

. excellent ageing,

. partial self-shielding.

The shape and low position of the stirrer at the tank bottom are such
that \/ery small end-product quantities are retained in the mixer during
emptying.

- the GUtDU mixer has an absolutely air-tight tank :

. it can contain liquids without any leak. It is a very interesting
feature which allows in-mixer pretreatment operations prior to any feeding
of solid components,

. it prevents any splashing or external contamination.

Liquid wastes to be processed are supposed to be sampled in the storage
tanks of the facility : their chemical composition is well known and will be
used to define the right formula tor the concrete and to adjust the required
amounts of the different dry additives (cement, sand...).

Pretreatment is possible for specific effluents in order to make them
compatible with their embedding into concrete or to improve the quality of
the end-product.

This function would be performed directly inside the mixer or upstream
from it in complementary items.

In every case the liquid wastes are pumped directly into the mixer with
the stirrer operating.
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Then the cement and the solid additives are successively fed into the
mixer by a screw.

Each quantity of liquid or solid product needed to prepare a batch is
automatically weighed as the mixer is set on a weight scale.

The very good efficiency of the mixing results in very short mixing
times. The resulting homogeneous mix of radwaste and cement is discharged by
gravity directly into a shipping container where it hardens into a monoli-
thic solid.

If necessary, according to the volume of the container to be filled,
several batches are prepared successively.

These operations are followed by rinsing the mixer. The design of the
batch mixer allows a very good cleaning with very low quantities of water.
The rinse water is "dried" by pouring in small amounts of pure cement ; thus
generating no secondary effluents.

I he mobile unit has been designed to treat borated concentrates contai-
ning up to 40,000 ppm of boron and decontamination waste with a low salt
content, as required by EDF.

It has to be specified that inactive liquid grouts can be prepared,
when replacing liquid wastes by water. Such an inactive grout can be used to
immobilize filter cartridges or miscellaneous solid wastes which have been
introduced into a container before bringing it to the Mobile Cementation
Unit.

The operation of this mobile unit is based on the filling of lost
concrete shielding containers, with a capacity of about 900 1 and whose
overall dimensions are the following :

- height : 1 300 mm,

- diameter : 1 400 mm.

Needless to say the mobile unit design is easily adaptable to the
200 1, metallic type, receiving container commonly used in other countries.

The implantation constraints ot the P'4 and N4 halls lead to choice of
a GUEDU 350 mixer.

It can produce 200 1 of concrete every 10 mn, not including the time
tor the handling of the container. Under these conditions the mobile unit
can process the annual volume of liquid waste produced in France by two PWR
reactors (10 m3 of borated concentrates and 5 m3 of decontamination waste)
in one 40 h campaign, based on the filling of EDF 900 1 lost concrete
shielding containers.

The ratio between the initial volume of liquid wastes and concrete is
in the range O.b to 0.7 depending on the type of treated waste.
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Yet, the application of the advanced cement solidification process to
the mobile unit concept, including volume reduction, has been studied. For
PWR concentrates, for example, starting with boric acid concentrations of
lifU g/1 the ratio between the volumes of initial waste and final concreted
product can be as high as 3.5 with a still high quality coated product.

DESCRIPTION OF THE UNI I

I he Mobile Cementation Unit is a complete and operable trailer mounted
system which is completely prewired and prepiped to the maximum extent
possible to minimize the number of field connections required.

The main basic requirement is that equipment in contact with active
products should be geographically segregated from both totally inactive
eouipment and the control room. It should be installed inside a building in
a controlled area where normal operations would not be allowed.

This equipment will therefore be installed on two different truck
trailers :

- one, installed outside the buildings ensures the storage and metering
of the solid materials and is fitted with the control room,

- the inside one comprises all the active equipment, in particular the
mixer, its feeding system and the container filling equipment.

The overall dimensions are the following :

Dimensions
(m)

Length

Width

Height

Total empty
weight (T)

"Active" Equipment
Trailer

11.10

2.40

3.4b

. 27

"Inactive" Equipment
Trailer

12.50

2.40

3.90

10

The active equipment trailer chiefly consists of :

- a flat-bed type trailer,

- a mixer mounted on a weight scale,
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- a pump for the transfer of the wastes to be conditioned out of the
fixed facility storage tanks ;

These equipment items are protected by a biological shielding.

- running rails mounted on a frame are also available during operation
for the trolley to transport the containers to the tilling station,

- the self propelled trolley with its motor and a vibrating table,

- two cyclones,

- two transfer screws.

The trailer with the inactive equipment items chiefly consists of :

- a flat-bed type trailer,

- four hoppers to store the cement and the dry additives,

- a pneumatic transfer system to bring these products to the "active"
trailer and comprising :

. a common transfer hopper,

. a moto-compressor,

- four transfer screws to feed this transfer hopper from each storage
hopper,

- the control room.

The fixed facility waste storage tanks are connected to the mobile unit
by a self closing quick acting coupling. Connection is performed manually.

Each of the dry components is stored in one or several specific fixed
hoppers. Each hopper is fitted with a lid and a closing system at its lower
part. The hopper supports, fixed to the trailer are tightly connected to the
screw conveyors driven by a gear motor and feeding into the common transfer
hopper. The batches are pneumatically transferred from the transfer hopper
by a motor compressor assembly and then directed via a diverter to cyclones
installed on the "active" trailer :

- one connected to the mixer via a screw conveyor,

- the other connected to the cement feeding system used for mixer
rinsing via a screw conveyor.

The mixer is equipped with :

- a 350 1 tank with associated stirrer,

13 0



- an articulated dome-shaped lid with :

. a tight tunnel for the introduction of dry batches,

. all necessary taps (active liquid wastes, rinsing water, ventila-
tion tap),

. lighted window and TV camera tor viewing of mixing,

- grout discharge gate and discharge chute with water spraying device
for cleaning,

- mechanical transmission located under the tank and gear motor mounted
outside of the biological shielding.

The grout is discharged by gravity into the container via a chute.

An opening is provided in the lower plate ot the biological shielding
in order to introduce the telescoping anti-splashing device that connects
the mixer discharge chute to the upper part of the container.

Drops, if any, are collected during container replacement in a remo-
vable drip-tray mounted on an articulated arm.

Viewing of pouring is possible through a lighted window with IV camera.

The walls and bottom of the mixer tank are rinsed and decontaminated at
the end of each day by spraying a few liters of high pressure water onto a
rotating head.

I he discharge gate and discharge chute are rinsed and decontaminated
following every batch using high pressure water spray-nozzles.

The resulting wastes are collected in a container being tilled and
immobilized in an additional cement batch fed by the cement feeding system.

Even surface and good homogeneity of the successive batches are obtai-
ned by use of a vibrating table.

hilled containers are taken from the motorized trolley by the fixed
facility hoist and stored in the vicinity of the Mobile Cementation Unit
prior to their removal.

Container closing could take place in the Mobile Cementation Unit by
placing a metallic lid on the standard drums or by pouring an inactive grout
plug on the concrete shells.

Active equipment is protected by ordinary painted steel plates resting
on a metal frame solid with the trailer.

A complementary shielding is added between the container upper part and
the lower part of the fixed shielding.
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An articulated shutter is managed in the front face for the passage of
the trolley carrying the vibrating table and the container to be positioned
under the mixer.

All utilities, i.e. energy (for power source or power supply devices),
compressed air and water, are supplied by the fixed facility. Equipment
containing active products or areas likely to be contaminated are connected
to the fixed facility ventilation system.

Apart from the dry blend materials handling operations, to fill the
four storage hoppers, which are performed locally, the Mobile Cementation
Unit is fully automated and operated from a panel located in the control
room installed on the inactive equipment trailer.

Monitoring and/or control operations are performed by an operator in
the control room. A second operator is responsible for the fixed facility -
mobile unit interface and for the interface mobile unit - outside companies
delivering the dry components. All these operations are supervised by a
chief operator.

CONCLUSION

This concept of a mobile concreting unit developed by SGN in parallel
with an important investigation on the PWR wastes concreting has generated
considerable interest in £DF.

Its numerous advantage include :

- I he low production of liquid wastes at the level of each power plant
encourages the design of mobile units ensuring a maximum return on invest-
ment as they enable, thanks to rotations between several sites, an optimized
management of wastes.

It should be pointed out that the low or very low activity concen-
tration to be treated and the absence of significant content in alpha
emitters lead to requirements with respect to biological shiel dings and
contamination levels, consistent with the actual concept of mobile unit tor
waste concreting.

- buch a mobile unit does not condemn a plant operator to a lifetime's
use of a process which will become obsolete and for which any modification
which tries to incorporate technical innovations would lead to high invest-
ment costs.

It will enable a plant operator to revamp a process in compliance
with any requirement issued by the safety authorities or firms involved in
waste storage.

- The fact that this mobile concreting unit will be fully tested in the
assembly workshop and will be delivered practically ready for use is highly
advantageous.

13 2



It is important to conclude by emphasizing the compatibility between
the new batch concreting process developed by SGM for EDF and the mobile
unit concept :

- this process does not generate contamination : most of the activity
is fixed in the matrix and this point is complemented by using an airtight
mixer

- this process is totally automated : all the normal operations are
performed from a centralized room with only a tew operators

- this process doesn't generate secondary effluents, even the rinsing
wastes are embedded into concrete.
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SALINE LIQUID WASTES-SOLIDIFICATION BY CEMENTATION

M.H. de Pahissa, R.V.A. Gabarain, J. Pahissa Campa
T. Ramallo, F.A. Gabarain, L.C. Tramontini

Comisión Nacional de Energía Atómica - Argentina

and

M. Aubert, C A . Brunatti
Instituto del Cemento Portland Argentino

ABSTRACT

A program is presented for studying the immobilization
of saline liquid wastes arising from an experimental
reprocessing plant, destined to obtain mixed oxides for
a demonstration program of Pu recicle in natural uranium
reactors (Atucha I).
The object of this plan is to turn the liquid wastes
of medium activity into a solid form which must be che-
mical, thermal and radiologically stable. The selection
of an "optimum solid waste" is based in considerations
that include processing confiability, safety and economy.
In the initial stage, the improvement of a cement matrix
properties (mechanical oroperties, leaching resistance,
etc.) by the incorporation of a polymer (PIC), different
aggregates or special treatments is tried.

As all countries that have adopted nuclear power plants, Argentina
has had to consider the problem of treating radioactive waste. We could say
without fear of mistake that the success or failure of nuclear program rests
on the nuclear waste issue.

The overall strategy of the Argentine program is to plan, develop and
implement the technology and provide the facilities for the permanent iso-
lation of commercially generated wastes, with the aim that these wastes
will not compromise the health and safety of the general public. For these
reasons Waste Management Program was created at the C.N.E.A., depending of
the maximum authority, having the responsability to fulfill with all these
tasks.

This paper describes the part of the general program that refers
particularly to saline effluents, liquid medium level wastes arising from an
experimental reprocessing plant. Among the different options, cement was
used for immobilization and some alternatives are proposed in order to impro-
ve the properties of the final materials, especially its conduct toward
leaching. Cement was choosen because of easy disponibility, chemical and
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thermal stability, significative mechanical strengths, radiation resistence,
non combustible and finally its low cost.

In figures 1 and 2 are exposed respectively the work program and the
characterization studies, used for the selection of an "optimum solid waste"
in order to obtain a product stable in the long term. This stability must
be mantained during its interim storage, transport and final disposal, with
the highest level of ronfiability, considering even the interactions with
the environment.

Mixture compositions must satisfy the following properties: good flui-
dity, good workability, adeguate set time, and specimen without bleeding
after setting. Through out the different stages, a feedback exists between
the selection of formulations and the characterization studies. This work
methodology will be applied from laboratory scale with non radioactive
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simulated waste, to pilot plant with real wastes.

The variables to be studied are the following:

a. Four types of cement: Portland normal, Portland early strength, Portland
sulphate resistant and Duzzolanic.

b. TVpes of cement matrix as cement paste, and mortar with different cement/
sand ratio and different sand qranulometry.

c. Water/cement ratio trying values from 0.30 to 0.80.
d. Set time, testing 7, 14, 23 and 56 days.
e. Amount of salts to be incorporated.

With the aim of obtaining a better behaviour towards leaching (parti-
cularly Cs and Sr) it was decided to follow several work lines:
1. Incorporation of a monomer and "in situ" thermal polymerization (PIC

process).
2. Incorporation of some aggregates in order to increase the resistence

to leachinq, keeping an adeouate compressive strength.
3. Study of the FUETAP process (elevated temperature and pressure).

Regarding the characterization plan, the properties for the evaluation
of the product have been defined. The properties of the waste form affecting
the dispersion of contained radioactivity are: mechanical properties, che-
mical durability, thermal stability, radiation stability and the physical-
chemical proDerties.

The main goal of waste form characterization is to obtain data from

which guantitative estimates of dispersion can be made in postulated acci-

dents.

Leaching is considered the most important process by means of which
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the radioactive elements incorporated into the aglutinatinq matrix can be
transfered to the enviroment. All the solid materials used to contain radio-
active waste, are subjet to damage by the radiation arisinq from the decay
products. This radiation can cause damage to the structure of the cement
matrix, affecting the leachinq behaviour of cemented products. Leaching is
also related to mechanical properties. The total amount leached is not only
a function of the inherent leachability of the waste form, but also of the
exposed surface area, so that any factor that can affect surface area will
also affect the amount potentially dispersed.

Other properties as homogeneity, permeability, porosity, frost resis-
tance, etc., will provide knowledge concerning leaching mechanisms and will
contribute to estimate the durability of the waste form.

In this preliminary stage a simplified solution, containing 20 % of
sodium nitrate, 0.1 % of cesium nitrate and 0.4 % of strontium nitrate, was
used. Abnormally high amounts of cesium and strontium are added to the si-
mulated waste in order to ensure sufficient concentrations to allow accura-
te analyses in non radioactive leach studies.

In each case and specially when aggregates are employed, arises the
need to adequate the water/cement ratio, in order to allow a qood workabili-
ty, avoiding bleeding and maintaining an acceptable compressive strenath.

The results obtained with four types of Portland cements, three water/
cement ratios, three different ages, usinq in all cases common water and
simulated solution, are shown in the table 1. Mortar was preoared with
cement/sand ratio of 1: 2.1 and the following sand granulometry: 12-18: 25%;
13-35: 25 % and 35-170: 50 %. For each condition, three specimens were cast.

From the analysis of the results exposed, comes forth that Paste, with
a water/cement ratio of 0.30, with the high resistance to sulphate and high
initial strength cements showed a good compressive resistance and no bleed-
ing after settinq. It can be seen in all cases that an aggregate of 10 % of
salts simulating wastes, lowers the compressive strength by 50 %.

The Standard Materials Characterization Center MCC-1 static leach test
is employed. The modified International Atomic Energy Agency (IEAE) leach
test will be used to study dynamic conditions. Deionized water is used as
leachant. Other leachants, as sea water will be tried. Sodium, calcium,

TABLE 1. O0MPRESSIVE STHENGHT DATA (N.mm"2)

Types
of

Cement

formal

Pozz.

HSR

HIR

Hydrat

Water
Sim. Sol .

Water
Sim.Sol.

Water
Sim. Sol.

Water
Sim. Sol.

W/C = 0

7d.

48.8
11.9

48.0
20.2

59.1
15.2

65.2
28.5

14d.

54.0
20.8
56.3
32.7

64.2
20.0

68.8
36.1

.40

28d.

60.7
23.0
61.6
36.9

72.7
22.8

74.7
41.3

Mortar

Cbs.
Bleed.

High
tormal Sur.

Low
low

HJ

tormal Sur.
Minimum
Minimum

W/C = 0 .

7d.

50 .B
1 4 . 4

49.7
25.2

60.8
23.2

69.7
30.0

14d.

54.7
16.8
56.5
38.6
62.3
25.6

81.1
38.6

35

28d.

58.3
21.0

64.0
43.0

68.0
25.0

86.0
39.4

Cbs.
Bleed.

Briqh.
Bngh.

Sur.
Sur.

Water Traces
Sol. Traces
Nurmjl
Normal

Mirmjl
Mjrmal

Sur.
SUr.

Sur.
Sur.

W/C = 0.

7d.

61.5
27.9

53.0
24.4

77.2
36.9

89.7
50.5

14d.

67.7
36.3

62.4
29.7

fl'j.7
46.7

103.0
57.2

Pasie

30

28d.

73.0
42.1

81.3
40.8

0(1. H
5 4 . 4

1 1 4 . 4
6 2 . 1

CXJS.

Bl ood.

High
High

Low
Ii>w

Minimum
Hi

^•rrriril .~ijr ,
Mnrtnal 'ur .
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strontium and cesium are analized in the leachates using atomic absorption
spectrometry. The normalized elemental mass loss (N.L.) in g/m^ removed
from the specimen using the following equation is calculated

i H S A
where fi = mass fraction of element in the unleached specimen

SA = specimen surface area (m^)

In order to improve the properties of the selected formulations the
incorporation of a polymer and different aggregates as was mentioned, are
studied. In first place the Polymer Impregnated Cement (PIC) process is
beinq tested. This process consists in the incorporation of a monomeric
system to the cement matrix, and the thermal polymerization of it "in situ",
using an adequate initiator (catalyst). In the initial tests the monomer
used is methyl methacrylate. Since the polimerization of vynil monomers is
carried out through the generation of free radicals, initiators that comply
with this function are used.

Specimens to be treated are prepared with common water and simulated
solution. The treatment comprises several stages. In the initial phase a
drying at temperature near 1509C is done to eliminate remaining water that
could have unfavorable effects on the polymerization. Chce cold, the speci-
mens are subjected to a vaccum of 1-2 mm of Hg to remove the air included,
followed by the impregnation with the monomeric system, with the initiator
dissolved in it. Finally the polymerization is carried out by thermal means,
taking the specimens with the monomer included to a temperature of 70°C.
This treatment is done to specimens of different ages, 7, 14 and 28 days.

In the first treatment, benzoyl peroxide, 1 % in weiqht to the monomer
is used as initiator. With benzoyl peroxide results regarding % of polyme-
rization are not satisfactory. This means that the catalyst-initiator did
not fulfill adequatly its function, losing important percentages of monomer
by simple evaporation. The presence of salts can decompose the molecules of
the peroxide during impregnation, and the concentration of free radicals
would not be adequate for the polymerization. For solving this problem,
VAZO, bisazoisobutyronytrile 0,2 %, was used as initiator. With this, a very
good percentage of polymerization, more than 90 %, was obtained. (Table 2).
The percentage of polymerization shown in the table is the weight of monomer
included as a percentage of the dry weight of the specimen. The following
column presented simply as %, shows the proportion of the impregnated mono-
mer that is finally incorporated as polymer. That is, it represents to what
degree the impregnated monomer is transformed in polymer.

This is % = % Polarization x 1QQ

% Impregnation

Studying the data, it is possible to see that the compressive strengths
are very good, ev n with the simulated solutions, without differences due to
the age of specimens.

In Table 3 setting time, fluidity index and Volume Variation, for the
formulations used with PIC, are exposed.
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TABLE 2 . POLYMER IMPREGNATED CEMENT (PIC) DATA
(Monomer: m e t h y l m e t h a c r y l a t e ; C a t a l y s t : vazo 0 . 2 X)

Material

Mortar
HSR

Mortar
HIR

Paste
HSR

Paste
HIR

Mortar
HSR

Mortar
HIR

Paste
HSR

Paste
HIR

Mortar
HSR

Mortar
HIR

Paste
HSR

Paste
HIR

*In Kg.cm

Cement

HSR

HSR

HIR

HIR

Normal

Normal

Normal

HSR

HIR

Type
of Mix

Paste

Mortar

Paste

Mortar

Paste

Paste

Paste

Paste

Paste

Solutior

Water
Sim.sol.

Water
Sim.sol.

Mater
Sim.sol.

Water
Sim.sol .

Water
Sim.sol .

Water
Sim.sol.

Water
Sim.sol.

Water
Sim.sol.

Water
Sim.sol .

Water
Sim.sol .

Water
Sim. s o l .

Water
Sim. s o l .

- 2

Water
Cement
0.30

0.35

O.JO

0.35

0 . 3 0

0.40

0.30

0.40

0.40

i X Dr

5.
5.

6.
6.

16.
16.

14.
15.

6.
7.

6.
7.

15.
16.

14.
15.

6.
7.

6.
7.

16.
16.

17.
17.

TABLE

Sand
Cement

—

2.1

—

2.1

—

—

- -

—

—

-yit

93
10

15
30

38
96

71
78

48
31

69
15

44
56

19
26

98
82

i4
J8

75
60

44
77

3 .

22. X Impre
7 Day

7.56
20.89

6.51
14.06

15.60
20.91

12.82
21.28

14 Day

7.89
23.99

6.73
9.24

13.62
17.77

11.98
18.7B

28 Day

6.90
19.31

6.68
9.02

17.46
12.36

13.40
19.65

CEMENT MIX

Type

2.

s

s

% Polim.

7.00
18.47

6.16
13.04

13.95
18.93

12.27
.19.53

7.36
20.33

6.33
8.65

12.58
16.47

11.33
17.51

6.58
17.86

6.39
8.74

16.68
11.85

12.75
18.38

%

92.3
88.3

94.6
92.7

89.4
90.5

95.6
91.7

93.2
84.7

94.0
93.G

92.3
92.6

94.5
93.2

95.2
92.5

95.6
96.8

95.5
95.8

95.1
93.5

CHARACTERISTICS

Agreggate
—

—

—

—

Bentonite

Bentonite

Microsilica

Microsilica

Microsilica

5

7

3

3

3

Setting
Time

Initial
5h 15m

4h 45m

3h 15m

I n 00m

% 6h 50m

% 7h 10m

% 2h 15m

% 2h 05m

% lh 55m

Final
7h 50m

8h 00m

5h 50m

3h 45m

8h 00m

8h 00m

6h 20m

5h 55m

5h 05m

Cbmp.Stgh. *

1842
1191

198*3
1460

1642
1593

1750
1665

1843
1134

2136
1927

2062
1650

1558
1722

1740
1298

2029
1706

1758
1599

1678
1552

Fuiduy
Index

X

125.5

6.75

89.25

19.5

58.75

55.60

66.25

32.25

20.0

Expansion
Index

+ 0

+ 0

+ 0

+ 0

+ 0

+ 0

%

.00006

.00134

.00055

.00115

.00048

.00093

—

—

Cesium and strontium leachability is investigated as a function of time
over 120 days leaching period. Leachability differences was found to be a
strong function of time when specimens treated with PIC process were compa-
red to those without treatment.

The principal conclusions from strontium and cesium leach data are:
. Leachabilities are in the range of 10-4 to 10-3 g cm-2 d-1 for strontium
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and 10 ~3 to 10 ~^ g cra~^d ~*- for cesium.
. In the initial period there are not significative changes between speci-
mens with and without treatment. The principal effect is in leaching pe-
riods of over 28 days. The leachability is reduced about three times in
specimens treated by PIC.

. Mortars show better behaviour than pastes on strontium, cesium and sodium
leachability. These results are given in figures 3 (A) to (C).

Besides the PIC process, the incorporation of aggregates is studied.
Lhtil now two types of aggregates were tried: bentonites and microsilica.

Three sodium bentonites of the northeast of our country were used. They
were tipyfied and used in several proportions with different cements and
different water/cement ratios, preparing mortar and paste. To obtain a
better workability of the mixture two different procedures were tried. The
first one consists of adding the bentonite to the simulated solution and
afterwards mixing it with the cement. In this way a better homogeneization
of the mixture was obtained allowing a direct contact between the exchanging
agent and the ions to be exchanged. The second procedure was to mix the ben-
tonite with the dry components before the addition of the simulated solution.

The three sodium bentonites tested are codified as Polenita, San Fran,
and L y C. Cnly the last one gave acceptable compressive strenght values,
when used in concentrations of 3 to 5 % to the cement mass. The incorpora-
tion of an amount higher than 5 % gives bad workability with water/cement
ratios of up to 0,50. An increase in the water/cement ratio causes a decrea-
se in compressive strength.

Bleeding was not observed in pastes or mortars although pastes showed
a shinnier surface than mortars. The resistance to leaching of different
formulations is being tested at 70SC and room temperature using deionized
water as leachant. New bentoni'tes and new formulations will be tried in th^
next stage.

In recent years there has been considerable interest to improve the
properties of concrete products by incorporating materials as silica fume.
It was considered that this material could be attractive concerning the
durability of the waste forms, so it was begun the initial investigations
to examine its pozzolanic behaviour in cement, pastes and mortars.

The microsilica is obtained by two different methods:
1. Produced by the hydrolysis os silicon tetrachloride vapor in a flame of

hydrogen and oxygen (Aerosil).
2. As a by product resulting from the reduction of high purity quartz with

coal in electric arc furnace in the manufacture of ferro-silicon and
silicon metal. The percentage of SiCL ranges from 90 to 97.

Silica fume was added as early as possible in the mixing process to
assure proper wetting and thorough dispersion of the fine particles. The
tests were carried out wetting the microsilica with water or simulated
solution, before adding the cement. The contents of microsilica are from
3 to 7 % of the cement weight. In some cases, a superplasticizer was used,
supplied as a aqueous solution. It was of the naphthalene sulphonate type.
Mortars and pastes are prepared, with water/cement ratios ranging from 0.30
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Figure 3. Comparison of leachate solution concentration of (A) Cs, (B) Sr
and (C) Na from mortar samples with and without treatment at 70SC.
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to 0.70.

Mortars show in general bad compactness and variable compressive
strength, from low values (6 N/mm2 ) till adequate ones (30 N/mm2 ). Pastes
show, even without an optimum compactness, since some holes are produced,
good compressive strength values, from 30 N/mm till more than 60 N/mm .
Superplasticizer as it is possible to see in the first tests, acts improving
the compressive strength. There will be new assays, trying changes in the
dosifications. Orientative tests of leaching have just started.

The description, in broad lines, of a work plan destined to the immo-
bilization of saline medium activity wastes and the way it has been imple-
mented to carry it out has been presented. Also the first results obtained
have been exposed, having up to now, only an orientative value, since no
conclusions can be obtained from them yet.

Nevertheless they are encouraging and show that they lead to the sought
objetive. All the experiences described are in course and the find results
will be qiven in a future paper.

Remarks:

Normal : ordinary cement or type I
HIR: rapid hardening cement or type III
HSR: sulphate resistant cement or type V
Fluidity index: Flow
Sand granulometry: sand graduation
Aggregates: admixtures
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CUNU1 HONING UF TRITIATEL) WAi>TtS KKOM A TK1TIUM KhhUVAL FACILITY

J.F. Krasznai
Untario Hydro Research Division

Toronto, Canada

ABSTRACT

Untario Hydro is constructing a facility to remove tritium
from heavy water used in the CANDU reactor system. This
facility will generate tritiated liquid and solid waste
that must be conditioned prior to storage or disposal in
order to minimize the release of tritium to the environ-
ment. The types of wastes and their packaging to meet
storage/disposal criteria are described.

INTRODUCTION

Untario Hydro operates a 1U,OOO MW capacity nuclear generating system
utilizing the Candu Pressurized Heavy Water Reactor design. The use of
heavy water as both moderator and coolant has the main advantage that
natural uranium can be used in the fuel without enrichment. The main
drawback however is that a significant amount of tritium is generated in the
heavy water by neutron activation of the deuterium isotope. This effect is
responsible tor the production^) of about 24UU Ci of tritium per Mwe per
year.

In an effort to reduce the internal dose from tritium, Untario Hydro is
constructing a Tritium Removal Facility at the Darlington Nuclear Generating
Station. At maturity this facility will extractvw about 2U x 1U6 Ci/year
of tritium from the moderator and heat transport system neawy water of
Untario Hydro CANUU nuclear reactors. The tritium removal process is based
on tne vapour phase catalytic exchange process; Equation (1)

catalyst
DTU(v) + D 2 ( g K D2U(v) + UT (g)

The tritiated deuterium gas undergoes several stages of enrichment and
is cryogenically distilled to separate out the tritiated species as T2 in a
highly concentrated gaseous form which is then stored as a metal tritide.
The detritiated heavy water is returned to the moderator or heat transport
system.

The operation and maintenance of this facility will result in the generation
of the following types and quantities of tritiated waste:
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TABLE 1. TRITIATEL) WASTES ASSOCIATED WITH TRITIUM REMOVAL FACILITY

Type of Waste

Liquid

(a) Water
(b) Electrolyzer H u i d (2b% KUU)
(c) Pump Ui1

Solid

(a) Low Activity (processable)
(b) Medium Activity
(c) High Activity

Activity Level

1U~6 Ci/kg
U.5-1.U Ci/kg

U-bU Ci/kg

<0.2 Ci/m3

0.2-100 Ci/m3

>10U Ci/m3

Estimated Max Volume
of Waste

2UO i!l3/d
O.U2b m3/a
U.U7b m3/a

132 m3/a
U.4 in3/a
1.3 in3/a

The processable solid wastes will be incinerated or compacted. Liquids
and non-processable solid wastes, however, must be conditioned prior to
storage to ensure tritium does not escape into the environment. Storage
facilities at the Radioactive Waste Operations Site consists of various
engineered structures, such as, in ground and above ground concrete bunkers,
as well as, modular pre-stressed concrete Low Level Storage B u i ( ^ )

Research was undertaken to determine the waste conditioning
requirements for these tritiated waste streams. The requirements were based
on the assumption that while all radioactive waste is presently being
stored, the move to final disposal in the future should not necessitate
further conditioning of the waste. The conditioning methods selected were
based on two criteria:

1. The daily tritium release from conditioned tritiated waste must not
exceed 10~37o of the initial tritium activity contained in the waste.

Z. The integrity of the waste form must be maintained for lbO years (12
tritium half 1ives).

LILJUIU WASTE

Aqueous

A large volume of low activity tritiated water will be generated from
decontamination operations and from the regeneration cycle of the ventila-
tion system dryers. This waste which will not need conditioning will be
discharged via the Active Liquid Waste Management System. On occasion,
however, there may be small quantities of highly tritiated aqueous waste
generated that cannot be managed in this manner and must be immobilized.

A number of cement based soiidification agents alone or in conjunction
with additives, such as calcium sulfate, vermiculite or water tolerant epoxy
resin were investigated using non-tritiated water to determine the degree of
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water retention on exposure to moist air at different temperatures,
experiments concluded that;

These

(a) the presence of additives either reduced the quantity of non-evaporable
or chemically bound water and by implication would therefore increase
the rate of tritiated water loss, or in the case of epoxy resin
interfered with the cement hydration process.

(b) Portland cement or high alumina cement would be the most suitable
absorbents for tritiated water.

(c) based on the expected ease with which tritiated water can undergo rapid
isotopic exchange with either water vapour in the atmosphere or leachant
water, neither Portland cement nor high alumina cement would retain the
tritiated water.

Subsequent work on comparing different types of cement with water extendible
polyester resin as the immobilizing medium and using tritiated water
confirmed that the 10"3% per day tritium release rate under leaching condi-
tions could not be met by just immobilizing the tritiated water. Table 2
below summarizes the daily tritium release rates for cement and water exten-
dible polymer solidification media.

TABLt 2. TRITIUM RELEASES FROM SOLIDIFIED SPECIMENS UNDER
LEACHING CONDITIONS

Surface Area/Volume Ratio
Leach Time
Leachant Volume (distilled water)
Leachant Renewal Frequency

1.2 cm"1

180 days
200 mLs
Static

Sol idification
Med i urn

Portland Cement 30

Portland Cement 3u(a)

Portland Cement 30/
Si 1ica Fume(a)

9b : b

High Alumina Cement

water Extendible Polymer

Initial 3H
Content

mCi

2.23

12.17

12.23

2.51

2.b9

% Daily
Release Rate

0

0

0.

0.

0.

.35

20

11

43

U

Cumulative Fractional
Release Rate * v/s

cm/day

2

1

0

3

1

.92 x

.67 x

.9b x

.5a x

.0b x

10-3

lO-3

lO-3

lO-3

10-3

(a) Leaching period was only 60 days for these specimens and the leachant
volume was 900 mLs.
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Silica fume as an additive serves two functions:

(a) It hydrates to form silica yel in the pores of the cement matrix
effectively reducing the permeability of water through cement.

(b) It is a necessary additive in the formulation to solidify electrolyzer
fluid not only because it reduces the setting time of cement and thereby
improves the workability of the mixture but also because it reacts with
the alkali in the electrolyzer fluid rapidly and prevents the formation
of products in the cement which can lead to cracking and deterioration
of the cement.

Although none of these media could meet the 1U"3% daily tritium release
rate, WEP and Portland cement/silica fume appear to be the best
solidification media.

The use of these solidification agents also as encapsulating media
whereby 1 cm of the material completely surrounds the solidified waste form
was subsequently investigated and the leaching data is summarized in Table
3.

TABLE 3. TRITIUM RELEASES FROM SOLIDIFIED AND ENCAPSULATED SPECIMENS

Solidi fication
Medium

Portland Cement

Portland Cement

Portland Cement

water Extendible
Polyester Aropol
6bl-P

WEP

WEP

Encapsulating
Medium

Portland Cement

Epon 81b/Lo/Los

WEP (Aropol 6bl"P)

Portland Cement

WEP (Aropol bbl-Pj

Epon 81b/Lo/Los

(1

(1

(1

(1

(1

(1

cm)

cm)

cm)

cm)

cm)

cm)

% Dai
Release

l.y

1.4

3.4

4.8

8.9

2.1

X

X

X

X

X

X

ly
Rate

lu-1

iu-3

lir*

lu-2

lU"5

10"4

CFR* V ^
S

cm/day

1.6 x

1.2 x

2.8 x

4.0 x

7.1 x

1.7 x

lu-3

io-5

lU"6

iu-4

iu-7

lir6

(a) The cumulative fractional release rate normalized to a unit surface
area/volume ratio.

The leaching tests were carried out at room temperature using distilled
water as the leachant. Because the data was to be used for intracomparison
purposes and also to minimize tritiated waste production, the leachant was
not replaced during the leaching period. In spite of this departure from
the IAEA leach test (4), the data is in good agreement with work done at
Mound Labs(5), Los Alamos(6) and CEA France(7J.
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As the table shows for both Portland cement and water extendible
polyester resin substrates, the encapsulating material can be ranked in the
fullowing order of decreasing effectiveness:

WEP (Aropol 661-P) > Epoxy Resin (Epon 81b/Lo/Los)> Portland Cement

Effective encapsulation is difficult to achieve and significantly increases
the complexity of tritiated waste handling. In view of this, packaging the
solidified waste in high density polyethylene containers of various
thicknesses was investigated and the data summarized in Table 4.

TABLE 4. TRITIUM RELEASES FROM SOLIDIFIED SPECIMENS CONTAINED IN
HIGH DENSITY POLYETHYLENE

Solidification
Med i urn

None

Portland Cement/
Si 1ica Fume

WEP (uncatalyzed)

WEP

WEP

WEP

WEP

Container
Thickness

0.

0.

0.

0.

0.

0.

1.

14

14

14

14

2

b

0

Initial
Content

130.6

148.0

Ib4.8

122.9

117.0

116.4

ny.8

3H
(inCi)

% Daily Release
kelease Rate

1.

3.

2.

6.

5.

3.

b.

1 X

1 X

8 x

3 x

b x

1 X

0 x

lo-1*

lO"1*

10"3

lO"1*

10-4

10-'*

io-5

cm
Cl

1.

4.

4.

9.

8.

4.

8.

b

6

2

3

1

7

0

* v/s
i/d ay

X

X

X

X

X

X

X

io-6

1O"6

io-5

io-6

lo-6

10"6

lo-7

A number of interesting conclusions can be drawn from the data in
Tables 3 and 4.

1. The tritium release from liquid aqueous waste is lower than from waste
that has been solidified in eithe" WEP or cement prior to containment in
polyethylene. Immobilization, however, is required to avoid dispersion
of the liquid waste if the container is breached.

2. WEP solidified tritiated water contained in polyethylene containers lost
tritium twice as fast as cement solidified waste forms in identical
containers. In view of our earlier observation that cement was inferior
to WEP in retaining tritium when no container was present we attribute
the faster release from WEP solidified specimens to attack on the
polyethylene by the organic components in WEP.

3. The tritium release behaviour is not quite linear with respect to the
inverse of the container thickness presumably because the attack on
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polyethylene affects the thin containers to a greater degree than the
thicker ones.

4. Containment of the WEP solidified waste in a 1 cm thick polyethylene
container is equivalent to encapsulating the same waste in a 1 cm thick
WEP layer. In view of the greater complexity of the latter process
polyethylene containment is the preferred approach.

From these experiments we have calculated the permeability coefficient
of tritiated water through polyethylene (Table b) using the equation^).

TABLE b. PERMEABILITY CONSTANT FOK TKIT1ATED WATER THROUGH
HIGH DENSITY POLYETHYLENE

'HTO

where,

Sample

No immobilization

WEP

WEP

WEP

WEP

Cement

Container
Thickness

(cm)

0.14

U.14

0.20

O.bO

1.0

0.14

Volume of Water
in Sample

mL

4bO

242

23y

23a

24b

170

Perm. Constant
x 107

Ci .cm

cm2.Li/cm3.d

1.9 + 0.2

b.6 + 1.0

7.1 + U.b

y.3 + 3.3

2.8 + O.b

2.1 + 0.2

k

a 0

A

l

V

k.a .A

V.£

s tne rdte °^ permeation of tritiated water (Ci/day)

is the permeability constant of HTO through polyethylene,

is the original tritium activity in the container (Ci).

is the surface area of polyethylene in contact with tritiated
water (cm2)

is the thickness of the polyethylene container (cm)

is the volume of water (cm3)in contact with the polyethylene
container.
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These values allow the polyethylene container to be designed for larger
non-laboratory sized packages containing tritiated water.

Tritiated Oil

Oil filled vacuum pumps are located on the cryogenic distillation and
Tritium Immobilization System containment boxes. Since the loss of tritium
from oil, whether it is conditioned or not is dependant on the tritiated
species in the oil, the first step in our investigation centered on
identifying the major tritium species in vacuum pump oil that had been
exposed to tritium gas. The waste package could then be designed based on
the most mobile species present. Two oil samples were investigated. One
had been exposed to tritiated water for several months in the laboratory and
the other had been exposed to tritium gas in a tritium handling loop at
Atomic Energy of Canada Ltd laboratories at Chalk kiver.

The tritium content of the two types of oil was 7.2 pCi/r.iL and
boo pCi/mL for the oil exposed to tritiated water and tritium gas
respectively. Whereas, the tritium content of the former was stable, the
tritium content of the oil exposed to T 2 gas decreased to 44u pCi/mL over a
five month period when contained in a polyethylene container. This is a
release rate of approximately U.2% per day. These oils were further
deyassed after the five month period and the volatile species identified
(Table 6) by gas chromatography using a flow proportional counter to
identify tritiated species.

TABLE 6. VOLATILE TRITIATED SPECIES IN OIL

Gas

H2

C 2 H 6

C ? H ?

C 3 H , 0

c''s10

C^ 's

TOTAL

Oi 1 Exposed

[J nL/rnL

1070
lb.7
13
6.8
0.78

2b. 5
68.6

-

1279

To T2 Lias

3H nCi/mL

179
28.7

171
20.4
1 7 . 1

132
102

54. b

705

Oil Exposed

[ ] nL/mL

5
1.7
1.0
0.38
0.20

10.9
152

-

17b

To DTO

3H nCi/raL

4.8*
3.3
3.3
_
5.3

12.0
6.8

12.1

48

* A number of this magnitude is near the detection limit.

The oil exposed to tritium gas contained a much greater proportion of
volatile tritiated species than the oil contaminated with tritiated water.
Taking into account the total tritium lost during transportation and storage
over the five month period the volatile tritium content in the T2 gas
exposed oil was 42% of the total. The remaining 58% is incorporated into
higher order non-volatile hydrocarbons. This is expected to increase as the
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exposure time of the oil to T? gas increases. In the case of the oil
containing tritiated water only 3U% of the tritium (2 yCi/mL) can be
attributed to dissolved or suspended water. The remainder is likely
incorporated into the hydrophilic additives and corrosion inhibitors in the
oil.

both types of oil were placed in the non-irnmobi1ized form into U.I cm
tnick polyethylene containers and their leaching performance determined
(Figure 1). Although the tritium loss was an order of magnitude lower from
tritium gas exposed oil than from oil exposed to tritiated water, the daily
release rate for both exceeded the 1U~3% target. Comparison of this data
with that obtained for non-immobilized tritiated water contained in a U.14
cm polyethylene container is shown in Table 7 below.

0.50

Oil exposed to t r i t ia ted water

Oil exposed to t r i t ium gas

80 120 180 2f>(

Days leached

240 280 220

Figure 1. Leaching performance of tritiated oils contained in
a 0.1cm thick high density polyethylene container
immersed in 900ml_ of distilled water.

TABLE 7. TRITIUM RELEASES FRUM POLYETHYLENE CONTAINERIZED TRITIATED OILS

Description

Liquid tritiated water
in HDPE container

Liquid oil exposed to DTU
in HDPE container

Liquid oil exposed to T2
gas in HUPE container

Ui1 exposed to DTU, cement
solidified and contained in
HUPE

Cumulative Fractional Release
Rate (cm/day)

1.5 * 1U-6

4.4 * 10"3

1.8 * 1U-1*

1.8 * 1U"5
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As mentioned previously, the permeability of water and hence tritium
through polyethylene was increased by a factor of 30 when WEP resin was used
as the iimnobi1ization medium. For oil the increase is more dramatic
resulting in a 1U2"1U3 increase in the release rate of tritium from
polyethylene contained specimens.

From the data it is clear that; (a) either thicker containers must he
used to compensate for the increase in permeability of tritium through the
polyethylene in the presence of oil, or (b) some type of oil absorbent must
be utilized which would serve not only to keep the oil away from the
container walls but also minimize the dispersibi1ity of the contents of the
container if it should be breached. Since the AECB does not permit Ontario
Hydro to store any radioactive materials in liquid form option (a) by itself
would not be acceptable. Consequently we looked at the effect that
absorbents have on the release of tritium from containerized tritiated oil.

Two types of absorbent materials were investigated. Water extendible
polyester resin and Portland cement fall into the category where the oil is
emulsified with water and then the resulting oil/water emulsion is directly
encapsulated by either the polyester resin or hydrated cement. The second
tj-pe of absorbent is one wnere the oil is allowed to simply diffuse into the
absorbent matrix without the need for high speed mixing. Sorbent 'C and
veriniculite are in this category. The major differences between these two
types of materials are the compressive strength and the relative ease with
which the absorbed oil can be expressed from the resulting waste forms. The
amount of oil that could be incorporated into water extendible polyester
resin (WEP) was only 5* of the final volume of waste. In contrast between
^4 - 43% by volume of oil could be incorporated into cement giving a
compressive strength of 10.9 - 1.9 MPa.

Although the tritium loss rate from cement solidified tritiated oil
contained in 0.1 cm thick polyethylene bottles was 1.8 X 10"5 cm/day (3.5 X
10" 3% per day), cement solidification of tritiated oil suffers from a
serious disadvantage which precludes its use. The technique requires
intimate, high speed mixing of the surfactant and oil to produce an emulsion
which is subsequently mixed with cement. In view of this, a significant
proportion of volatile tritiated species in waste oil is very likely to be
liberated during waste processing severely reducing the benefits of
conditioning. The compromise solution is to use an absorbent such as
Sorbent 'C for dispersion control and to use a container with an adequate
wall thickness that will compensate for the increased permeability of
tritium through the polyethylene in the presence of oil.

SOLID WASTE

The approximately 1.7 m3/a of non-processable medium and high tritium
activity solid waste arising from the TRF is expected to consist of metal
components that have been discarded as a result of maintenance. Small
specimens of copper and stainless steel tubing obtained from a tritium
handling loop at AECL"CRNL were used as representative samples that will
arise from the TRF. The distribution of tritium in the oxide and bulk metal
was determined for the two types of metal, Table 8.
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The copper specimens appear to have a fairly uniform specific tritium
activity of 22 uCi/g, whereas, the tritium specific activity for stainless
steel was much more variable at 2 - 82 |iCi/g. More importantly the
distribution of tritium between the oxide and bulk metal was 29% for copper
and ranged from 52 - 80% for stainless steel. On leaching the copper
specimens in distilled water, (Figure 2) 26% of the total tritium appeared
in the leachant in the first seven days. Over the next lbU days, no more
tritium appeared in the leachant indicating that the surface tritium can be
easily washed off ana in the case where the solid is allowed to stand in
moist air, the tritium can be readily released to the environment by means
of isotopic exchange with atmospheric moisture.

TAbLt 8. TRITIUM UISTRIBUTION IN MbTALLIC SPECIMENS

Sample

Copper

Stainless
Steel

Wt
(9)

l.bb
1.44
1.47
1.57
1.54

3.79
4.41
1.12
1.81
1.39

Surface Tritium
(yCi)

8.9
_

10.8
-
9.1

6.6
-

48.5
69.8
b8.8

Bulk Tritium
(uCi)

21.5
_

25.1
-

22.4

5.8
-

16.2
64.9
14.3

Total
(yCi)

30.4
32.9
35.9
37.8
31.5

12.4
16.0
64.7
134.7
73.1

0.50

Stainless steel

0.00

Copper

Surface area = 12 7 c m - 1
Volume

t I I I I I I I I I I I i I j I
2 0 1 0 6 0 8 0 1 0 0 1 2 0

Days leached

160 180

Figure 2. Leaching performance of tritiated metallic components
immersed in 50 mL of distilled water.
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Since the rate of diffusion of tritium from the bulk metal in the case
of copper is slow (<1U~3% per day) no further conditioning would be
necessary once the surface tritium was removed. For stainless steel
specimens there is also a rapid release ot tritium in the first seven days
which decreases in the subsequent leaching period to 0.1% per day
(7.7 x 1U"5 cm/day). Therefore some additional type of conditioning of
these solid wastes will be necessary.

Because of our earlier findings that water extendible polyester resin
was a superior encapsulant to cement we compared WEP encapsulation and
polyethylene containerizatiori with containerization without encapsulation
(Figure 3). Simple containment of the waste in polyethylene was
surprisingly ineffective at retarding tritium release, only providing <*
factor of 2 reduction (3.b x 1U~5 cm/day). Uur explanation of this
observation is that it is due to the high tritium concentration gradient
that rapidly develops across the container wall in view of the large void
volume irt the sample container. Encapsulating the specimens in WtP reduced
the tritium release rate to 8 x 10"5% per day (4 x 11T7 cm/day). Analysing
the tritium content of the specimens after the lbU day leaching period
revealed that the metal lost most of its tritium presumably by exchange with
the water in the WLP emulsion and this process was accelerated by the high
curing exotherm. The fact that the tritium did not appear outside of the
container is because of its dilution by the WtP emulsion which greatly
reduces the tritium concentration gradient and therefore tritium
permeability across the polyethylene container.

0.00030

| 0.00025
re
—
Ql 0.00020
o

2 0.00015
LL

~ 0.00010
JO
3

3 0.
u

00005

0.00000

Surface area
Volume icm

- 1

1 1 1 1 1

20 40 60 80 100

Days leached

120 140 160

Figure 3. Leaching performance of tritiated steel encapsulated
in water extendible polyester resin. Solidified waste
form is contained in a 0.1 cm thick polyethylene
container immersed in 900 mL distilled water.
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CONCLUSIONS

1. Solidification of tritiated waste does not produce waste forms from
which the daily tritium release is less than 10~ 3%. Nevertheless
solidification or other forms of dispersion control is necessary to meet
the licensing requirements of Ontario Hydro's waste management site.

2. Water extendible polyester resin is not compatible with oils or
electrolyzer fluid without severely reducing waste loading.

3. A 1 C M thick encapsulating layer of water extendible polyester resin or
epoxy resin will reduce the tritium release rates from the waste forms
to acceptable levels (<lu~3% per day). However, simple containment of
the solidified waste forms in high density polyethylene will achieve the
same objective more easily than encapsulation.

4. The water permeability and hence tritium loss througn polyethylene is
increased in the presence of organic materials in the tritiated waste.
This effect is easily compensated for by increasing the container
thickness. The magnitude of this effect is greatest in the case of
tritiated oiIs.

b. Tritiated oil from the TKF will have a high concentration of volatile
tritiated species associated witn it which is dependent on the exposure
tir.'ie of the oil to tritium gas. Volatile tritiated compounds especially
tritium gas will be readily liberated during handling of the oil.
Therefore the technique of cement solidification of the oil which
requires emu!sification with water at high speeds is not suitable. A
more practical approach is to drain the oil directly into a polyethylene
container charged with a suitable absorbent.

6. Tritiated metallic components contain a significant fraction of the
tritium as surface contamination which can be either washed oft or
removed by acid cleaning the metal. Once this surface contamination is
removed from copper no further conditioning is required. For stainless
steel however, the daily release rate exceeds the target value even when
the component is contained in polyethylene. Encapsulating the component
in WEP resin followed by containerizing it in polyethylene reduced the
daily tritium release rate to lirH. This effect which is attributed to
dilution of the released tritium from the stainless steel by the water
in the WLP resin should also be achievable by the use of cement instead
of WEP resin.

SUMMARY

From this work it is apparent that the primary focus in the
conditioning of all tritiated waste is packaging. High density polyethylene
has very low water permeability, good corrosion resistance and is cheap and
easy to fabricate. It is therefore a good candidate as the primary tritium
barrier. It suffers from the disadvantage that its water permeability is
increased when in contact with organic liquids. This is not a serious
problem since this effect can be easily compensated tor by increasing the
container thickness. Its integrity however cannot be guaranteed tor
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lb(J years and therefore the recommended approach is to further package this
primary container inside a secondary one whose main characteristics should
be corrosion resistance under the prevailing storage or disposal conditions
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WASTE SALT DISPOSAL AT THE SAVANNAH RIVER PLANT

E. L. Wilhite

E. I. du Pont de Nemours and Company
Savannah River Laboratory

Aiken, SC 29808

ABSTRACT

High-level nuclear wastes will be processed at the
Savannah River Plant (SRP) to separate the high-level
fraction from the low-level fraction. The separation
will be accomplished in existing waste tanks by a process
combining precipitation, adsorption, and filtration. The
high-level fraction will be vitrified into borosilicate
glass in the Defense Waste Processing Facility (DWPF) for
disposal in a Federal repository. The low-level fraction,
called decontaminated salt solution, will be mixed with a
cement-fly ash blend. The resulting product, called
salt&tone, will be disposed onsite in an engineered dis-
posal area.

Laboratory testing of saltstone has shown the pre-
dominant mechanism for release of contaminants to the
environment to be diffusion. The diffusion coefficient
for nitrate has been determined to be 1.04 + 0.09 x
10"8 cm2/sec. Field-testing of three 30-ton" blocks
of saltstone has been underway since January 1984.

Mathematical models, both analytical and numerical,
have been applied to predict the impact of saltstone dis-
posal on groundwater quality. Based on model predictions,
the saltstone disposal area is designed to meet or exceed
groundwater standards for all potential contaminants.

Results of laboratory and field-testing and model
results will be discussed.

INTRODUCTION

High-level nuclear waste will be solidified in a facility now being
built at the Savannah River Plant (SRP) near Aiken, SC. The Defense Waste
Processing Facility (DWPF) is scheduled to begin operations in 1989. The
DWPF will solidify high-level waste, now being stored in waste tanks at
SRP, by vitrification into borosilicate glass. The vitrified waste will be
shipped to a Federal repository.*>*
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Before vitrification waste will be processed in the existing waste
tanks. During waste processing about 25 million gallons of soluble salts
will be decontaminated. The resulting low-level decontaminated salt solu-
tion will be solidified with a cement-fly ash mixture and disposed of in
surface vaults at SRP. Disposal area design is based on the results of
analytical and numerical models of the release of materials from saltstone.
The performance objective is to permanently dispose of waste salt in an
environmently sound manner that will meet State groundwater quality stan-
dards at the disposal area boundary.3

WASTE AND WASTEFORM CHARACTERISTICS

Most of the radioactivity will be removed from the waste during in-
tank processing by the addition of sodium tetraphenylborate to precipitate
cesium, and by removing strontium through adsorption onto sodium titanate.
The composition of the decontaminated salt solution is shown in Table 1.
The waste salt solution is a low-level radioactive waste (radioactivity of
about 230 yCi/L). The salt solution is also a hazardous waste by charac-
teristic. The waste is corrosive (pH >• 12.5) and EP-toxic~
(chromium ^160 ppm).

The waste salt solution will be transferred by pipeline from the
high-level waste tanks where it is decontaminated to a low-level waste
processing area (Z Area). At the waste processing area the salt solution
will be mixed with cement and fly ash and pumped to surface disposal
vaults. The formulation to be used is shown in Table 2. Figure 1 illus-
trates the cement hydration process resulting in encapsulation (physical
entrapment) on a microscale of the waste salts.

Although the waste salt solution is hazardous, the resulting saltstone
is nonhazardous. Testing by the extraction procedure-toxicity test
(Table 3) has shown that chromium and other metals in the leachate are at
acceptable levels. EP-toxicity testing has also been done on the unset
saltstone grout. Samples of grout were subjected to the EP-toxicity test
within 3 hours of mixing. The unset grout also passes the test as shown in
Table 4. Thus, saltstone can be disposed as a nonhazardous solid waste.

SALTSTONE LEACHING

Laboratory leaching tests have been done on samples of saltstone to
define the rate of removal of materials from saltstone to the environment.
Leaching tests were done by a proposed ANSI procedure.^ Cylindrical
samples of saltstone were leached in deionized water. The water was
changed daily for the first week, weekly for 2 months, and then every 2
weeks until the end of the test. Leachate was analyzed by ion chroma-
tography and gamma spectrometry.

Typical leaching results are shown in Figure 2 for nitrate, tech-
netium, cesium, and strontium. The leaching curves show a rapid decrease
in leach rate between the first and second day. This is due to dissolution
of salts from the sample surface. After the second day the leach rate for
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nitrate, technetium, and cesium decreases in proportion to the square root
of time. This behavior is indicative of a diffusion-controlled release.
The leaching of strontium, however, is indicative of a dissolution-
controlled mechanism. Strontium probably substitutes for calcium as the
cement matrix forms.

Nitrate leach results for nine saltstone samples, prepared in the lab-
oratory and during a large-scale field test, have been analyzed to quantify
the effective diffusion coefficient for saltstone. The effective diffusion
coefficient was calculated to be 1.04 _+ 0.09 x 10"^ cm^/sec.

Leaching tests have also been carried out in unsaturated soil to simu-
late burial of saltstone on earthen trenches. These tests have been done
in the same manner as the deionized water leaching tests, except that
unsaturated soil surrounds the saltstone sample instead of water. Typical
results of leaching in unsaturated soil are shown in Figure 3 in comparison
with results of leaching in water. In this test the soil was at natural
field water capacity, about 20% (volumetric) water. In other tests the
water content of the soil was reduced. No effect on leach rate was
observed until the soil water content was reduced to IX. Figure 4 illus-
trates saltstone leaching in water and unsaturated soil. In either case
the diffusion of salts from saltstone into the surrounding medium is the
controlling mechanism, and the observed leach rate is expected to be the
same.

FIELD TESTING OF SALTSTONE RELEASE

In 1983 three lysimeters were constructed to test the performance of
the disposal of saltstone in earthen trenches. Thirty-ton monoliths of
saltstone were prepared from actual decontaminated SRP waste salt solution.
Each monolith was formed by pouring saltstone grout into an earthen trench
contained in a "Hypalon-" lined basin. Figure 5 shows the details of
construction of the lysimeters. One of the lysimeters contains only a
saltstone monolith. This uncapped monolith was formed on December 1, 1983.
Another lysimeter contains a saltstone monolith (formed on December 20,
1983) covered by a clay cap to divert infiltrating water. The third
lysimeter contains a monolith (formed on January 20, 1984) covered by a
gravel cap to test the effectiveness of a capillary barrier to divert
infiltrating water. Samples of percolate water have been collected from
the lysimeter sumps and analyzed for nitrate and other materials since the
lysimeters were installed. Soil moisture samplers were installed within
6 in. of the monoliths prior to pouring of the saltstone. Samples of soil
moisture have been collected periodically from the lysimeters and also
analyzed.

Nitrate concentrations from the three lysimeter sumps are shown in
Figure 6. Nitrate in the two capped lysimeters is coincident with natural
levels of nitrate in rain and groundwater; thus, no nitrate has yet
migrated to the sumps of the capped lysimeters. The uncapped lysimeter has
released significant levels of nitrate to the sump. The maximum concentra-
tion observed to date is 209 ppm. Technetium-99 has also been observed in
the uncapped lysimeter (maximum concentration of 12,000 pCi/L) but not in
the capped lysimeters.
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Results of soil moisture samples show significant concentrations of
nitrate (up to 15,000 mg/L) and technetium-99 (up to 450,000 pCi/L) adja-
cent to the two capped lysimeters. This demonstrates that soluble com-
ponents are released from the saltstone, but that the cap is effective in
reducing the amount of water flowing next to the monolith, which could
carry the materials to the sump. This delay that the caps provide is one
measure of their effectiveness.

SALTSTONE RELEASE MODELING

A performance goal for the disposal of saltstone is maintaining
groundwater quality standards at the disposal area boundary. The State of
South Carolina has adopted the EPA drinking water standards as the standard
to be applied to groundwater similar to that underlying the saltstone dis-
posal area. Mathematical modeling (both analytic and numeric) was applied
to predict releases of nitrate and other materials from various saltstone
disposal designs.

Numeric models were used at the Savannah River Laboratory (SRL) and by
a subcontractor (Intera Technologies, Austin, TX). Numeric models were
validated by applying them to the saltstone lysimeters and comparing model
predictions with lysimeter observations. Results of model validation are
shown in Figure 7. The SRL model assumed water moved through the soil as
if the soil were saturated with water (potential flow). The Intera model
used measured rainfall at the lysimeter site and measured unsaturated flow
properties of soil and saltstone in a full two-phase, unsaturated model to
simulate the movement of water through unsaturated porous media. The com-
parison of Intera model predictions with observations is quite favorable.
The SRL predictions appear to be low.

The SRL model was applied to the disposal of saltstone in unlined
earthen trenches containing one day's production of saltstone (about
350 yd-*), situated at least 5 ft above the water table. The results are
shown in Figure 8. Nitrate concentrations in groundwater are predicted to
exceed the groundwater standard by about 6 times; thus, disposal in unlined
earthen trenches is not an acceptable design.

DISPOSAL AREA DESIGN

Models were applied to assess disposal area design features. Features
considered were monolith size, monolith liners, and disposal area caps.

Because the controlling release mechanism is diffusion, the monolith
surface area to monolith volume ratio affects the rate of release.
Increasing the size of the monolith from containing one day's production of
saltstone to containing one year's production will reduce the surface/
volume ratio and, consequently, the release rate by about 3 times.

Lining the saltstone monolith with a diffusive barrier of clay or con-
crete will delay and reduce the flux of materials from the saltstone to the
environment. A 2-ft-thick liner of concrete will reduce peak groundwater
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concentrations by about 14 times while a 5-ft-thick clay liner will reduce
concentrations by 11 times.

Capping the disposal area with clay will reduce the amount of precipi-
tation that infiltrates the soil. Reduced infiltration will tend to reduce
the rate at which materials released from saltstone are transported to the
water table.

A saltstone disposal design has been developed that will be effective
in maintaining groundwater quality. The design incorporates all of the
design elements discussed above. The design, shown in Figure 9, is a sur-
face disposal vault constructed of concrete and containing about one year's
production (56,000 yd^) of saltstone. The floor is 2,5 ft thick, the
sidewalls are 1.5 ft thick, and the sloped concrete top is 2 ft thick. The
surface disposal vault would be closed, in accordance with South Carolina
waste disposal regulations, when the concrete top is installed. However,
at some future date the disposal site will be decommissioned. A potential
decommissioning concept involving mounding with earth and installing a clay
cap over the vault is shown in Figure 10.

Predicted maximum concentrations of all contaminants from the surface
vault are below groundwater standards, as shown in Table 5. No contaminants
are released to the groundwater for about 200 years; maximum groundwater
concentrations do not occur until 1,000 years after final closure.

CONCLUSION

Processing waste salt solution into saltstone produces a nonhazardous
wasteform suitable for disposal in surface vaults. Disposal will meet all
environmental standards.
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TABLE 1. COMPOSITION OF DWPF SALT SOLUTION

Component

Na

NO3-

N02"

OH"

Nab(C6H5)4

Cr

Hg

Ag

PH

Density

Nonradioactive
g/L

117.0

130.0

30.0

20.0

69.0

0.2

1.5

1.1

14

1.23

(160 ppm)

x 10"6 (0.01 ppm) .

x 10~7 (0.0008 ppm)

gm/cc

Radioactive
Component

99Tc

137Cs

Total

Total

alpha emitters

radioactivity

Ci/L

0

75

24

0

230

.9

.3

.6

.2

.0
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TABLE 2 . BLENDED CEMENT FORMULATION, WT Z

Portland cement 11.5
(Class H) 57.5 w t %
Fly ash (Class C) 46.0 cement

Salt 12.3 42.5 wt %
Water 30.2 solution

TABLE 3 . EP-TOXICITY TESTING OF SALTSTONE

Metal

Ag

Ba

Cd

Cr

As

«g

Pb

Se

Extract, mg/L

<0.002

0.13

<0.002

0.021

0.003

<0.0002

<0.002

0.005

<0.002

0.11

<0.002

<0.003

0.004

<0.0002

<0.002

0.007 •

Characteristic of
EP-Toxicity

5.0

100.0

1.0

5.0

5.0

0 . 2

5.0

1.0
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TABLE 4 . EP-TOXICITY TESTING OF UNSET SALTSTONE GROUT

Metal

Ag

Ba

Cr

Hg

Extract, mg/L
Calculated* Actual

0.012

0.4

3.8 2.7

0.0006

Characteristic of
EP-Toxicity

5.0

100.0

5.0

0.2

* Assuming 1007. extraction.

TABLE 5. CALCULATED MAXIMUM RELEASE FROM SALTSTONE
( 1 , 0 0 0 Tears a f t e r DecoHniis ioning)

Concentration Predicted Peak Proposed
in Groundwater Groundwater

Element Saltstone Content Quality Standard

N(NO3~) 9,300 ppm 0.6 ppm 10.0 pptn

Concentration Predicted Peak EPA
in Groundwater Drinking Water

Radionuclide Saltstone, pCi/L Content, pCi/L Standards, pCi/L*

90sr

99Tc

106Ru

137Cs

*ICRP-30

510

44,200

20,400

15,300

Dose Model

,000

,000

,000

,000

3

7C0

2

.0

.0.

.3

X

X

X

10-10

10-10

10-B

50

5,000

300

100

.0

.0

.0

.0
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A SLUDGE PROCESSING/FILTRATION FACILITY FOR THE EIGHTIES

Earl J. Brown
Martin Brownstein

Atcor Engineered Systems, Inc.

ABSTRACT

In order to provide for maximum public protection, solar
ponds containing hazardous waste sludge must be emptied
and the contaminated products properly processed for
disposal. ATCOR Engineered Systems, Inc. has designed
and placed in operation one such system for Rockwell
International at their Rocky Flats, Colorado Plant. The
Sludge Processing and Fixation system provided is
designed to remove settled sludge from a 130,000 sauare
foot solar pond and immobilize the waste with cement.
The criteria used in the development of this system was
to meet or exceed the desired process rates while making
the system simple, safe to operate and inexpensive from a
material investment point of view.

INTRODUCTION

The scope of the Sludge Processing and Fixation Facility consisted of
the design, supply and testing of equipment capable of performing the
following processes within the projects critical path time alloted.

1) Sludge Handling
2) Sludge Dewatering
3) Sludge Fixation Using Portland Cement
4) Dry Portland Cement Handling

The task reauired the selection of eauipment to resuspend the settled
sludge, pump it to a settling tank/thickener, and subsequently mix the
sludge with portland cement.

In order to provide minimal installation and testing at the site, we
selected the use of three (3) functional skid assemblies, the Cement
Storage Silo and Transfer Skid, Surge Hopper/Mixer Skid and Thickener
Tank/Sludge Pump Skid. A fourth component selected was a compact pontoon
mounted lagoon pumper equipped with an agitator for settled solids
resuspension. This was selected to traverse the solar pond and feed sludge
to the thickener skid. The skidded assemblies were then installed outdoors
on the solar pond bank and interconnected for system operation start up in
about one week from receipt of assemblies at the site. The preoperational
start-up testing was similarly completed in less than one week. The
following sections of this paper present detailed information relevant to
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the design, system description and operation, start-up testing and
operational performance.

DESIGN CRITERIA

The system design was to have the capability of processing the sludge
at a maximum rate of 6,750 lb/hr. Further, a normal production rate of
5,400 lb/hr was specified. This in turn required process equipment
selection that would feed from 6-12 GPM of sludge and nominally 50 lb/min.
of cement to the mixing unit.

A key element in the initial project evaluation was the size of the
solar pond end the necessary equipment to handle the sludge. Based on the
specified process rates, it was determined that large dredging eauipment
was too expensive and unnecessary. A compact mixer/pumper design that
could traverse localized areas of the pond was selected. Several designs
were investigated including several platform pumpers with floating mixers.
The floating mixer was of adeauate size, however, the pump could only
remove 3-5% solids. The selected lagoon pumper, however, yields a maximum
of 22% solids at a flow rate of 200 GPM. The high solids percentage yield
is accomplished by locating the agitator on the pumping platform directly
alongside the pumping unit, thereby pumping the solids before they have the
opportunity to widely disperse.

In designing the sludge dewatering equipment, both conventional and
plate type thickeners were considered. Although sludge analysis had been
performed on samples by our customer, the lack of a settling curve or a
sample by which to develop a settling curve dictated that the thickener
design be based solely on the settling area requirement set forth in the
specification. For this application a conventional type thickener
utilizing a rake and drive mechanism was selected. Although comparable in
price and size the conventional thickener was chosen because it was not
dependent on particle size, thereby precluding the possibility of plugging.

The criteria used for sludge pump selection were pumping capacity,
percent solids pumped, cost and maintainability. The choices were narrowed
to an air operated diaphragm pump or a positive displacement progressive
cavity type pump. Since both pumps met the capacity and percent solids
criteria, the air operated diaphragm pump was chosen for its low cost and
ease of maintenance. The most likely part to fail on this type pump is the
diaphragm which is inexpensive and simple to replace. Dual pumps are
provided as a complete backup to ensure continuous system operation in the
event of a pump failure.

The cement handling and sludge fixation equipment is designed based on
similar ATCOR equipment applications. It is designed to include a large
storage silo from which smaller controlled volumes can be batched to the
smaller surge bin for use in the fixation process. The sludge fixation
equipment was chosen for its low cost, maintainability and processing
capacity. The control system for the cement system is semi-automatic. The
transfer system is designed to automatically transfer a predetermined
volume of cement upon receipt of a low level signal in the surge hopper.
The remainder of the cement system controls are manual.
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SYSTEM DESCRIPTION AND OPERATION

The final system configuration is as shown in Figure 1. The system
consists of three (3) individual, interconnected skid assemblies plus the
logoon pumper remotely traversing the solar pond. Each skid unit was
completely fabricated, pre-piped and pre-wired prior to shipment and
installation at the jobsite. Interconnect piping and wiring was completed
at the jobsite prior to placing the equipment into operation.

The first step in the process is to resuspend and remove the settled
solids from the pond. This is accomplished through the use of the pontoon
mounted lagoon pumper/agitator assembly, which is deployed on the pond to
transfer the accumulated sludge to the thickening tank. The unit consists
of the flotation platform, pump, agitator, pump and travel controls, hoses
with flotation devices and power cable to provide remote control
capability. Since the solar pond is lined with a petromate liner, which
must not be damaged the lower end of the pump and agitator assembly is
eauipped with a roller wheel to prevent contact of the pump or agitator
with the liner.

Figure 1.
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The pumper platform flotation is provided by 26 inch diameter foam
filled polyethylene shells. The pontoon ends are tapered to provide easy
movement through even-crusted sludge beds and will not damage the pond
liner. The pump is a 200 GPM vertical wet well sump pump incorporating a
positive chopper system to ensure that any large particles entering the
pump suction are completely shredded before discharging through the hose
where plugging could occur.

The platform is also equipped with electric winches for both traversing
the pond and adjusting pump and agitator depth. The platform is indexed
across the pond on the electric cable winch assembly. Lateral indexing and
tensioning of the winch cable is accomplished manually using cable jacks
located at four co"<"ners of the area to be dredged. Lateral movement is
accomplished by playing out and pulling in cable at the appropriate jack.
A similar cable winch assembly is used for depth control or the pump and
agitator assembly. This assembly allows pumping to a maximum depth of 10
feet. The pump discharges the sludge through a floating hose assembly to
the sludge thickening tank where it is allowed to settle for eventual
processing. Overflow waste from the settling tank is directed back to the
pond through an adjustable overflow weir/trough assembly.

The sludge dewatering tank is a 25 foot diameter tank with a standard
Type A bridge support thickener. It includes the feedwell, Type A drive
head mechanism, shaft and rake mechanism. The sludge is received in the
centrally located feedwell to minimize peripheral settling of the solids.
The settled solids are discharged through the bottom center discharge cone
which is equipped with a scraper to prevent plugging. The rotating rake
mechanism forces the outer settled solids to the center discharge. The
discharge is received by two (2) air operated diaphragm pumps. The pumps
are designed to routinely handle high solids concentration slurries to a
maximum 75%. The pumps are equipped with a solid state timer for cycle
control and a 3-way air solenoid valve. The pump discharge is directed via
interconnect piping to the mixer which is located on the Surge Hopper Skid
to be mixed with cement.

The cement handling equipment consists of a 50 ton Storage Silo, Surge
Hopper, Pneumatic Transfer System, Controls System and associated dust
control equipment. The Storage Silo receives bulk deliveries of cement
»vhich may then be transfered in batches via the pressure tank to the Surge
Hopper. Upon sensing a low level signal in the surge hopper the transfer
system automatically fills and transfers a prescribed volume of cement to
the smaller surge hopper. Located at the Surge Hopper discharge is a 6
inch rotary airlock feeder which is used to meter the required amount of
cement to the mixer for blending with the sludge.

The sludge fixation equipment is a pug mill tvpe mixer. It receives
the feeds of sludge and cement and blends the two to produce a homogenous
mixture at the discharge. A diverter valve was incorporated at the
discharge to allow filling a second container without shutting do«/n the
system.

The controls system is basically designed for all manual operations
dth the exception of the cement batch transfer system which is automatic.
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The controls are located such that all eauipment is controlled from one
central location without the need to go to individual skid assemblies to
operate its associated eauipment. The controls are based on simple relay
contol logic, while incorporating sufficient control instrumentation to
ensure safe, trouble free operation.

SYSTEM TESTING AND START-UP

Prior to system delivery to the jobsite an in shop demonstration of
the system was performed, to test and verify the eauipment operation and to
observe the full scale solidification process. The test was run using a
simulated sludge with physical and chemical characteristics closely
approximating that to be removed from the actual solar pond. It was
impossible to include the thickener tank in this test due to its size,
therefore, a temporary sludge tank was used for the simulation. Another
difficulty encountered was the size of the cement silo, however, it was
decided that this eauipment was necessary in order to effectively test the
batch transfer eauipment.

After the equipment set up was complete the first phase of the test
program was to test run the sludge pumps and to accurately set the required
flow rate. Preliminary testing showed that accurate setting of the pump
cycle controls was critical due to the possibility of surges from the
discharge pulse. Surges were essentially eliminated by setting the
controls for a short intake pulse and a long discharge pulse. This
resulted in a relatively constant flow of material at the mixer inlet.

The next phase of testing involved the cement handing eauipment. A
short test was run to verify the operation of the pneumatic transfer
system. After the surge hopper was filled with cement a flow curve was
generated for the rotary airlock feeder and the correct cement flow rate
was set.

The final phase of the testing was to operate the system using a
simulated sludge mixture supplied by the customer. This phase revealed a
potentially serious problem in the mixing unit. The material stay time in
the mixtr was too short to allow for proper mixing of the sludge and
cement. A coating of cement was forming on the bottom surface of the
trough and the sludge was simply running through the mixer to the container
without mixing. To correct this problem an adjustable weir plate was
installed on the discharge of the mixer. This increased the stay time in
the mixer by allowing it to operate with the trough approximately one-half
full. The overflow directed to the drum was found to be a consistently
homogeneous mixture with no lumps. This test completed the shop phase
testing.

After installation completion at the Rocky Flats Site a start-up test
was performed to verify operation using the actual pond sludge. All
eauipment operated satisfactorily and testing was successfully completed.
One delay however did occur due to lumps of cement appearing in the cement
transfer vessel resulting in plugging of the discharge pipe. It was
determined after a brief investigation that air from the transfer blower,
being directed to air pads in the silo to aid in fluidizing the cement, was
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the cause. The blower suction was located directly alongside the pond
causing very moist air to be compressed for use. An inlet dryer was
installed and the problem corrected. After final acceptance the system was
immediately placed into operation to begin solar pond cleanup.

The following figures depict the equipment as operationally installed
at the facility.

SUMMARY AND CONCLUSIONS

The Sludge Processing Facility at Rocky Flats has been in operation
since February 1985 without any reported problems or delays in the solar
pond cleanup project. It was reported that the system is being operated at
maximum capacity and that the process of sludge disposal is significantly
ahead of schedule. This is of interest in that the initial project was
expediously delivered on time to meet the overall project commitments.

The ATCOR Sludge Processing Facility was designed, fabricated, tested
and delivered on schedule and within the alloted budget. The original
criteria to develop an efficient, simple to operate yet relatively
inexpensive system was met by incorporating known technologies and
equipment and by selecting the proper equiment for the project. The
compact lagoon pumper proved to be a significant addition to the system
eliminating the need for large, costly dredging equipment. The system has
met or exceeded all design criteria as demonstrated over this period of
operation.
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Figure 2. Lagoon Pumper as viewed from Thickener Tank

Figure 3. Arrangement of Sludge Fixation Equipment
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Figure 4. Sludge Thickener/Settling Tank and Sludge Pumps
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ABSTRACT

The separate treatment of the solvent wash alkaline waste
(ASWW) from the other low-and medium—level liquid wastes
generated during reprocessing operations has been
investigated through the development of three alternative
processes dealing with solvent extraction, chemical
precipitation combined with ultrafiltration and inorganic
ion exchange. On the basis of lab-scale experiments
performed on the same genuine ASWW sample, a comparison
has been made between the respective performances of each
of these processes in terms of selectivity, decontami-
nation and volume reduction factors. From this assessment,
it evolved that solvent extraction and chemical
precipitation combined with ultrafiltration processes are
good competitors for implementing such kind of treatment
although for the alpha DF, solvent extraction appears more
flexible. To be really attractive, inorganic ion exchange
should exhibit better VRF and DF possibly by pretreating
the ASWW.

INTRODUCTION

During reprocessing of irradiated fuels, various low- and medium-
level liquid wastes are generated. As some of them are salt-laden and
moreover contain noticeable alpha-activity, treatment and conditioning
may increase the final volume of waste considerably. Therefore, in
certain management schemes there may be an economic benefit in
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segregating the various streams, thus reducing the volume of alpha
bearing wastes. Besides, alkaline waste streams are known to present a
major source of Pu losses. In such a context new processes for the
treatment of the Alkaline Solvent Wash Waste (ASWW) arising during
tributylphosphate (TBP) clean-up were investigated in the frame of the
second R and D programme on radioactive waste management of the
Commission of the European Communities (CEC).

These processes developed in parallel on simulated ASWW in three
different laboratories deal with solvent extraction (ENEA Casaccia),
chemical precipitation combined with ultrafiltration (AERE Harwell) and
inorganic ion exchange (CEN Cadarache). However, in order to compare
their respective decontamination performances or a similar basis, each of
these treatment processes was finally tested on samples of identical
genuine ASWW generated during reprocessing operations at La Hague. These
experiments were performed in the hot-cells of the CEN Cadarache under
the co-ordination and sponsorship of the CEC.

WASTE CHARACTERISTICS

Basically the main chemical components of the ASWW are sodium
nitrates and carbonates as quoted in Table 1. However, its main feature
is the presence of TBP degradation products which are known to exhibit
retention properties towards polyvalent radionuclides (ref /I/). In this
respect, about 140 mg/1 of dibutylphosphoric acid (DBP) were determined.
For lack of a simple and efficient analytical method, the monobutylphos-
phoric acid (MBP) concentration in the genuine ASWW could not be
measured. However, based on literature data (ref /I/), it is expected
that the DBP/MBP ratio is likely to be < 10. It must be stressed that the
sample of ASWW used for these experiments arose from one campaign of
reprocessing of natural uranium fuel from a graphite gas reactor. If the
ASWW sample had resulted from LWR reprocessing, a much higher (by a
factor of 5) content of TBP degradation products as well as increased
alpha and beta-gamma activities, on average by factors of 6 and 13
respectively, would have been recorded (ref 111). Visually, the ASWW
sample used for these experiments appeared as a clear yellow solution.
However, this waste type proved to be chemically very unstable since pH
variations entail significant precipitations of radionuclides (about half
of the actinides and one third of the ruthenium in case of pH adjustment
to 7).

AIM OF THE SEPARATE TREATMENT OF THE ASWW

Depending mainly on the discharge limits associated with a site and
the options available for disposal (e.g. in deep geological formation,
shallow land burial ...) many management scenarios (see ref /2/ and /3/)
can be envisaged for the low-and medium—level liquid wastes arising
during fuel reprocessing (e.g. segregation at source, common treatment by
chemical precipitation, evaporation, interim storage . . . ) . The processes
investigated in this study aimed at a separate treatment of the ASWW with
a view to its disposal in shallow land burial instead of deep geological
formations. Such an approach fits into a new management scheme involving
a separate treatment of the main alpha bearing streams in order to
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decrease as much as possible the volume of alpha waste to be disposed of
in geological formations. In such a context, assuming that the basic
treatment/conditioning procedure consists of chemical precipitation
followed by conditioning of the resulting sludges into bitumen and
considering on the one hand that the disposal criteria. defined for
shallow land burial limit to max. 3.7, GBq.t" (0.1 Ci.t" ) the alpha
specific activity of the waste products , and taking into account on the
other hand the alpha content of the ASWW (see table 1), an alpha deconta-
mination factor (DF) of at least 160 should be reached.

TABLE 1. CHEMICAL AND RADIOCHEMICAL COMPOSITION OF THE ASWW

Na+

K+

C a ^

Mg"^

F e " ^

c°r
H C 0 3 ~

N0 3"

N0 ?~

- 4 "

Chemical composition (mg/1)

16400

2.8

13.7

7.5

15600

4900

6900

1000

114

MBF not measured

DBP 140

TBP 65

pH 10.4

Radiochemical

Sr89+90

Ru 1 0 6

Sb 1 2 5

C s 1 3 4

Cs 1 3 7

Np

„ 238Pu

T, 239Pu

r> 240
Pu
A 241Am

u 2 3 8

composition (KBq/1)

490

335.103 + 23.103

7.200 + 1200

1500 + 500

6800 + 900

430

2100

3500

3500

40

42

TEST PROCEDURES

Based on flow-sheets set-up on simulated ASWW (see ref /5/ /6/ and
171), the decontamination tests performed on the real ASWW samples
involved the use of 10 to 10 000 ml of waste solution depending on the
process implemented.

Solvent extraction process

Batch extraction tests were carried out by stirring a few ml of ASWW
with a new organic solvent keeping the phase ratio 0/A equal to 1. This
new solvent developed by ENEA Casaccia was composed of 0.1 M tributyl-
acetohydroxamic acid (TBAH)(see Fig. 1) in diethylbenzene containing
10%-vol. of octanol 1. For back extracting plutonium from the organic
phase, a 0.35 M oxalic acid solution was used. These tests consisted of
determining the distribution coefficients of the main radionuclides in
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the different basic steps of the treatment process (extraction kinetics,
back extraction and solvent clean-up).

Combination of chemical precipitation with ultrafiltration

Ihe ultrafiltration (UF) membrane used was a Carbosep tube with a
filtering length of 110 mm. The membrane test section was fitted into
a circuit shown schematically in Fig. 2. Each UF experiment involved
approximately 500 ml of ASWW. Before the ASWW was pumped around the UF
loop (by a glandless magnetically coupled gear pump of variable speed) ,
pH adjustment and possibly addition of precipitants (i.e. titanium
hydroxide and copper ferrocyanide) took place. The pressure and flow-rate
in the circuit were controlled by adjusting the ball valve fitted down-
stream of the membrane and by varying the pump speed. Ultrafiltration
tests were performed at a pressure of 2 bar and at a recirculation flow
of approximately 1 1/min. A permeate volume of approximately 300 ml was
collected during each of the experiments. Samples of the feed liquor,
concentrate and permeate of each experiment were taken for radiochemical
analysis.

Inorganic ion exchange

For testing a selection of inorganic ion exchangers for ASWW treat-
ment, two different column experiments were carried out implying first a
battery of three columns respectively loaded with active charcoal,
titanium oxide (prepared via a sol-gel process according to the Agip/ENEA
procedure (ref /8/) and zeolite (IE 96), the other one involving only
two columns of titanium/iron oxides, also prepared via the Agip/ENEA
procedure. Prior to passing down through the bed, the ASWW was submitted
to a pH adjustment step if necessary. Each column was loaded with 10 ml
of bed volume of inorganic ion exchanger. One thousand bed volumes of
ASWW were percolated through each column using a 50 ml/h flow-rate and
breakthrough curves were plotted for the main radionuclides.

RESULTS

Solvent extraction tests

Compared with the previous experiments performed on simulated ASWW,
extraction kinetics of Pu from genuine ASWW in 0.1 M TBAH were found to
be slightly less efficient: to reach the steady state about 60 min stir-
ring time appeared necessary for real waste against 40 min for the simu-
lated ASWW. This was attributed to differences of the stirring equipment.
However, as indicated in table 2, the distribution coefficients measured
for the main radionuclides containing ASWW showed a noticeable selecti-
vity of this new solvent towards plutonium even in a strong complexing
and alkaline medium. This table also indicates that plutonium is readily
back extracted from the solvent using oxalic acid (ref /5/).

Based on simulated experiments, Zr/Nb and trivalent actinides/rare
earths were shown to behave similar to plutonium with these differences;

the extraction kinetics of Zr are slower and that Nb is poorly back
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extracted by oxalic acid. This should not affect the rer.vcling of the
solvent taking intc account the extreraelv lnv content of niobium ir the
•wr.Fte solution. Therefore, it is expected that by operating continuous;
counter current extraction and back extraction cycles, hiph alpha DF'n
should b<= achieved unlppp inextractable chemical forms of plutoniun r,re
"resent in solution.

TABLE 2. DISTRIBUTION COFFFTCIENTS (contact rime: 60 min)

1

System

ASWW/0.1 M

0.35 M H0C
0.1 M TBAH

TBAH

„ 239-240
Pu

140

8 x 1O~4

radionuclide

Ru

1.4 x 10"2

sb I ? 5

9 x 10~2

Cs 1 3 7

< 10"^

In this correction, the already exhausted aqueous phasep resulting
from the preceding batch extraction tests were submitted to another
extraction with fresh solvent. This shewed that the residual plutonium ir.
the ASWW w?r still largely extractable since Pu losses lover than 0.1/
were finally found in the ASWW leading to an overall alpha DF of about

icon.

Combination of chemical precipitation with ultrafiltration

As quoted in Table 3, direct ultrafiltration of the ASWW gave very
poor DF's for Pu, Ru and Sb confirming thereby that most of these radio-
nuclides are present in soluble chemical forms. Destruction of carbonate
complexes by operating at pH 5 only improved the Pu removal to 50Z. This
probably results from the fact that significant amounts of Pu are com-
plexed by the TRP degradation products. Actually, in order to achieve
alpha DF's higher than 160, the addition of precipitants (titanium
hydroxide and preformed copper ferrocyanide) is necessary. Tt is worth
noting that under these operating conditions, most of the Cs is carried
over by the precipitate. Likewise, it seemed that beyond a certain
concentration of precipitants, there is no significant improvement in
plutoniur> removal (ref /6/).

Inorganic ion exchange

With respect to the first decontamination test consisting of perco-
lating the ASWV successively through three columns respectively loaded
with active charcoal (for removal of TBP degradation products), titaniim
oxide (for removal of plutonium and antimony) and zeolite TE 96 (for Cs
separation), only the Cs removal proved to be quite efficient (Cs DF 70
tip to 600 bed volumes). For Pu removal, as shown in Fig. 3, maximum alpha
DF's of 15 were recorded. Moreover a constant decrease of the efficiency
of the columns was noticed with the number of bed volumes which was
passed. Therefore such a treatment process was quite unsuccessful with
respect to the required alpha D.F.
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This low efficiency of inorganic ion exchangers towards actinide
removal confirms the detrimental effect of organic complexants (TBP
degradation products) on the process performance. The effect was even
more pronounced at lower pHf (decrease of the Pu and Ru activities by a
factor of about 5 in the ASWW solution when this is contacted with active
charcoal at pH 1.5 or 4).

As the presence of iron oxide was claimed in literature (ref /9/ and
/10/) to favour plutonium and ruthenium retentions a second decontamina-
tion test was carried out changing the operating conditions. To this end,
the ASWW was passed through two columns loaded with titanium oxide mixed
with 10% iron oxide after pH adjustment to 7. As shown in Fig. 4 the
presence of iron improved the decontamination factor somewhat (20 instead
of 15). Unexpectedly the second Ti0?/Fe?0_ column exhibited better
retention properties for Pu since the initial vF was shown to increase by
a factor of 7. This phenomenon might be attributed to a possible effect
of the TiO /Fe 0 particles on the plutonium valency state in favouring
the occurence ofru(IV).

Unfortunately this positive effect progressively decreases with the
number of bed volumes treated so that an overall alpha DF drops to 25
after 850 bed volumes.

TABLE 3. ULTRAFILTRATION PERFORMANCE DURING ASWW TREATMENT

pH/Stirring time
(h)

10-10.5/1

5/1

4.5/1
50ppm Ti(OH)^

7/1
50ppm Ti(0H)4

7/64
50ppm Ti(0H)4

7/17
50ppm Ti(OH)
lOppm Cu Fe(CN)6

7/17
lOOppm Ti(OH),
20ppm Cu Fe(CN)ft

Decontamination factor

_. 239-240
Pu

1.2

2.0

3.7

24

31

: 173

225

_ 106Ru

1.1

1.3

1.4

1.4

1.4

1.3

1.4

sb 1 2 5

1.6

1.1

2.7

1.3

1.5

1.3

1.4

Cs 1 3 7

1

1

1

1

1

28

56

Permeability
m/bar/d

1.14

1 1.49
t
I

1.70

i

1.78

1.82

1.82

1.78
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Although an overall alpha DF of 160 can be achieved by limiting the
number of bed volumes treated to about 300, the implementation of such n
treatment process appenrp difficult first because the pH adjustment to 7
leads to significant Pu and Ru precipitation and thereby to appreciable
volumes of secondary wastes and then because of the absence of a distinct
threshold in the breakthrough curves.

In contradiction with literature data, the presence of iron oxide in
the titanium oxide column did not significantly improve the ruthenium
decontamination which remained very low (ref 111) (at maximum an overall
Fu DF of 1.8 was achieved after 200 bed volumes passed through the two
columns).

CONCLUSIONS

Each of these new treatment processes for the decontamination of the
ASWW was successful in achieving an alpha DF of at least 160. However
their respective performances differ considerably in terms of selectivity
and volume reduction.

The solvent extraction techniques gave both high distribution
coefficient for plutonium and a rather high selectivity which should
permit recovered Pu to be recycled into the reprocessing plant without
any further purification step. The occurrence of non extractable Pu
chemical forms in the ASWW was proved to be insignificant (less than 0.1%
o^ the Pu inventory) so that overall Pu DF > 1000 should be achieved in
continuous extraction without major difficulty.

Recause noticeable amounts of the Pu containing ASWW are likely
complexed with TBP degradation products, direct ultrafiltration of this
waste proved unsuccessful. Addition of precipitants like titanium hydrox-
ide and copper ferrocyanide prior to UF treatment led to the achievement
of an alpha DF of 225 without generating large volume of sludges demon-
strating thereby the effectiveness of the membrane. However higher DF's
probably require more efficient precipitants. The main drawback of this
process lit? on its poor selectivity which confers a high gamma activity
to the precipitate (presence of Cs-137 and Sb-125) while the ASWW still
contains significant amounts of Sb-125 and Ru-106. This should be solved
by using more selective precipitants.

The most sensitive treatment process to chemical and/or ionic forms
of plntonium appeared to be the inorganic ion exchange for which a suffi-
cient alpha DF is only attained by installing several bed columns of
TiC/Fe-O- in series. Due to the precipitation of nearly half the acti-
nides during pH adjustment, the overall volume reduction factor appears
quite low. Likewise taking into account the complexity of the further
conditioning of the loaded exchangers, this process could not compete
with the two former ones for this specific application. However, it is
thought that much better performances should, be achieved.by setting-up a
suitable pretreatment aiming at favouring Pu ions in the waste solution
at pH 10.4.
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ABSTRACT

EPRI has sponsored a technical program with the objective
of improving radwaste ion-exchange processes to reduce
costs associated with ion-exchange materials replacement
and disposal. This program applied a methodology of waste
characterization, resin selection, and bench and pilot
column testing to identify and demonstrate the technical
and economic feasibility of an alternative treatment
process. All column testing was performed at the site
using actual plant radwaste liquid. This process used a
combination of zeolite and organic exchange media to
successfully treat aerated waste liquid at the Millstone
Nuclear Station. The ion-exchange materials used in
testing are non-proprietary materials available in good
supply and at reasonable cost. This paper discusses the
methods used to identify improved processing. These
methods will be useful to radwaste operators for selecting
and testing their own ion-exchange materials.

INTRODUCTION

Nuclear plant radwaste operators are currently seeking to reduce the
volume of solid wastes shipped for burial. The increasing cost of waste
burial and the need to remain within an annual burial space allotment have
stimulated the need for improved volume reduction.

Improving volume reduction performance of radwaste liquid ion-exchange
processes addresses this issue. Increasing the volume of waste treated per
volume of ion-exchange media used translates into reduced costs for ion-
exchange media replacement and disposal. Greater efficiency for treatment
of waste liquid may also prevent costly reprocessing needed to achieve
required effluent discharge limits. In addition, the replacement or partial
substitution of evaporators by efficient ion-exchange processes may also
reduce solidification and equipment maintenance costs.
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The Electric Power Research Institute (EPRI) has responded to and
addressed the nuclear industry's need for reducing waste liquid processing
costs by sponsoring a technical program. The objective of this program is
to reduce the costs associated with the ion-exchange processing of waste
liquids. Results of this program on waste stream characterization and
on-site column testing have been presented previously (1-5). Emphasis is
given to selecting non-proprietary commercially available ion-exchange media
in good supply and at reasonable cost.

This paper presents the methods used to identify and demonstrate an
improved alternative process based on a waste analyses and column testing
performed at the plant site using actual radwaste liquid. Steps outlined
in this paper are intended to illustrate the "how to" for utilities to
select and test their own ion-exchange materials.

EFFLUENT CRITERIA

The required effluent quality was examined prior to the laboratory
evaluation of improved ion-exchange processes. For the subject pressurized
water reactor (PWR), effluent limits existed on pH, suspended solids, and
boron. Radiochemical limits have been established in 10 CFR 20, Table II
and 10 CFR 50 Appendix I. Since the chemical limits are readily achievable
for this system, the focus was on the selective removal of radiochemical
species from the waste.

Waste liquid collected from a system of sumps and drains (aerated waste
system) and stored in a holdup tank. This liquid is filtered and subse-
quently processed by ion-exchange. The ion-exchange vessel in use has a
resin volume of 40 cubic feet, containing a proprietary layered configu-
ration of organic resins. The plant operators also had an option for using
a secondary portable ion-exchange system placed downstream of the primary
vessel to provide additional capacity. Processed liquid waste is stored in
a monitor tank and assayed for pH, boron, suspended solids, and radio-
nuclides. The contents of this tank are diluted with condenser cooling
water and released in compliance with both chemical and radiochemical
limits.

ANALYSIS OF PROCESS STREAMS

Knowledge of the individual components of the waste stream is essential
prior to initiation of ion-exchange testing. Chemical and radiochemical
analyses on the aerated waste liquid were performed in this program and are
summarized in Tables I and II, respectively. Generally, these wastewaters
had a median pH of 6.8. The primary cation species was sodium. The primary
anionic contributions were from chloride and alkalinity (bicarbonate,
carbonate, free hydroxide). The median dissolved solids concentration was
1.2 meq/1.

The radiochemical species shown in Table II have concentrations that
are many orders of magnitude below the chemical species, yet their removal
from the waste liquid is the primary objective of the waste treatment
system. The mechanism for removal of key radiochemical species also
depends, in part, on the chemical form. Cesium is predominantly a soluble,
cationic species. Iodine may be in the iodide, elemental iodine, iodate or
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complexed iodine form. Less than 1% of the total activity for cesium or
iodine nuclides was found in solids retained by a 0.45-micron f i l t e r .
Cobalt may be present as a cation, weakly charged colloidal species, or in
an insoluble form. This study has indicated that up to 50% of the cobalt-58
and cobalt-60 activity may be retained on a 0.45-micron f i l t e r .

TABLE I. SUMMARY OF WASTE LIQUID CHEMISTRY

pH
Conductivity
Suspended Solids

Cations, meq/1
Lithium
Sodium
Calcium
Magnesium
Iron

Anions, meq/1
Chloride
M-Alkalinity
Sul fate
Nitrate

Other, ppm
Boron
Silica
TOC

Minimum

5.9
77 S/cm
7 ppm

0.009
0.17
0.13
0.03
0.01

0.23
0.66
0.03
0.01

5
3.7
3.2

Median

6.8
166 S/cm
8 ppm

0.009
0.65
0.36
0.17
0.03

0.39
0.68
0.23
0.06

41
3.8
3.7

Maximum

7.0
415 S/cm

17 ppm

0.014
2.6
0.49
0.55
0.06

2.3
0.70
0.42
0.07

64
5.9
5.9

TABLE II. SUMMARY OF WASTE LIQUID RADIOCHEMISTRY

Chromium-51
Managanese-54
Cobalt-58
Cobalt-60
Iodine-131
Cesium-134
Cesium-137

3.0E(-6)
2.1E(-6)
l.lE(-4)
6.6E(-5)
6.2E(-5)
2.3E(-4)
3.4E(-4)

Microcuries/gm

1.4E(-4)
1.8E(-5)
8.0E(-4)
2.5E(-4)
1.8E(-4)
1.0E(-3)
1.5E(-3)

9.6E(-4)
8.6E(-5)

• 6.0E(-3)
4.1E(-3)
4.2E(-4)
2.5E{-3)
3.6E(-3)

ION-EXCHANGE MEDIA SELECTION

Over f i f t y organic and inorganic ion-exchange materials were selected
for testing. Preliminary batch equilibrium tests followed by 0.5-Inch I.D.
by 6-inch high column tests reduced the number of candidate ion-exchangers
to fewer than 12. These materials were used for 1-inch I.D. column testing.
Plant radwaste liquid was used for al l Ion-exchange materials tested.
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Table I I I summarizes the component mater ia ls selected for the 1-inch
column tes t i ng . Two vendor-suppled mixed beds were also tested.

TABLE I I I . ION-EXCHANGE MATERIALS SUMMARY

Cation Exchangers

- Macroporous, Nuclear Su l fon ic , 12X e f f ec t i ve crossl inked
- Gel, Nuclear Su l fon ic , 8% e f f ec t i ve crossl inked

- Large-port mordenite ( zeo l i t e )

Anion Exchangers

- Macroporous, Quaternary Ammonium, Styrene-DVB
- Gel, Quaternary Ammonium, Acrylic-DVB
- Weak Base, Gel , Epoxyamine
- Weak Base, High Capacity (3.5 to 3.8 meq/ml)

COLUMN STUDIES

One-Inch I .D. Column Testing

The ob jec t ive of these tests was to obtain comparative radwaste l i q u i d
throughput capaci t ies on mixes of ion-exchange mater ia ls summarized in Table
I I I . Columns in t h i s study were operated to radiochemical exhaustion f o r a
key nuc l ide , i . e . , cobal t -60, iod ine-131, and cesium-137.

Each column had an act ive bed depth of 9 inches. Twelve columns were
operated simultaneously. The f lowrate to each column was 12 column
volumes/hr. Samples of the feed and e f f l u e n t were acquired a t regular
i n te r va l s and gamma i s o t o p i c a i l y analyzed. An automated data acqu is i t i on
system recorded e f f l u e n t conduc t i v i t i es every hour.

Typical radwaste chemistry data l i q u i d used fo r these tes ts was

pH = 7.3 to 7.6,
Conductivity = 400 to 800 S/cm, and
Sodium = 50 to 100 ppm.

Leakage curves (eff luent act iv i ty as a percent of inf luent act iv i ty
versus column volumes) were generated for cobalt-60, iodine-131, and
cesium-137 for each column tested. These data were compared for each column
to identi fy an improved ion-exchange process. Several findings are
discussed below.

Figure 1 compares the effect of layering versus mixing strong acid
cation and strong base anion 1:1 by volume. These data show no signi f icant
advantages of one configuration over the other for removing cobalt-60,
iodine-131, or cesium-137. Column effluents exceeding 100% leakage were
observed for both cesium-137 and cobalt-60. These data prove that plant
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ion-exchange systems can increase the waste stream nuclide activity if not
removed from service at lower leakage levels.

Effluent Cobalt-60 as % of Influent Effluent Iodine-131 as X of Influent

400 600 800
Column Volumes

1000

100%

MC/MO Mi UIM»

160

120

80

40

Effluent Cesium-137 as

, o 1:1 vc/m m
14 1:IBC/»K A
>• i.i uc/m \*mm A \ J v
\ » mrmm m umm /T XV~-

J^i^S 1 1

)t of

*> .

Influent

1

= — — — —

200 400 600 BOO 1000 1200 1400
Column Volumes

200 400 600 800
Column Volumes

1000

Figure 1. Comparison of Mixed and Layered Beds. Beds 1 and 2 are 1:1 by
volume SAC and SBA mixed, bed 3 is layered SAC/SBA, bed 4 is layered
SAC/mixed bed (1:1 Equiv.)

Figure 2 compares the effect of added cation resin, mixed and layered.
The 1:1 by volume mixed bed showed improved cobalt-60 and iodine-131 removal
for the first 600 column volumes compared to a 2:1 ratio of the same ion-
exchange materials in mixed and layered modes. Subsequent to this point,
both 1:1 and 2:1 column leakage becomes equal for cobalt-60. However, the
1:1 mixed bed had increased leakage of cesium-137 compared to the 2:1 beds.

Effluent Cobalt-60 as X of Influent Effluent Iodine-131 as X of Influent

400 600 800
Column Volumes

1000

20

100X

Effluent Cesium-137 as % of Influent

TO 1:t HC/IU Ml
» . M IK/W Ml
V> 1-1 UC/SM I*
aH 1:1 UC/SH W
JK 11 UC/SM M

200 400 600 800 1000 1200 1400
Column Volumes

400 600 800 1000
Column Volumes

Figure 2. Effect of added strong acid cation resin, mixed and layered.
1 is mixed 2:1 by volume SAC/SBA; beds 2, 3, 4, and 5 are 2:1 by volume
SAC/SBA.

Bed

Figure 3 shows a comparison of strong acid cation resin with the large
port mordenite (zeol i te) . Both materials are mixed with an equal volume of
strong base anion resin. The leakage trends for both columns are similar
for cobalt-60 and iodine-131. A 10 % leakage of cesium-137 was reached at
300 column volumes for the cation resin and at 6000 column volumes for the
zeol i te. Increased select iv i ty for cesium-137 of the zeolite over strong
acid cation resin is indicated for these tests.
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Effluent Cobalt-60 os R of Influent Effluent Iodine-131 os % of Influent

200 400 600 BOO 1000
Column Volumii

Effluent Cesium-137 os X of Influent

200 400 600 BOO 1000 1200 1400
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Figure 3. Comparison of strong acid cation resin with zeol i te. Bed 1 is
mixed 1:1 by volume SAC and SBA; bed 2 is mixed 1:1 by volume zeolite and
SBA.

Figure 4 i l lust rates the effect of substituting a weak base anion resin
for a strong base anion resin in a 1:1 by volume mixed bed that uses strong
acid cation resin. The leakage data for cesium-137 and cobalt-60 for both
columns are similar. The mixed bed with strong base anion resin demon-
strated lower leakage of iodine-131 than the corresponding bed with weak
base anion resin.

Effluent Cobalt-60 os % of Influent Effluent Iodine-131 as % of Influent Effluent Cesium-137 as % of Influent

200 400 600 BOO
Column Volumes

1000 2000 3000
Column Volumti

200 400 600
• Column Volumti

Figure 4. Comparison of weak base with strong base anion resin. Bed 1 is
mixed 1:1 by volume SAC and SBA; bed 2 is mixed 1:1 by volume SAC and WBA.

Three-Inch I.D. "Pilot Plant" Column Testing

This phase of testing was the culmination of the program. The
objective of the pilot plant tests was to develop process technical and
economic data that can be used to assess the improved system performance.
These tests used the results of the 1-inch column studies. The pilot plant
was designed to maintain process operating conditions record pertinent data,
and operate with only minimum attention of plant personnel.
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The system had two main components. One was a portable skid containing
three "quick-connect" ion-exchange columns with associated process pumps,
piping, filters, and sampling ports. The columns were 3 inches I.D. by 28
inches high, with an active bed depth of 24 inches. The physical length of
the column permitted convenient storage in a shielded 55-gallon drum. The
second component was an automated data acquisition system that recorded
process temperatures, differential pressures across filters and beds,
influent and effluent conductivities, effluent pH, flowrates and total
volume of radwaste liquid processed.

Two tests were performed using the basic configuration shown in
Figure 5.

10
Micron
Filter

Sample Sample Sample

Figure 5. Schematic of Pilot Plant Test Columns.

A summary of the ion-exchange and adsorbent materials selected for
pilot plant testing is given in Table V.

TABLE V. SUMMARY OF PILOT PLANT ION-EXCHANGE MATERIALS

Adsorbent: Activated Carbon

Cation
Exchangers:

Am'on
Exchangers:

Large-Port Mordenite
Granular
Sodium form
20/50 mesh

Type 1 Gel B
Styrene DVB Bead
Hydroxide form
30/60 mesh

Strong Cation A
Sulfonic
Macroporous
Bead
Hydrogen Form
12% crosslinked
16/40 mesh

Type 1 Gel A
Styrene DVB Bead
Hydroxide form
16/40 mesh

Strong Cation B
Sulfonic
Gel
Bead
Hydrogen Form
8% crosslinked
30/60 mesh
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The f i r s t test consisted of three beds of activated carbon, large-port
mordenite, and standard mesh mixed resin (1:1 by volume cation to anion) in
series. Each bed contained 0.09 cubic feet of material. In the second
test, a commercially available fine-mesh (30/60) mixed bed (1:1 by volume)
resin was substituted for the standard resin. The fine-mesh resin was not
available for the 1-inch column testing.

The radwaste l iquid feed flowrate was established at 2 gpm/cu. f t . and
4 gpm/sq. f t . for these tests. Samples of the feed and eff luent were taken
and analyzed by gamma spectroscopy.

Table VI summarizes the results of the radwaste ion-exchange p i lo t
tests.

TABLE VI. SUMMARY OF RADWASTE ION-EXCHANGE PILOT PLANT TESTS

Nuclide

Co-60

1-131

Cs-137

Exchanger

System
Std. Mesh

System
Fine Mesh

Mixed Bed
Std. Mesh

Mixed Bed
Fine Mesh

Synthetic
Mordenite

Column
Volumes

5,700

5,700

5,700

5,700

>ll,500

Endpoint
Leakage

2%

10*

10%

<10S

<0.3«

Final Act.
Ci/g

1.5E(-4)

7.6E(-5)

3.0E(-6)

<1.0E(-6)

<2.9E(-6)

Changes in the cobalt-60 and iodine-131 feed activities were
experienced during the testing. To compare performance between the two
runs, ion-exchange system isotope loadings were calculated and are
summarized in Table VII. The Test 1 system received a greater nuclide
loading due to increased cobalt-60 activity in the waste feed.

Test

1

2

TABLE VII. PILOT

Co-60 (uCi)
Influent Retained

88,310 77,950

47,000 44,850

PLANT ISOTOPE LOADING

1-131
Influent

870

189

(uCi)
Retained

>857

>177

SUMMARY

Cs-137
Influent

16,155

14,697

(uCi)
Retained

>16,125

>14,667
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PROCESS EVALUATION

A preliminary cost analysis for the alternative ion-exchange process
based on a combination of zeolite and organic ion-exchange materials has
been given previously (4,5). This analysis indicated the cost for
ion-exchange materials replacement and disposal using the improved system
may be reduced by 60% to 75% for this plant.

Cost savings for ion-exchange materials replacement and disposal are
anticipated to be plant specific due to differences in waste chemistry. In
addition, the estimated cost savings above may be conservative due to the
relatively large quantities of activated carbon included for disposal. The
activated carbon does not contribute significantly to the volume reduction
and increases the transportation and burial costs.

FUTURE TESTING

EPRI is currently conducting a full-scale demonstration of an improved
radwaste ion-exchange process at the Millstone PWR. It is scheduled to be
completed by mid-September. Preliminary results indicate the test bed is
performing within expected limits for the removal of radionuclides.
Additional information has also been collected on test bed performance in
conjunction with filtration equipment normally used at the plant. The
emphasis of this demonstration is the selective removal of radioactive
species from non-recyclable radwaste liquid. It is the first of its kind to
use a combination of zeolites and organic resin at an operating commercial
nuclear power plant in the U.S. The results will be used to more accurately
assess full-scale radwaste liquid ion-exchange processes using both
inorganic and organic materials.

SUMMARY

EPRI is addressing the need for improved radwaste l iquid ion-exchange
processing. Babcock and Wilcox has completed a study of radwaste ion-
exchange through the p i lo t plant phase at the Millstone Nuclear stat ion.
The focus in this work was on the use of non-proprietary, commercially
available ion-exchange and adsorbent media in good supply and at reasonable
cost.

A methodology demonstrated in the EPRI program is recommended to
u t i l i t i e s to assist in the selection of ion-exchange materials for radwaste
l iquid processing. This methodology includes def ini t ion of waste cleanup
cr i te r ia , chemical and radiochemical characterization of waste streams,
ion-exchange materials selection, resin analyses, column test ing, and
process evaluation.

A radwaste ion-exchange configuration that incorporated a large port
mordenite and organic polymers with two dif ferent mesh size distr ibutions
was successfully demonstrated on the p i lo t scale. This work suggests that
the select ivi ty of certain zeolites for cesium may increase volume reduction
factors and reduce costs for the treatment of radwaste l iquids. The use of
this approach for identifying optimal radwaste ion-exchange processing
resulted in a projected 60% savings for ion-exchange materials replacement
and disposal costs at the Millstone s i te .
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ABSTRACT

Two electrical processes have been developed to bench-
top scale for the treatment of active liquid wastes.
Electrokinetic dewatering is an attractive low pressure
process for the final stage of slurry concentration
prior to immobilization in cement. The electric field
induced solid-liquid separation process at a microporous
membrane has enabled genuine waste treatment floes to be
concentrated trom 5 to 40% solids - with high
decontamination factors (DF's). Energy consumptions
were only ~ 7% that of evaporation at permeation rates
of 0.15-0.3 mh . In electrochemical ion-exchange,
adsorption and elution at both organic and inorganic
exchangers are controlled by an external voltage. While
DF's of ~ 2000 are achievable up to 75% loadings of the
exchange medium on adsorption, by polarity reversal,
elution into water can generate a concentrated product
(>0.25 M) compatible with vitrification. Overall
energy expenditure is only 0.3% that for evaporation.
This system has been satisfactorily cycled over 2000
times.

INTRODUCTION

The use of water as a process medium in nuclear plants of all
descriptions inevitably gives rise to the production of medium and low level
activity liquid waste streams. Immobilizing these without further treatment
would give a large volume of solid waste for disposal, while evaporation of
such volumes of water would be very expensive to operate. Alternative
energy efficient processes are therefore needed that can selectively
re-concentrate active species into a small volume of higher level waste in
such a way that the bulk of inactive material can safely be discharged to
the environment. This will minimize the volume, and hence the cost of
immobilized waste requiring controlled disposal.

While there is a widespread familiarity in the nuclear industry with
the concepts of ion-exchange and flocculation as waste treatment processes,
electrical processes are generally less well known. They do, however, have
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an intrinsic attractiveness - in that they car be controlled remotely and
automatically by the extra reaction variable ot applied voltage, which is
available in addition to the normal process parameters ot temperature,
pressure, concentration and mass transport. Also the use ot electrons in
place ot inactive chemical reagent additions to perJorm redox and pH
changing reactions is ot considerable importance in helping to reduce the
amount ot material needing controlled disposal.

An in i t ia l survey evaluated 10 candidate processes used in industry and
laboratory - including solid/liquid separation based on eiectrokinetic
et tects (.electro-osmosis , e lectro-t i l tration , elect ro-1 lotation , electro-
aggregation, electro-decantation and electro-tiocculation); the deposition
ot dissolved ionic material either as a solid metal or an amalgam, or as as
insoluble compound; or the adsorption ot dissolved ionic material by ion-
exchange under eJectricat controP . On the bases ot high decontamination
tactor (DF) and volume reduction factor (VRF), suitabil i ty tor active use
and an identitiable advantage over conventional technology, electrokinetic
dewatering and electrochemical ion-exchange were selected as being the most
promising tor immediate turther investigation tor application to the
treatment ot medium and low-active liquid wastes. Metal and compound
deposition, while s t i l l ot interest , were at an even less advanced stage ot
development ana need turther investigation to evaluate their potential.

ELECTROKINETIC DEWATERING

Fioc treatment ot liquid wastes can essentially be viewed as
coprecipitation combined with ion-exchange at a tineiy divided torm of an
exchanger produced in-situ in the waste stream. Though floes present a high
surface area with rapid kinetics, the effectiveness ot such a process
depends not only on the completeness ot adsorption of active species on the
precipitate, but also on the efficiency of the subsequent solid/liquid
separation, so that the liquid is sufficiently decontaminated in order to
permit its discharge. Gravity settled slurries, or the concentrates from
cross tlow filtration may still contain ~ 95% water and be difficult to
dewater turther at an acceptable rate. However, concentration to % 30%
solids is desirable, in that it will lead to an additional six-fold
reduction in the immobilized waste volume resulting from the addition ot
cement powder which makes use ot the residual water content for the concrete
hydration reaction. The use ot pressure driven filtration for this final
concentration step results in only low permeation fluxes due to the
formation ot a highly viscous dewatered layer on the membrane surface,
though the thickness of this fouling film can be reduced by using a cross
tlow regime parallel to the membrane surface rather than dead-end
filtration. Electrokinetic dewatering, on the other hand, is attractive as
it uses an electric field as the driving force of the separation process
rather than transmembrane pressure. In this way high solids content
slurries can be produced with essentially quantitative retention of activity
by the expenditure ot only a small amount of energy. The process operates
by the pores ot a non-conducting microporous membrane support becoming
coated with the particulates being separated, thus imparting a small surface
charge (as characterized by the zeta potential) which is matched by ions of
equal and opposite charge dispersed into the adjacent solution. As these
particles are immobilized on the membrane, when an electric field is applied
parallel to the pore walls (i .e. across the membrane) by external electrodes
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(Figure 1 ) , the so lu t i on conta in ing the loca l excess oi coun te r - ions i s
t r anspor t ed along the pore . By normal s o l u t i o n v i s c o s i t y e t t e c t s , the
complete i l u i d content ot the pore i s dragged through as we l l , by the
movement ol only a very small e l e c t r i c charge .

The r e s u l t i n g tlow i s descr ibed by the Smolouchowski equation^ '

V = 1 e C
<• TT r\Kr

where V is the volume flow rate per unit area, 1 is the current density,
the electrolyte dielectric constant, r) the electrolyte viscosity and K the
specific conductivity ot the electrolyte. Z, is the zeta potential,
characteristic or the surtace under the given solution conditions - and is
the electrical potential between the surface of shear in the mobile part ot
the double layer and the bulk ot the solution. The most efficient pumping
is therefore obtained under solution conditions where c, is high (e.g. by ion
adsorption, or by dissociation/dissolution) and where the conductivity is
low. In particular, £ is significantly affected by solution pH as shown in
Figure 2 and by the adsorption of specific anions. Fortunately under the pH
conditions ot floe formation for the removal of active cations, a ferric
hydroxide tioc has attained its highest C, potential value. While a low
electrical conductivity enables a larger fraction of the current to be
carried by the electro-osmotic flow rather than by normal ionic conduction,
there is an ultimate practical limit imposed by the voltage of power supply
required. Typically, this restricts the window of most efficient operation
to 0.01-1 Snf1.

In addition to this electro-osmotic effect, the dispersed particles in
the teed are being electrophoretically transported away form the membrane
(Figure 1). Not only does this inhibit membrane fouling, thus maintaining
the extraction flux, but it also dramatically reduces the fraction of very
tine particles (which tend to have the higher surface charges) from passing
through. This is illustrated in Table 1, where an increasing transmembrane
potential reduces the turbidity of the extract.

TABLE 1. DEPENDENCE OF SOLIDS SEPARATION FACTORS ON APPLIED VOLTAGE AND
MEMBRANE PORE SIZE FOR ELECTROK1NET1C DEWATERING FROM A 1 mM DISPERSION OF

IRON HYDROXIDE AT pH 1.35

Pore

*Limit

size (ym)

0.22
0.45
0.&5

ot spectrophotometrie

0

3.0
1.7
1.2

detection

Applied

10

290
10
4

potential (V)

20

> 2500*
42
5

30

> 2500*
870
12
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This system can also be combined with conventional ultrail 1tration,
where the treatment rate is enhanced by reducing membrane fouling, and also
by increasing permeation with simultaneous electro-osmosis. Figure 3 shows
the effect of increasing the transmembrane field in reducing the deposition
ol colloidal material on a thin Amicon membrane. The permeation rate was
also enhanced by about 25% as a result ot electro-osmosis. In this way the
frequency o£ backwashing required to maintain the fil tration flux will be
reduced. This in turn will prolong membrane life and increase plant
availability.

Small batch-scale laboratory t r ia ls have demonstrated the flexibility
ot the process in being able to treat a variety of feeds: ferric hydroxide,
alumino-ferric hydroxide, calcium phosphate, hydrous titania and zirconia,
Magnox sludge. A variety ot membrane supports have also been investigated
for their performance and radiation resistance - including cellulose
acetate/nitrate (0.1 MGy), cotton (1 MGy), glass fibre and zirconia cloths.
The lat ter obviously have a superior radiation resistance thus enabling
their use with medium activity feeds - though even cotton has a creditable
behaviour in this respect. The dewatering performance is essentially
unaffected by the nature ot the membrane - confirming that i t merely acts as
a mechanical support for a thin pre-coat of the material being dewatered.
It is this layer which controls the electrical dewatering process.

In the practical systems we have been developing in the laboratory,
cross flow velocities of >1 m/s have been used - both to keep the feed
sufriciently fluid with increasing solids content, and also to prevent any
build-up ot deposits on the counter electrode at the back of the feed
chamber. Scaied-up cross flow cells (50-250 2,/day extraction rate) of both
planar (100 cm membrane area, Figure 4) and cylindrical geometry (500 cm
membrane area) have been used to dewater simulant and genuine active wastes
generated at Harwell arising from ferric hydroxide floe treatment. Solids
contents, about half of which is Fe(0H)o, have been raised from 5% to ~ 40%
with a retention factor of > 99.99% and high consequent DF's. As a result ,
virtually quantitative retention of uCo and a emitters was found - giving a
significant improvement over conventional vacuum fi l t ra t ion. In addition,
the resulting easily pumpable slurries have been successfully immobilized by
the addition of Ordinary Portland Cement/Blast Furnace Slag - with
significantly greater ease than if the dewatered product were a solid cake
(as with the vacuum f i l t e r ) . Typically, the energy consumption for this
final stage of dewatering was - 0.13 kwh/£ of extract - corresponding to
only about 7% of that for an evaporative process such as bituminization.
This was achieved at permeation rates of 0.15-0.3 mh with a current
density of 1 kAm and a cross-flow velocity of 1.7 ms . The lat ter gave
rise to average transmembrane pressures of only 5 psi. Small scale t r ia ls
have demonstrated that even higher extraction rates and lower power
consumptions are achievable with TiO^ dispersions which might be used tor
the adsorption of Sr, Co or actinides from neutral solutions - 1 . 5 mh at
1.5 kAm for only 0.03 kWh/£ of extract (1.5% that for evaporation).

The volume reduction factors achievable by electrokinetic dewatering
are generally limited to the range 5-10. This is because the
electrochemical reactions that occur at the electrodes on either side of the
membrane to convert the ionic/electrokinetic currents back into electrons
normally involve creating a small change in local pH. At VRF's > 5, this
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may become sufficiently great to cause the zeta potential, and hence the
extraction rate to fa i l . However, although the teed may be dosed with
concentrated alkali at a rate proportional to the current in order to
maintain the pH, ultimately, as the feed is further volume reduced, this
addition will cause the conductivity to rise, degrading the overall
efficiency of the process. Therefore, both as a result of this limitation,
and also as a consequence of the exceptional effectiveness ot electrokinetic
dewatering in the treatment of high solids content slurries, i t is envisaged
that this process will have a role to play as the final stage of slurry
concentraton - in particular ot waste treatment floes - prior to
immobilization. When combined with either conventional gravity settling or
micro-filtration as prior treatment steps, Figure 5 shows that only a very
modest size ot electrokinetic dewatering module is required to treat a
substantial low level waste throughput. The micro-filters may be fitted
with in-situ direct electrical membrane cleaning (DMC), recently developed
at Harwell^ ' . This can maintain the permeation flux at a high level
without process interruption for negligible power costs - thus minimizing
the unit size required and avoiding the need for backwashing and the
consequent plant downtime.

As a result of the successful development to date, this process is now
being scaled-up further to demonstrate it with genuine feeds under typical
operational conditions - corresponding to the treatment oi 20 m /h ot low
level liquid waste.

ELECTROCHEMICAL ION-EXCHANGE

While conventional ion-exchange is often used on a "once through" basis
in the nuclear industry - thus combining the concepts of immobilization with
adsorption - ior;-exchange can also be used as a concentration process by
eiution ot the excha . r into a small volume. Ideally this should be rapid,
and generate as small a volume as possible that is compatible with any
subsequent immobilization process, such as vitrification. Unfortunately,
difficulties encountered in the chemical eiution of some IX media have made
this a less favoured choice. However, the use of electrical control can
overcome this problem - thus making it a viable possibility.

Electrochemical ion-exchange (EIX) is essentially an advanced
ion-exchange process, where the exchange material has been incorporated into
an electrode structure using a binder. In this way the system does not
suffer from the disadvantage of weeping seals often found with electro-
dialysis. Also, because the exchanger is essentially mechanically supported
by the current feeder, those materials that have insufficient strength to be
used in a conventional ion-exchange column may be reconsidered. Typically,
an EIX electrode will be used in a flow through cell analogous to a normal
ion-exchange column. The feed stream introduced at the bottom is
progressively decontaminated as it passes up the cell until it leaves the
top fully treated (Figure 6). For cation exchange, under a cathodic applied
potential (with respect to a counter electrode), cations are rapidly
adsorbed into the electrode structure (Figure 7). This is encouraged not
only by an alkaline environment generated locally inside the electrode,
which activates weak acid groups to cation adsorption, but cations are also
transported into the bulk of the structure from surface sites by ion
migration under the local field gradient. The application of an electric
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field extends the capabilities ot the ion-exchnager by enhancing its
kinetics, extending the pH range ot its operation as well as enabling it to
adsorb a signiticant fraction ot its theoretical capacity. Typically this
may be as high as 75%, while maintaining solution DF's of ~ 2000 at tlow
rates ot 8 bed volume/h.

Corresponding anion responsive electrodes have also been fabricated
using anion exchangers at anodic potentials. When these are used in
conjunction with cationic electrodes, the feed pH is maintained during
treatment, as equal numbers ot cation and anion equivalents are being
replaced with H and 0H~ which combine to form water. This in turn
maintains the cation adsorption kinetics and DF, by inhibiting the reverse
reaction normally arising from the fall in pH associated with the
displacement of protons by adsorbing cations.

On polarity reversal of EIX systems, the adsorbed ions can be eluted
into a limited volume ot water (Figure 7) - thus generating a concentrated
( ^0.25 M) product suitable for incorporation with high active waste for
immobilization. In this way high volume reduction can be achieved with the
expenditure of only about 0.3% of the energy required for evaporation. This
process has been developed into an extremely robust system which has now
been continuously cycled > 2000 times under arduous conditions over the last
two years without observable changes in performance. Initial cost
comparisons indicate that the most recent designs described below may have
an integrated cost advantage over conventional ion-exchange of up to 300
(Table 2). Further savings in civil engineering costs may accrue in
addition to this due to the smaller relative module size (~ 18%).

TABLE 2. RELATIVE COSTS OF 1 m3/h PLANTS FOR ELECTROCHEMICAL (EIX) AND
CONVENTIONAL ION-EXCHANGE (IX)

EIX IX

Current density (A/m )

Relative plant cost (R)
Resin replacement cost

Module volume (m )

Equivalents processed (E)
in n cycles

Relative treatment
costs (R/E)

10

7.1

50

1.9

-

1.0
0.58

0.13

270 x 103

2000

2.6 x 10"5

0.03

54 x 10
2000

3.5 x 10-5

0.17

50
Adsorption only

1.16 x 10~2

(Resin cost only)

Based on organic resin system

The initial experimental studies^ ' drew heavily on previous work
carried out in the US on electrosorptive desalination of brackish water,
where carbon felt current feeders coated with organic cation ion-exchangers
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were used. However, it soon became evident that the felt was being degraded
by the anodic potential conditions experienced during elution - causing it
to become triable and ot greater electrical resistance. Alter an extensive
survey of alternative current feeders, it was clear that expanded metal
meshes ot stainless steel or noble metal coated titanium were needed to
guarantee the long lire required for E1X electrodes^ '. While stainless
steel does corrode to some extent at anodic potentials, protective coatings
incorporating ion-exchangers enabled 100 cycles to be successfully
accomplished. However, noble metal coated titanium proved to be an ideal
material due to its corrosion resistance at both anodic and cathodic
potentials. Despite its greater expense, it has a more or less indefinite
lite under EIX conditions - as has been shown by over 2 years of use and
2000 cycles without any sign of deterioration. Also the improvements in
performance can actually give an economic advantage over stainless steel
systems when considered in terms ot the cost ot a plant required to treat a
given volume of waste. Similarly, the counter electrodes, which complete
the electrical circuit to the working EiX electrode, also need to perform
consistently well over a long cycle life. Noble metal coated titanium has
been found to fulfil this role as well - either as an uncoated mesh, or as
an anion responsive EIX electrode.

Another step forward in process design was the introduction of
restrained electrodes, where the working EIX electrode was sandwiched
between mesh counter electrodes^ '. Not only does this give the unit
mechanical rigidity and stability, but it also reduces the inter-electrode
gap -rr thus further decreasing the cell voltage. The physical contact
between the counter electrode and the surface of the working EIX electrode
does not cause a short circuit, as the surface of the latter is not
electronically conducting - rather the current is passed as a flux of ions.

While much of the development work has been carried out with organic
resins (such as CG50, IRC84) bound to the current feeder, with an
elastomeric binder, typically these exchangers are limited to radiation
doses of only 'MO Gy, while most inorganic materials will survive
>10 Gy. As a result, the possibilities of using inorganic ion-exchangers
in EIX electrodes has also been investigated. In particular zirconium
phosphate (ZrP) performs almost as well for the removal of Cs as the IRC84
analogue - giving DF's >1000, with a cation capacity of 7 meq/g. Even
after irradiation to 10 Gy, the EIX performance of an elastromeric bound
ZrP electrode was unchanged - the inorganic "filler" effect of the exchanger
reducing the severity ot any radiation damage to the binder. In addition,
inorganic exchangers have demonstrated significant selectivity properties
under electrical control, though this is still the subject of further
development. Any enhancement in the selectivity of an EIX plant leads
directly to a decrease in the inactive salt content of the concentrated
eluate, thus further reducing the ultimate volume of immobilized waste.

Experiments with simulant fuel storage pond water containing 100 ppm Na
at pH 10 have demonstrated the reduction of Cs content from 60 yCi/S, to
background with both IRC84 and ZrP electrodes. Treatment of genuine site
wastes containing Co, Cs, Sr, detergents and other inactive salts at
pH 8 had 99.6% of the activity removed at a ZrP electrode. As seen in
Table 3, Cs was removed most effectively. As with any ion-exchange system,
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other adsorbers would be needed for the more specific removal of Sr and Co
possibly in a second unit,

TABLE 3. ACTIVITY ADSORPTION FROM REAL WASTE AT A ZIRCONIUM PHOSPHATE
ELECTRODE AT 10 A/m2

Radionuclide

137Cs

85Sr

60Co

Activity

Feed

2220

74

259

content (MBq/m3)

Effluent

4.4

0.37

3.7

Decontamination
Fac tor

482

143

69

While work, on Qy emitters has concentrated mainly on the behaviour of
Cs and Sr in the presence of Na, these studies are now being extended to
consider actinides - where early results indicate that electrically
controlled adsorption and desorption occur at a range of electrodes even in
quite acidic solutions. In addition, scale-up work is concerned with
increasing unit throughput to 1 m /h.

E1X can be seen therefore to have been developed into a low energy
consumption, efficient, robust process that can be externally controlled by
electrical means. Versatility is built into the system by being able to use
particular adsorbers for specific applications. By making multiple and
complete use of the ion-exchange capacity of the EIX electrodes,
partitioning of the waste into a small volume of liquid at a higher activity
level compatible with vitrification, while leaving the bulk at essentially
background levels, will dramatically reduce the volume of waste requiring
controlled disposal.

CONCLUSION

For both the processes described, which at present show real promise
for the treatment of medium and low level wastes, the next stage is the
demonstration of these techniques wich genuine feeds under typical
operational conditions. This will also enable the development of process
control, and optimization of performance on a more realistic scale, which
will enable an evaluation for potential plant use to be made.
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AN IMPROVED ION EXCHANGE METHOD FOR TREATMENT OF
SLIGHTLY CONTAMINATED WASTEWATERS

E. D. Collins, J. M. Begovich, C. H. Brown, D. 0. Campbell,
L. C. Lasher, M. I. Morris, S. M. Robinson, and C. B. Scott

Oak Ridge National Laboratory

ABSTRACT

An improved method is being developed for the treatment
of wastewaters that contain predominantly calcium, sodium,
and magnesium bicarbonates and are slightly contaminated
with 90Sr and 1 3 7Cs. The process decontaminates the water
sufficiently for release to the environment while concen-
trating the radioactive materials into a nonhazardous waste
form that can be safely stored with minimum surveillance.
The water is passed through a series of columns containing
a natural chabazite type of zeolite. The loaded zeolite in
discharged columns is dewatered and transferred to a dis-
posal container. Excellent results have been obtained in
both partial and full-scale tests. The process is simple,
reliable, and economical.

INTRODUCTION

An improved ion exchange method for the treatment of slightly con-
taminated wastewaters is being developed at Oak Ridge National Laboratory
(ORNL). The objective is to decontaminate the water sufficiently for
release to the environment while concentrating the radioactive materials
(9°Sr and 137Cs) into a nonhazardous solid waste form that can be safely
stored with minimum surveillance.

COMPOSITION OF PROCESS WASTEWATER

The process waste system at ORNL is used to collect liquid wastes that
are normally not radioactively contaminated (but have the potential to be
contaminated), liquid wastes that have varying concentrations of residual
chemicals, and liquid wastes that are slightly contaminated with radio-
activity. The process waste system is also used to collect drainage from
radioactively contaminated soil such as tank farms and spill sites.
Approximately 50 volume percent of the process waste is surface and ground
water which is slightly contaminated with radioactivity. Ground water
contributes a high concentration of dissolved minerals to the process waste.

The process wastewater is collected in an equalization basin for sub-
sequent treatment prior to discharge to the environment. Typical chemical
and radiochemical compositions of the process wastewater are shown in Tables
1 and 2, respectively. The major chemical constituents are calcium, sodium,
and magnesium bicarbonates, and the major radionuclides are 90Sr and 1 3 7Cs.
The discharge limits, as defined by the Code of Federal Regulations, Chapter
10, Part 20 (10CFR20), are 11 Bq/L for 9°Sr and 740 Bq/L for I37r,s. Table 2
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TABLE 1. CHEMICAL COMPOSITION OF PROCESS WASTEWATER
(pH = 7.7)

Cation

Ca
Mg
Na
Si
K
Sr
Al
Fe
Zr
Cu
N1
Cr
U

Concentration
(mg/L)

40
10
20
2
2
0.2
0.1
0.05
0.05
0.02

<0.02
<0.02
<0.001

An ion

HCOo
so.
Cl
NO 3
F
PO^

Concentration
(mg/L)

60
18
6
4
1
0.2

TABLE 2. RADIOCHEMICAL COMPOSITION OF PROCESS WASTEWATER

Radionuclide

Gross alpha
Gross beta

90 S r

95Zr-
1O6RU

Concentration
(Bg/L)

5
6000

25
4000

50
10

400

indicates that the concentration of 137Cs is below the limiting concentra-
tion. However, the 10CFR20 limit for multicomponent effluents necessitates
the removal of both radionuclides.

Concentration spikes have occurred occasionally due to drainages from
construction sites, leaks in underground piping, etc. Variations in the
concentrations of 90Sr (between ~2000 and 8000 Bq/L) and 137Cs (between 300
and 1000 Bq/L) have been common in recent months. In a few cases, water
containing high phosphate concentrations has been introduced into the
process waste system. The phosphate ion is known to complex the radioactive
contaminants such that they become nonionic species and are not sorbed by
ion exchangers.
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PROCESS WASTE TREATMENT METHODS

Several processing methods have been used to decontaminate the process
wastewater at ORNL. The flowsheets for the previous and current decontami-
nation methods and for the improved method being developed are shown in
Figure 1.

Prior to 1975, the process wastewater was treated by means of the first
flowsheet, a conventional lime-soda precipitation-clarification method. The
water was decontaminated by a factor of only ~5, which was not sufficient to
meet increasingly stringent regulations. Thus, a new treatment plant was
built, and the use of the second flowsheet was adapted. This was called the
Scavenging Precipitation Ion Exchange (SPIX) process.1 The SPIX process
included (1) the addition of NaOH to raise the pH to -12, precipitating CaC03
(plus about half of the 9 0 S r ) ; (2) addition of ferrous sulfate to act as a
scavenging agent; (3) clarification; (4) polishing filtration; (5) 137Cs
and 90Sr removal in ion exchange (IX) columns containing a bifunctional
phenolic-carboxylate resin (Duolite CS-1OQ, Na+ form); and (6) HjSO^ addi-
tion to neutralize the decontaminated water. Sludge from the clarifier was
stored in a rubber-lined pond. Initially, breakthrough from the IX column
occurred after processing -2000 bed volumes (bv). The resin was regenerated
with 0.5 M_ HNO3, and the eluate was concentrated by evaporation, neutralized
with NaOH, and transferred to the ORNL low level waste (LLW) system for
disposal via hydrofracture.^ (The hydrofracture process mixed the waste
with cement-grout-forming ingredients and then injected the mixture into a
deep underground fracture inside a shale formation.)

In 1981, the processing method was changed to that of the third flow-
sheet, a filtration—ion exchange (FIX) process, because (1) the SPIX sludge
handling was troublesome, (2) the storage pond was full, and (3) breakthrough
of contaminants (particularly 137Cs] was occurring earlier as the service
life of the CS-100 resin increased.3 in the FIX, the strong-acid resin
(Dow HCR-S, H+ form) became loaded after a throughput of -400 bv. The
column was regenerated with -2.7 M_ HNOo, and the eluate was treated simi-
larly to that from the SPIX process. Although the FIX yielded a larger
volume of LLW, the hydrofracture process easily accommodated this volume.
However, new regulations prevent the use of hydrofracture, and the large
volume of LLW is no longer tolerable. Thus, the SPIX process is again
being used (except that Nalcite HCR-S strong-acid cation resin is being
used instead of Duolite CS-100), and the softener sludge is being filtered
and put into drums for storage.

Improved IX methods were considered, based largely on previous develop-
ment of the process used at the Three Mile Island Nuclear Power Station to
decontaminate high-activity-level water.4 A simple process was sought,
preferably one in which the radioactive contaminants would be loaded onto a
stable, nonhazardous sorbent that could be subsequently dewatered and stored
as the waste form, as illustrated in the fourth flowsheet.

For ion exchange sorption of 90Sr 2 + and 1 3 7Cs + ions from ORNL process
water, the major competing ion is Ca 2 + unless the water is first softened,
in which case the major competing ion is Na+. Based on previous experience,
the selection of an inorganic zeolite to remove 1 3 7Cs + from the process
water was not expected to be difficult. However, finding an ion exchanger
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that would efficiently separate 9 0Sr 2 + from Ca 2 + was considered doubtful.
Thus, consideration was given to the use of a softening process, followed by
the use of a weak-acid ion exchange, to separate 9 0Sr 2 + from Na+.

SCREENING OF VARIOUS ION EXCHANGERS

The performance of several ion exchangers was predicted by calculating
equilibrium distribution coefficients (see Table 3), using data developed by
B. W. Mercer and co-workers at Pacific Northwest Laboratory.5 Mercer's data
gave values for the equilibrium constant for the ion exchange reactions for
both Cs+ and Sr2+ vs several individual competing ions, including H+, NH 4

+,
Na+. K+, Mg 2 +, and Ca 2 +. Although only a few values were given for K+ and
Mg2 , they indicated that Mg 2 + would not be a serious competitor, especially
when compared v/ith Ca 2 +, but that K+ could interfere with Cs+ loading to a
significantly greater extent than would be expected for Na+. However, the
concentration of K+ in ORNL process water is low, and this potential inter-
ference was not considered further.

The calculated distribution coefficients shown in Table 3 indicate that
(1) the best performance for sorption of Cs+ would be obtained by using the
zeolites, clinoptilolite and chabazite; (2) the Cs+ could be sorbed effi-
ciently (Kd >103) from either softened or unsoftened water; and (3) the Sr 2 +

could be sorbed best from softened water, although the chabazite type of
zeolite might sorb Sr 2 + efficiently from unsoftened water. Although the
zeolites are efficient for removal of Cs+ and Sr 2 +, they are not known to
be effective for removal of the minor contaminants, cobalt, ruthenium,
zirconium-niobium, and the rare earths.

Experimental, small-scale column tests were made to continue the
screening of ion exchangers for potential use in an improved process. The
materials tested and their commercial-scale costs are listed in Table 4.
These tests confirmed that all of the zeolites are good sorbents for Cs +,
with column breakthrough values >5,000 bv (the breakthroughs were >15,000
bv when using Zeolon 900 or Ionsiv IE-95 and ~23,000 bv when using Tenneco
PDZ-300). The tests also confirmed that the chabazites (Zeolon 500, Ionsiv
IE-95, and Tenneco PDZ-300) could effectively remove Sr 2 + from unsoftened
process water, although a column residence time of ~10 min would be required
because of the relatively slow kinetics of the ion exchange.

MODELING

The experimental breakthrough data were fitted by means of the mathema-
tical J-function, using the constant separation factor model developed by
Thomas,6 in order to predict the performance of longer columns (or addi-
tional columns in series) and different flow rates (column residence times).

The general Thomas equation for the reaction kinetics of ion exchange
in a fixed bed is as follows:

ijN = /3Y \ = X(l - Y) - RY(1 - X) , (1)
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TABLE 3. CALCULATED DISTRIBUTION COEFFICIENTS (KD) FOR PROCESS WASTE TREATMENT

Unsoftened Softened
Ion Exchange Material (Ca = 40 ppm; Na = 10 ppm) (Ca = 5 ppm; Na = 200 ppm)

Clinoptilolite

Linde AW-500 (Chabazite)a

Linde 4AX Molecular Sieve

Dowex 50-X12b (Cation Resin)

Amberlite IR-200
(Macroreticular Resin)

Clinoptilolite

Linde AW-500 (Chabazite)a

Linde 4AX Molecular Sieve

Dowex 50-X12b (Cation Resin)

Amberlite IR-200
(Macroreticular Resin)

1.9E5

6.9E4

3.0E3

9.4E1

7.0E2

4.0E3

1.0E4

5.0E3

2.8E3

3.2E3

Kd fo r Cs

Krf fo r Sr

4.0E4

7.6E4

2.6E3

2.3E2

1.3E3

2.3E4

2.5E4

3.1E4

1.9E4

2.2E4

a. Now marketed by Linde Division of Union Carbide Corporation as "Ionsiv IE-95."

b. Similar to the strong-acid cation exchanger, Dow HCR-S, now used in the ORNL
Process Waste Treatment Plant.



TABLE 4. SORPTION AND ION EXCHANGE MATERIALS
EVALUATED IN THE SMALL-COLUMN TESTS

Material

Zeolon 400

Zeolon 500

Zeolon 700

Zeolon 900

Linde 4A

Linde A-51

lonsiv IE-95

PDZ-140D

PDZ-150D

PDZ-300

"CH"a

HCR-S

Amberl i te
IRC-84

Duolite
CS-100

Vendor

Norton Chemicals

Norton Chemicals

Norton Chemicals

Norton Chemicals

Union Carbide

Union Carbide

Union Carbide

Tenneco Speciality
Minerals

Tenneco Speciality
Minerals

Tenneco Speciality
Minerals

Chem-Nuclear Systems,
Inc.

Dow Chemical

Rohm & Haas

Rohm & Haasb

Cost
($/ft3)

150

150

150

150

150

170

165

15

15

15

5

67

165

230

Description

Clinoptilolite

Natural chabazite-
erionite mixture

Ferriorite

Synthetic mordenite

Inorganic zeolite

Inorganic zeolite

Synthetic chabazite

Natural Na+-rich
clinoptilolite

Natural K+-rich
clinoptilolite

Natural chabazite

Natural clinoptilolite

Strong-acid cation
resin

Weak-acid cation resin

Weak-acid cation resin

a. Sample obtained from Chem-Nuclear; manufacturer unknown.

b. Formerly marketed by Diamond Shamrock.
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where X and Y are the dimensionless concentrations of the solute ion in the
fluid and solid phases, respectively, and R is the separation factor. The
variable X is defined as C/CQ, where C and CQ are the concentrations of the
solute ion of interest in the effluent and feed solutions, respectively.
The variable Y is defined as q/q*, where q is the actual concentration in
the solid phase and q* is the concentration in the solid phase when it is
in equilibrium with fluid at the inlet concentration, Co. When the con-
centration of the solute ion is small relative to the concentration of the
replaceable ion in the feed (as it is in this case), R approaches unity and
the isotherm is linear.

The variable N represents the length of the exchange column in transfer
units and is defined by the relation

in which Kd is the distribution coefficient when X = 1, PR is the bulk
density of the ion-exchanger, Ka is the mass-transfer coefficient charac-
teristic of the system, f is the rate of flow of solution through the
column, and v denotes the overall volume of the sorbent bed, including
the void spaces. The throughput parameter, T, is defined approximately by

T = (V/v)/KdPB , (3)

where V is the volume of solution processed through the column. Note that
V/v is the number of "bed volumes" of solution.

Because PR is essentially constant, it is convenient to define a
volume-basis distribution coefficient, K,j = qv/CQ, where qv is the concen-
tration of the solute ion per unit volume of the sorbent bed (sorbent plus
void space) and CQ is the concentration of the solute ion in the feed solu-
tion. Equations (2) and (3) can then be expressed as

N = KdKa/(f/v) , (2a)

and

T = (V/v)/Kd. (3a)

Equation (1) has been integrated [Eq.(16-128a) in ref. 6] for the spe-
cial case of reversible second-order reaction kinetics (appropriate to ion
exchange), with the following solution:

_ J(RN,NT)
" J(RN,NT) + [1 - J(N,RNT)] exp[(R-l)N(T-l)] '

where J is a mathematical function'' related to the Bessei function, Ig.
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For large values of RN, C/Co = ~0.5 when T = 1, independent of the
values of RN. This characteristic can be employed in the data analysis.
Experimental data can be used to construct logarithmic-probability plots of
C/Co vs V/v. These plots are nearly linear and can be used to estimate K,j,
which is approximately equal to V/v at the point where C/CQ = 0.5. Values
of R and N can then be obtained from the experimental data through the
iterative use of Eqs. (3a) and (4).

LARGE-SCALE DEMONSTRATION TESTS

The concentrations of 90Sr and 137Cs entering the process wastewater
collection basin increased sharply in December 1985 and January 1986. This
increase was caused by runoff through a construction site. Additional
treatment equipment was temporarily needed to supplement that of the normal
treatment plant. Thus, the decision was made to install skid-mounted equip-
ment, leased on an emergency basis from the Chem-Nuclear Systems, Inc., and
to perform a full-scale test of the improved treatment process using Linde
Ionsiv IE-95 as the sorbent.

Two columns, each containing 3.7 m 3 of IE-95 zeolite, were used in
series. A total of 6700 m3 (1810 bv) of process wastewater was treated,
using a flow rate that gave an average residence time of -13 min in each
column. During the test period of -17 days, the feed 90Sr and 137Cs con-
centration were as follows:

Range Average

(Bq/L) (Bq/L)

9°Sr 2400-7100 4300

i37Cs 318-720 500
Effluent concentrations indicated that the 137Cs did not break through the
first column. Log-normal plots of the breakthrough curves for 90Sr from
both columns are shown in Figure 2. These data confirmed the efficiencies
for 137Cs and 90Sr removal that had been obtained in the small-column tests.
The 90Sr data points were modeled using the method described previously, and
the curves shown in Figure 2 were calculated using the following parameters:
Kd = 1700, R = 1.0, and N = 9.5.

The family of 90Sr breakthrough curves shown in Figure 3 was calculated
from the model for a flowsheet using four columns in series with a residence
time of -6.5 min per column. This would be equivalent to normal flow rates
for the existing treatment plant if each column contained 3.7 m3 of IE-95
zeolite. The breakthrough curves indicate that, if the feed water contains
4000 Bq/L of 9 0Sr, the effluent water from the fourth column in the series
would reach the limiting value of 10 Bq/L after ~1900 bv of water had been
processed.

Further testing on ~0.1 plant-scale equipment, leased from Chem-
Nuclear Systems, Inc., has been continued (1) to evaluate other promising
sorbents, (2) to develop operating techniques for a series of four columns,
and (3) to develop the backend of the process, consisting of treatment and
packaging of the spent sorbent.
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The evaluation of a natural-chabazite type of zeolite, PDZ-3OO,
supplied by Tenneco Speciality Minerals at less than one-tenth of the cost
of Ionsiv IE-95, is currently in progress. The performance of this sorbent
has been much better than that obtained with IE-95, as indicated by the 90Sr
breakthrough curves shown in Figure 4. The model parameters fitted to the
breakthrough data when using PDZ-300 are: Kj = 6500, R = 1.0, and N = 10.

These breakthrough curves indicate that, if the feed water contains
4000 Bq/L of 9 0Sr, the effluent water from the fourth column would reach 10
Bq/L after -12,000 bv of water had been processed.

OPERATING METHOD AND ESTIMATED COST

In order to maintain the 90Sr concentration in the effluent from the
fourth column at <10 Bq/L and, at the same time, to maximize the concentra-
tion of 90Sr in the loaded sorbent waste, the operating method would include
(1) stopping the operation at some point, (2) discharging the column in the
first position, (3) moving the remaining columns one position forward
(countercurrent to the water flow), and (4) placing a column containing
fresh zeolite in the fourth position. Repetitive cycles of this type of
operation can be modeled using a numerical analysis solution of the Thomas
equation developed by R. M. Wallace.^ A calculation of this type was made
using the parameters, K^ = 6500, N = 10, R = 1.0, along with a stopping
point of 6000 bv. The calculated instantaneous fractional breakthroughs
for 90Sr are shown in Table 5 for ten cycles of the operating method.

The limiting number of cycles would be dictated by the concentration
of 90Sr in the feed water. At the typical value of 4000 Bq/L, the limiting
breakthrough from the fourth column would be 10/4000, or 2.5E-3. Thus, if
one column was being discarded at 6000 bv intervals, as for the data in
Table 5, one or more additional columns would have to be discarded and
replaced after six cycles.

Assuming, conservatively, that all four columns were replaced after six
cycles, the overall operation would produce nine columns of zeolite waste
per six cycles, or 36,000 bv of water processed. If each column contained
a bed volume of 3.7 m3 (130 ft3) of PDZ-300 zeolite, which costs ~$15/ft3
(see Table 4), the cost of the zeolite for the process would be 13£/m3

(0.0500/galIon) of water treated.

The zeolite usage depends upon the amount of 90Sr to be removed. Thus,
in addition to the concentration of 90Sr in the feed water, the volume of
water which must be processed is a factor. If the average flow rate is 6.3
L/s (100 gal/min) and the other parameters are as assumed above (concentra-
tion of 90Sr in the feed is 4000 Bq/L, each column contains 3.7 m3 of
PDZ-300 zeolite, and nine columns of zeolite waste are produced per 36,000
bv of waste processed), the annual zeolite usage would be 50 m3 (1760 ft 3).
Further volume reduction by a factor of ~2 may be possible by heat treatment
of the zeolite waste.
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TABLE 5. CALCULATED 90SK BREAKTHROUGH FOR TEN CYCLES OF OPERATION

Cycle No.

1
2
3
4
5
6
7
8
9
10

Column

4.7E-1
5.SE-1
6.3E-1
6.6E-1
6.8E-1
6.9E-1
7.1E-1
7.2E-1
7.2E-1
7.3E-1

1 Column 2

Instantaneous fractional

2.6E-2
6.4E-2
l.OE-1
1.3E-1
1.6E-1
1.8E-1
2.0E-1
2.1E-1
2.1E-1
2.4E-1

Column 3

breakthrough13

3.6E-4
2.6E-3
7.1E-3
1.3E-2
2.OE-2
2.7E-2
3.5E-2
4.2E-2
4.8E-2
5.5E-2

Column 4

2.2E-6
5.4E-5
2.6E-4
7.6E-4
1.5E-3
2.5E-3
3.6E-3
4.8E-3
6.0E-3
7.2E-3

a. Calculations are based on a cycle length of 6000 bv. Other parame-
ters used in the calculation were: K̂  = 6500, N = 10, R = 1.0.

b. Based on concentration of 90Sr in the feed water.

Total operating costs for the currently used treatment plant are in
the order of $500,000/year. The relative simplicity and reliability of
the improved process, in comparison with the currently and previously used
methods illustrated in Figure 1, imply that a significant cost reduction
could be obtained by using the improved process. The impact of solid
waste storage costs will, of course, depend upon the amount of solid
waste generated and its level of environmental hazard.

SUMMARY

An improved method is being developed for treatment of wastewaters
that are slightly contaminated with 9°Sr and 137Cs. These waters contain
predominantly calcium, sodium, and magnesium bicarbonates. The flowsheet
consists of passing the water through a series of four columns, each con-
taining a natural-chabazite type: of zeolite. The removal efficiency for
9°Sr is excellent, while that for 137Cs is much greater. Just prior to
breakthrough of 90Sr from the fourth column in the series, the operation
is temporarily stopped while the column in the first position is dis-
charged, the other columns are moved forward in the train, and a new column
is installed in the fourth position. The loaded zeolite in the discharged
columns will be dewatered and transferred to a disposal container. The
waste form, chemically an aluminosilicate, is nonhazardous. Further
improvements to the process consist of heat treatment of the zeolite waste
to decrease the volume by a factor of »2 and to reduce the leachability of
the 90Sr and i37Cs.
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THE SUPERNATANT TREATMENT SYSTEM AT THE WEST VALLEY DEMONSTRATION PROJECT

Ronald R. B o r i s c h
West V a l l e y N u c l e a r S e r v i c e s C o . , I n c .

ABSTRACT

This paper discusses the design evolution of the
system used at West Valley Demonstration Project
(WVDP) to remove Cesium-137 from liquid High-Level
Wastes (HLW) remaining from PUREX reprocessing of fuel
between 1966 and 1972. The Project emphasis is on
retrofi t t ing the existing faci l i t ies wherever possible
instead of building new fac i l i t i es . Very unique
designs have been incorporated into this faci l i ty and
the incorporation of these designs into a system which
contains both old and new faci l i t ies has resulted in
several unusual construction methods. A brief
synopsis of conditions and decisions which lead to
today's design is given herein.

PROJECT BACKGROUND

The West Val ley Demonstrat ion P r o j e c t Act passed by Congress in 1980
a u t h o r i z e d t he Department of Energy (DOE) t o s o l i d i f y t he HLW s t o r e d at
t h e Western New York Nuclear S e r v i c e Center (WNYNSC) i n t o a form s u i t a b l e
for s t o r a g e and even tua l t r a n s p o r t a t i o n t o a f e d e r a l r e p o s i t o r y . The s i t e
o p e r a t o r for t h e DOE i s West Val ley Nuclear S e r v i c e s Co. (WVNS) I n c . , a
subsidiary of Westinghouse Electric Corporation. The main objective of
the WVDP is to solidify the 2.1 million l i t r es (551,000 gallons) of liquid
HLW generated by nuclear fuel reprocessing between 1966 and 1972. Another
Project objective is use of the already existing faci l i t ies on s i te to
support this solidification. The Supernatant Treatment System (STS) is
the f i r s t step in the process required for vi tr if icat ion.

System Background

The waste to be processed at West Valley is contained in two
underground tanks. Each of these tanks has a spare tank adjacent to the
waste containing tank. The approximately 2.1 million l i t r es
(560,000 gallons) of PUREX waste is in Tank 8D-2 and the spare tank is
Tank 8D-1 . Each of these tanks are 21.3 metres (70 feet) in diameter and
are surrounded by a 46 - 61 centimetre (1.5 - 2.0 feet) thick concrete
containment vault. Two years ago a decision was made to house the process
vessels required to separate the Cesium-137 from the remaining supernatant
constituents in spare Tank 8D-1. This decision permitted maximum reuse of
existing fac i l i t i es . However, the "spare tank" designated use of this

2 2 5



tank also remained. The design and construction techniques had to permit
conversion of Tank 8D-1 from a spare to a primary storage tank within
three days in the event of problems in Tank 8D-2. This requirement
remains in effect during all phases of the construction and subsequent use
of the STS.

Tank 8D-4 contains about 30,000 l i t res (8,000 gallons) of THOREX
waste. The spare tank for this waste is Tank 8D-3.

Tank 8D-3 will be used as a surge tank for the STS. Again the
requirement that this tank retain i ts original use as a spare was
ret ained.

In the two years since this design concept was adopted; the design
has been completed, all process components have been ordered and a
substantial number have been received, construction has been underway for
a year, the Safety Analysis Report on the system has been completed and
submitted to the DOE, and two studies of key aspects of the design have
been completed by independent companies. The remainder of this paper will
concentrate on major events of the past two years and a description of why
the design evolved in the direction it did.

Supernatant Treatment System

When the decision to use the spare tanks was made, three key
decisions were already in place. First , the supernatant would be
separated so that the Cesium-137 would be fed to the glass melter and the
nitrates and sulfates would be disposed of as Class C low-level waste.
Second, the process for doing this would use an inorganic ion exchange
media. Third, the supernatant above the precipitated sludge in Tank 8D-2
needed a processing time of one year or less and the processing time for
adequately reducing the in ters t i t ia l nitrate concentration in the sludge
should not exceed six months. During this sludge washing time, much of
the sulfates precipitated in the bottom layers of the sludge should also
be removed.

The process flow diagram was developed to show four ion exchange
columns. Three would be used in series while the fourth would be off-
l ine. A study to determine the viability of concentrating the cesium for
shipment to Hanford as feed stock to their cesium refining process was
done. This was decidedly not cost effective and the decision was made to
dump the loaded ion exchange media into the bottom of Tank 8D-1 and reload
the process column with fresh ion exchange media. A maximum of 50,000 kg
(110,000 pounds) of ion exchange media will be used for the total
processing using this method. A study to determine which ion exchange
media to use was also undertaken. For a time i t appeared that this study
was going to slow down the design which was going on in parallel.
However, most of the leading candidates could be used in very similar
equipment. It was possible to continue the design work with very l i t t l e
modification and s t i l l let the ion exchange media study draw to i ts
conclusion at a later date.
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One of the early ion exchange media candidates was a commercially
available zeolite processed from natural clays which is sold under the
trade name of IONSIV®IE-95. This material has history of successful use
in the industry and some of this material (in the decalcified form) was
loaded with Cesium-137 at Three Mile Island Unit II and then successfully
melted into glass at Hanford. What was finally settled upon at West
Valley is the decalcified form of this zeolite which is IE-96. The
calcium free form is more compatible with the WVNS melter.

While the issue of the zeolite was being settled, the design issues
were also being dealt with. All of the tanks are tied together via the
plant ventilation system. The condensate from Tank 8D-2 drains into
Tank 8D-1 and the condensate from Tank 8D-̂  drains into Tank 8D-3.
Periodically Tank 8D-1 is pumped back to Tank 8D-2 to prevent
precipitation of the nitrates. This has not happened in Tank 8D-4 and the
THOREX is partially precipitated in that tank. We are currently
undertaking the job of pumping the condensate in Tank 8D-3 as well as
additional water into Tank 8D-̂  in order to dissolve the THOREX. This
condensation over the years is believed to be the primary reason for the
contamination which exists in Tank 8D-1. The contamination levels were
such that i t was deemed impractical to use personnel entry into the tank
as a means of installing the new process vessels. Consequently, the
design is such that the entire construction and operation of the new
equipment will be done without ever sending a man into the tank.

The insertion of the process vessels into the tank requires that both
the vault and tank have holes cut into them. All cuts are through the top.
Although the original vault top was designed to carry at least eight feet
of earth cover, the post cut design analysis showed that the process
vessels and shielding should not load the vault top in the region where
the process vessels are installed. Consequently a structural network was
designed to transmit all of the load of the vessels and new shielding to
the 8D-1 vault walls and two of the original vault support columns. All
of the process vessels are designed to be suspended under their respective
supports. This unique design permitted use of the original tank and vault
as a containment barrier and shielding for the new process equipment while
always retaining the tank as a spare. The cutting of holes through the
tank vault presented a unique situation. The vault roof is 61 cm (2 feet)
thick reinforced concrete. Both round and rectangular holes of various
sizes up to nearly 2 metres diameter were required to install the new
vessels. The tank roof was only 120 cm (4 feet) below the bottom of the
vault roof and the tank roof was not to be breached at the time of cutting
the vault. It was possible to enter the space between the v ^ l t roof and
the tank roof. The cutting -was performed using a large ADMAC©machine.
This machine directs a jet of high pressure water carrying garnet grit at
the item to be cut. The 8D-1 tank was protected by placing several layers
of reinforcing bar on the tank roof to take up the residual energy of the
water/garnet mix after the reinforced concrete vault had been cut. All
vault cuts have been made and success of the operation has lead to other
uses of the cutting equipment.

Indicates Trade Name
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The operating and maintenance philosophy for the STS processing
equipment had a direct impact on the final configuration. The equipment
hap a l i fe use expectancy of only eighteen months. Therefore, some
operating and maintenance costs should be possible to trade off if the
result is a reduction in ini t ia l costs. The result is a system which is
partially manually and partially remotely operated. Some of the equipment,
is relatively easy to replace and some is very difficult to replace.

The system has a control room on the upper floor of a 9.1 metre x
15.2 metre (30 foot x 50 foot) new Duilding adjacent to Tank 8D-1 .
Process data such as pressures, temperatures, and process radiation
monitor readings are fed into this room. Also, all pumps and automatic
valves are operated from this location. An analysis was performed to
determine which valves could be manually operated and which ones needed to
be automatic valves. The main cri ter ia was that all valves required to
safely shut the system down in the event of a malfunction would be
automatic valves and all of these would be fail-safe valves. The result
was that approximately 50 percent of the system has automatic valves. The
remaining process valves and sensor ends of instruments are located in a
"valve aisle" on the lower floor of the same building. This 10.7 metre
(35 foot) long valve gallery is shielded by 30.5 cm (1 foot) thick carbon
s tee l . The fabrication laminates three equal thickness sheets of steel to
obtain sufficient shielding. The valves are operated using eight Central
Research Model F manipulators. There is a manipulator pair at each of the
viewing windows. Experience at other fac i l i t ies indicates that the valves
will have torque levels near the manipulator capacity - - especially if the
valve is not operated for a few weeks. Consequently, the stem nuts on the
valves were modified to permit actuation using an impact wrench.

The valve aisle is the only area which permits relatively easy
changeout of process ( i . e . , radioactive) components. To the maximum
extent practical, all items which are likely to fail during the service
l i fe are located in this one area. This means that valves, instruments
and nonwelded connections are all concentrated here. These items are
installed using block style connectors of the design used in the Hanford
324 Building B-cell. The valves and instruments are installed on jumpers
between a pair of these connectors. In the event of a fai lure, the jumper
is disconnected using an impact wrench and the component is replaced.

The process vessels installed in Tank 8D-1 are much harder to
maintain. In the event of a failure of one of these components,
replacement or even removal, would be a difficult operation. The
likelihood of failure on these components is lower than the valve aisle
components but is s t i l l f in i te . A study was done to evaluate recovery in
the event of a failure of one or more of these vessels. The outcome was
that any cne component can fail in Tank 8D-1 and the system can be
returned to service by fabricating and installing custom designed jumpers
for use in the valve a is le . In some cases several components could fail
prior to requiring replacement of any of them. The system would run
slower and may use slightly more zeolite in the event of these failures,
but it would be more cost effective to jump out the component than to
repair or replace i t . The only component which would shut down the system
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unti l replaced is the primary feed pump located in Tank 8D-2. A
replacement motor has been ordered for th is pump and purchase of a spare
pump is under consideration.

The as-buil t condition of the tank farm also presented some unique
opportuni t ies . When the tank farm was original ly built a very large
excavation was made and both large waste tanks were buil t in a s ingle
prepared basin. As the tanks were erected, the s i l t y t i l l from the
excavation was backfilled around them. The local acil is a s i l t y t i l l of
low water permeability and high clay content in i t s undisturbed
condition. In i t s undisturbed condition i t i s also a reasonable base for
s t ruc tu res . The backf i l l , however, has much different propert ies . When
the tank farm was nearing completion of original construction, the basin
water table became too high and Tank 8D-1 floated. When i t r ese t t l ed the
tank and vault were t i l t e d . Although the tank and vault did not move very
much r e l a t i ve to each other, the unit was t i l t e d nearly 45 cm (1 1/2 feet)
across i t s 23.8 metre (78 feet) diameter. In order to prevent further
s e t t l i n g , the original contractor s tab i l i zed the tank by tunneling under
the tank and f i l l i n g the tunnel with concrete. Unfortunately no survey
records of the location of th i s s t ab i l i z ing mass were made. Original
surveys of the t i l t of the tank were s t i l l quite accurate which indicated
that the s t ab i l i za t ion was successful. These surveys had not recorded
that the tank had also rotated s l igh t ly about i t s ver t ical ax is . The
rota t ion was 7.5 cm (3 inches) on the outer diameter of the vault and the
ent i re new s t ruc ture was rotated two minutes about the vault axis to
account for t h i s . The tank t i l t '-as accounted for by a design which
adjusted elevations of support s t ructures to rees tab l i sh a f la t reference
plane.

The backfill around the tanks was very nonuniform in i t s load
carrying capacity. Therefore, pi l ing had to be placed which went through
the backfill and into the undisturbed so i l below the old tanks in order to
place the new operating building adjacent to Tank 8D-1. The original
tanks ceuld have been damaged by conventional impact emplaced p i l ing .
Therefore, cast- in-place pil ings were used. This method employs a d r i l l
somewhat similar to a well d r i l l . A hole i s dr i l led to the required depth
and concrete i s forced through the hollow center of the d r i l l as the d r i l l
is l i f t ed cut of the hole. After the d r i l l i s removed, a premade cage of
reinforcing bar is dropped into the wet concrete. The s t ruc ture adjacent
to Tank 8D-1 required 68 of these p i l ings . Each was 41 cm (16 inches) in
diameter and 140 metres (55 feet) long. Several of the pil ings closest to
the vault had to be relocated when the d r i l l was stopped by a hard
bar r ie r . Apparently the barr ier was the old concrete f i l l ed s t ab i l i za t ion
t unnel.

The system has a requirement to be able to confine the l iqu ia waste
streams in the event of a 0.1 g horizontal load earthquake event. This
requirement added rather s igni f icant ly to the s t ruc tura l design of the
building on the lower floor. The s t ruc tura l requirements, including
earthquake, produced a design of 45.7 cm (18 inch) thick s t ruc tura l
wal ls . Walls which provide personnel shielding are the equivalent of
7.6 cm (3 feet) thick concrete.
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At this time the structural modifications above the tank ire complet
and the building adjacent to the tank is complete. All of the large
process components have been ordered and several have been delivered in
the s i t e . A contract has been placed to install the electrical and
mechanical systems as well as to build and equip the ventilation support
building. The final construction contract package to provide
interconnecting piping, u t i l i t i e s , and ancillary equipment has been
prepared and is in the bidding cycle. Operator training has begun in
anticipation that the equipment will be in use within six months.
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STRATEGY AND PROGRESS IN THE TREATMENT OF LILW IN ITALY

A. Donato, 6. Grossi, P. Venditti
ENEA CRE-Casaccia, Rome, Italy

ABSTRACT

LLW and ILW radwastes are produced in Italy by nuclear
power plants, reprocessing pilot plants, nuclear research
centers. Hospitals, universities and industries also
appreciably contribute to the overall yearly production. The
waste management is at present in charge to the producers,
and the wastes are stored at the generation site. The waste
management is accomplished according to the Technical Guide
N.26, recently emitted by the Italian Regulatory Body
(ENEA-DISP), where the criteria to be followed in the
management are established. At present no solidification
plants are in operation in Italy, less than in the Casaccia
Center, where the Nucleco Company solidify the LLW liquid
radwastes by means of a mobile MOWA (Nukem) plant.

INTRODUCTION

According to the Technical Guide N.26 officially emitted last year in
draft form by the Italian Regulatory Body (ENEA-DISP), which is presented
in another session of this meeting, the radwastes are now classified in
Italy in accordance with the identities and the concentrations of
radionuclides, no distinction being made from the point of view of the
physical state.

Three radwaste categories have been established, the third one being
mainly referred to the high activity liquids arising from the f irst cycle of
the fuel reprocessing facilities and to the alpha bearing wastes. For the
purpose of this paper, we refer only to the wastes of the second category,
that is to those wastes whose radioactivity decay to radioactive levels
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comparable with the exemption limits set up for natural radioactive solids
within a few decades or, as a maximum, within a few centuries. The
radwastes falling in this second category are those generated mainly by
nuclear facilities, the nuclear power plants being the biggest producers,
although the production by others like hospitals, universities and nuclear
research centers cannot be neglected.

RADIOACTIVE WASTE INVENTORY.

In Italy do not exist at present neither national radwaste repositories
nor disposal sites. The radioactive waste produced up to now are
therefore simply stored by the producers at the production site. The
NUCLECO Company site, where also radwastes coming from several small
producers can be accepted for an interim storage, is the only exception.
The radwaste inventory up to the end of 1984 is shown in the figure 1,
where the total stored amounts of solid or solidified radwastes according
to the different sources are reported.
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FIGURE 1. INVENTORY OF SOLID RADWASTES TO BE CONDITIONED
ACCUMULATED AT THE END OF 1984 IN ITALY.

The total amount of second category solid or solidified wastes at the
end of 1984 is of about 8500 cu meters, while the present annual
production, according to the different sources, is shown in the Figure 2.
About 62 % of the total production is due to the nuclear power plant
operations, the pilot reprocessing plants EUREX and ITREC contributing for
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14 % and the nuclear research centers for 9 % only.
The radwaste production rate in the future is highly influenced by the

decisions to be taken by the Italian government about the nuclear power
plants construction plan. While the Alto Lazio 2000 MWe BWR plant is
already at an advanced stage of construction, and its operation w i l l
probably start on early 1990s, the construction schedule of the other
originally foreseen nuclear power plants (10,000 MW of standardized PWR
type) may be reconsidered as a result of the present debate in the Italy's
institutional and political fora provoked by the accident at the soviet
Chernobyl power station.
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ACCORDING TO DIFFERENT SOURCES

RADWASTES FROM NUCLEAR POWER PLANTS.

Four nuclear power plants do exist at present in Italy, one of them,
the Garigliano BWR 150 MWe, being out of operation since about four years
ago The Latina 160 MWe GCR, which is in operation since 1964, will be
probably discontinued in the early 90"s. The other power plants are Caorso
(870 MWe, BWR type) and Trino (270 MWe, PWR type), which are currently
in operation. The future power plants, apart the Alto Lazio plant which is
of the BWR type (2x1000 MWe), w i l l be based on a standard PWR design

( off icial ly designated "ProgettoUnificatoNucleare", PUN) jointly
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developed by ENEL, Ansaldo and ENEA.
The volumes and the characteristics of the radioactive wastes

produced by the present and the future nuclear power plants are shown in
the Figures 3,4 and 5 respectively.

Power Plants in Operation.

The liquid radioactive wastes produced at the Caorso BWR plants are
classified and segregated into four types, according to their
characteristics. The overall daily production of them is shown in Figure 3.

60 T

mmm
L PURITY CHEft WASTES HPURITY DETERGENT

FIG .3 LIQUID WASTE DAILY PRODUCTION AT CAORSO BWR PLANT

The high purity wastes, whose activity is normally higher than 10"4

liCi/ml, come from the equipment drains, the reactor, the turbine, the ion
exchange and fi l ter backwash,etc. The treatment of these wastes is
performed by means of precoated filters, in order to remove the suspended
solids, and then by means on an ion exchange treatment with Powdex
resins.

The low purity wastes and the chemical wastes, after a filtration
through precoat filters, are sent if the case directly to the solidification
system. The waste solidification used at the Caorso plant has been for
long time the urea-formaldehyde process. Due to the corrosive properties
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of the final product, which obliged to use special drums for the solidified
waste, and chiefly due to the very bad characteristics of the
urea-formaldehyde final product, which does not comply with the
requirements established by the Techical Guide N.26 DISP, the
Urea-Formaldehyde process has been discontinued some time ago. The
drums produced up to now wil l be conditioned again, probably after the
incineration of the urea formaldehyde blocks ,which is at present under
investigation by ENEL and NUCLECO. The ashes coming from this treatment
wil l be incorporated in cement. In this way a substantial reduction of the
solidified waste volume stored on site wi l l be obtained.

At the Latina GCR plant the liquid wastes, that is those coming from
the resin regeneration and others, are decontaminated by means of
inorganic selective ion exchangers (ExaCyanoPotassiumFerrate), used in
form of 2 1 cartridges, preconditioned in shielding concrete containers.

Future Nuclear Power Plants.

The radioactive wastes produced by the future nuclear power plants
wil l considerably increase the total amount of radwastes to be treated and
disposed off in Italy. In the Figure 4 the foreseen radwaste production rate
from the BWR Alto Lazio plant is shown, while in the Figure 5 the
radwaste production rate from the standardized PWR power plants is
reported.

The management of these wastes wi l l be carried out on the basis of
the experience gained during the exploitation of the present plants. In
particular the following problems, which characterize the present waste
management, are being carefully considered:

- big amounts of waste drums to be stored and , as soon as possible,
to be disposed off;

- very complicated waste management and waste plant exploitation
schemes;

- solidified waste forms of poor physico-chemical characteristics,
not acceptable for disposal.
In order to overcome these difficulties, the following high priority
objectives have been therefore established for the future power plants :

- to reduce the overall waste volumes, both minimizing the
production and optimizing the treatment and the conditioning processes;

- to optimize the exploitation and the maintanance operations;
- to ameliorate the physico-chemical characteristics of the

2 3 5



800

700

600

500

400

300

200

100

CU .METERS

740

66
17 14

EVAP.CONC. POWDEX BEAD RESINS FILTER SLUD. LAUNDRY
FIGURE 4. ANNUAL RADWASTE PRODUCTION OF ALTO LAZIO BWR PLANT (FIRST

1000 MWe)

160
Cu.M
140

120

100

80

60

40

20

I.E. RESINS EV.CONC. S a i D S LABS LAUNDRY OTHERS
FIGURE 5. RADWASTE ANNUAL PRODUCTION OF THE FUTURE PWR PLANTS

solidified rad wastes.
The first objective wil l be pursued in particular through an intensive

applied research action on:
- the amelioration of the ion exchange systems performances : the

present operational results are not completely satisfactory, mainly as

^H IOI ill!

• • 111• • lili• • •• • •
^ ^ ^ ^ ^ H ^ ^ ^ ^ ^ H iiiiiiiiijiliiiiij

9

32

MM
5 ^ ^ H

2 3 6



concern the Powdex system, and significant improvements are to be
expected,

- the testing and the application of advanced filtration systems, such
as magnetic fi lters, to significantly reduce the suspended solids in the
liquid radwastes to be treated;

- the testing and possibly the application of the wet oxidation
technique for those waste, such as the Powdex resins or organics, either
difficult to be solidified, or producing big volumes to be stored;

the testing and possibly the application of the
evaporation-crystal 1 ization technique;

- the incineration and/or the compaction of the solid wastes.
As concern the wet or the liquid waste solidification, the process

which has been selected for the future nuclear power plants is the
cementation. Some efforts are being made to optimize the system from the
point of view of the flexibility, while the optimization of the
waste-cement mixtures both from the physico-chemical characteristics
and from the economic point of view is being pursued.

RADWASTES FROM REPROCESSING PLANTS.

In Italy there are two reprocessing pilot plants, ITREC and EUREX. The
ITREC plant, located in the Southern Italy, was designed to reprocess U-Th
fuel elements, such as the Elk River Reactor (ERR) spent fuel elements. It
can reprocess about 15 kg of fuel per day. In the past 20 ERR fuel
elements, composed of (U02

+Th02) mixed oxides and containing 46% highly

enriched Uranium (93%) with a burn-up of 9500 MWd/tonn have been
reprocessed.

The EUREX plant is located in the Northern Italy . It was designed for
the reprocessing of spent fuel elements of MTR type. Its capacity is of
about 50 Kg/day of nuclear fuel. 504 MTR fuel elements have been
reprocessed in the past, besides 1450 Kg of Uranium of CANDU type after
some plant modifications.

The second category radwastes accumulated up to now at the EUREX
plant are shown in the Figure 6. The ITREC inventory consist on about 280
cum of solid wastes of various origin and types and on 51 cum of liquid

radwastes coming from the extraction cycle.
The volumes of the second category wastes stored on site is

considerably low in comparison with the wastes produced by the nuclear
power plants. In addition, programs do not exist at present for future
extensive operations of the two reprocessing plants. The radwaste
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management therefore was up to now simply oriented toward the safe
storage and the monitoring of the produced wastes. The need to reduce the
overall volumes was also not much emphasized, due to the lack of a
national or centralized disposal site, forcing to transport and to dispose
off, at high unitary costs, the solid or solidified wastes. For the same
reason the solidification of the liquid radwastes was not carried out.
At present nevertheless the situation, as concern the approach to the

600

2AWMTR 1AWCAN0U MTR+CANDU 0R6ANICS SOLIDS

FI6.6 LILW INVENTORY AT THE EUREX REPROCESSING PLANT.

waste management at the reprocessing plants, is considerably changing.
The liquid waste solidification and the solid waste volume reduction,

that is the "key" steps of every waste management scheme, are certainly
considered the first treatment plants to be builded. As in the case of the
nuclear power plants, the cementation process, for its apparent
simplicity, is considered the most preferred candidate for the waste
solidification, although the development of more advanced processes, such
as the PIC (Polymer Impregnated Cement) or the IREP (Incorporation in
Poiyesther REsins) processes has never been officially discontinued.

The solid waste volume reduction on the other side, in consideration
of the presence of not negligible amounts of alpha emitters in the waste,
cannot be the same as in the case of the nuclear power plants. The high
temperature incineration, of the type developed in Belgium for
example,which would also allow the volume reduction of the alpha waste
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conning from the fuel fabrication plants, is carefully considered as the
more suitable process to be adopted, while the compaction technique wi l l
be probably used for the not combustible wastes.

RADWA5TE5 FROM NUCLEAR RESEARCH CENTER5 AND OTHER PRODUCERS.

The most important nuclear research center in Italy is the ENEA
Casaccia Center, which is located about 30 Km northern of Rome. All the
radioactive wastes produced in this center are collected, treated and
stored by the NUCLECO Company, whose headquarter is located just beside
the Casaccia Center. The NUCLECO company, which was constituted on
1981 by the ENEA (the Italian Commission for the Research and the
Development of Nuclear and Alternative Energy Sources) and the AGN (Agip
Nucleare, an ENI subsidiary company), operates, according to his
constitution act, in the following fields:

- the collection, transport, conditioning and disposal of the second
category radwastes,

- the decontamination and the decommissioning of nuclear and not
nuclear plants;

- the design and the manufacturing of the second category waste
treatment and conditioning plants.

The liquid radioactive wastes in the Casaccia Center are produced by
research laboratories and by nuclear research plants (research reactors,
Pu laboratory, hot cell facilit ies, etc.). The annual production is of about
53 cum of liquid radwaste. The liquid waste transfer to the NUCLECO site
is discontinuous, each laboratory discharging the waste in stainless steel
tanks placed at the production buildings. The waste transportation is
carried out by means of a 4 cu.m. shielded tank truck, provided with a
vacuum system for the liquid evacuation.

The solidification of the liquid wastes is done by cementation or by
incorporation in Dow Polyester Polymers, both being operated by a mobile
MOWA solidification plant, made by the German company NUKEM. The plant,
originally conceived by NUKEM to operate according to the cementation
only, has been modified and developed to work also with Dow Polymers.
The possibility to choice the better incorporation matrix in accordance
with the particular waste type to solidify^ makes this plant very versatile
and useful 1 for a service in nuclear research centers, which are
characterized, as concern the radwaste production, by a large variety of
chemically different solutions.

The solid radioactive waste at present are simply collected and
stored, while their volume reduction in the near future is under
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consideration. Taking into account the presence of urban residential areas
not far from the research center , the technique that wil l be choosen for
accomplishing such a volume reduction wil l be probably the compaction,
although the incineration cannot be completely excluded, mainly for some
type of radwastes.

FINAL REMARKS

The ILLW radioactive waste management in Italy has been
characterized for longtime by the lack of a national strategic approach.

The absence up to now of national of centralized disposal sites and
the lack t i l l last year of clear and officially emitted acceptance criteria
did not help the waste producers to manage their radwaste in a optimized
way. The maximum efforts therefore were done in the past by the different
producers mainly to garantee as far as possible the safety of the waste
storage on site, without having the instruments to make economic and
strategic evaluations on general basis.

At present efforts are being made to give the waste management
operators these instruments. One of them is certainly the presence of
clear and official guidelines, as it is now with the issue of the ENEA/DI5P
Guidelines N.26. Another important instrument for the operators is the
possibility to guarantee the compliance of the radwaste characteristics
with the acceptance criteria requirements. It is noteworthy to mention
here from this point of view the activity carried out at the ENEA Fuel
Cycle Department, CRE-Casaccia where, apart the scientific research
action in the field of the radioactive waste treatment and conditioning,
the certification of the solid or solidified radwaste characteristics from
the acceptance criteria point of view by request of public or private
organizations is also performed.

The radioactive waste management strategy wil l be nevertheless
completed only when national or centralized radioactive waste repository
and disposal sites wil l be selected and operated. Some efforts are going
on in this direction: the NUCLECO site, as previously mentioned, is already
in operation for the collection, the treatment and the storage of radwastes
produced by public and private small operators. On the other side the
EUREX and the ITREC facilities also have been lately proposed for
operating as centralized repositories for the contaminated air filters
produced in the northern and in the southern Italy respectively.
As concern the disposal site selection nevertheless, the matter is at
present under deep discussion.
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ABSIRAC1

A "direct assay" technique developed by Science Applicat ions
assayed solidified evaporator bottoms, dry radioactive waste
(OAW) and filter cartridges, contained in drums and HICs, at
the (iinria Nuclear Station. The scans measured the average nu
elide concentrations over an entire container and accounted
for the effects of the concrete. Analysis results from small
samples of the homogeneous evaporator bottoms agree with the
QuantiScan™ results to better than 30% for the four drums
that were scanned. Measured radiation dose rates agreed
closely with dose rates calculated from the concentrations
measured in the scans. Scaling factors gave the complete
lOCf-Rbl nuclide concentrations for classification and the
shipping manifest. Scans of four containers each of DAW and
filter cartridges also agreed with results from sampling and
dose-rate measurements. Assays of these latter two waste
categories by direct assay are particularly important since
representative sampling of these wastes is nearly impossible.
The demonstrations showed that the QuantiScan™ gives fast
and accurate assays of bulk waste with no attendant personnel
radiation exposure from sampling.

DIRECT-ASSAY METHODOLOGY

The technique for the direct assay of bulk wastes for the gamma-ray
emitting activities is a quantitative method that scans the waste con-
tainer and analyzes for the average concentration of activities in the
material. The analyses are done on line in "near real time", giving re-
sults within minutes of the collection of data. The analytical instrument
consists of a high-purity germanium gamma-ray detector installed in a
shielded collimator and a portable microcomputer that controls the ac-
quisition, analysis and reporting of the data.
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Equipment

The shielding allows the scanner to operate in radiation fields up to
several R/hr. The hole in the front of the collimator that allows unim-
peded rays into the detector is 1-cm diameter. This size hole can scan
containers with maximum concentrations of about 300 Ci/m3. An addi-
tional collimator hole size is conical, going from a 1-cm diameter hole at
the detector to a 4.5-cm diameter hole at 12.5 cm. This aperture is used
for low-activity containers or when the distance between the container and
the QuantiScan™ is necessarily small. The detector, an 8-10% efficient
high-purity germanium crystal, the preamplifier and the liquid nitrogen
dewar are inside the shield. The dewar contains sufficient liquid nitro-
gen to cool the detector for six hours without refilling. The remainder
of the instrumentation, the detector signal processing portion, is placed
in a low-radiation and clean area as far as 1000 feet from the detection
portion. The electronics consists of a high counting-rate amplifier, an
analog-to-digital convertor, multichannel analyzer memory and a microcom-
puter that serves both as the data-collection controller and the data-
analysis system.

Analysis Methodology

Data collection and analysis use five analytical software modules.

Calibration

The technique that makes this system of direct scanning usable for
quantitative measurements is the calibration procedure developed by SAIC
and used with the scanner. Without this ability to measure quantitatively
the different geometries found in all plant radwaste environs, a gamma-ray
scan can give only qualitative results that are of minimal use in radwaste
assay. The analytical module, EFFCAL, incorporates a semi-empirical model
for detector efficiency that treats the detector as a point on the axis
whose location is a function of gamma-ray energy and whose response to
volume elements located off the axis is a function of both energy and the
off-axis distance. The calibration procedure for each collimator and
detector configuration is to determine the model parameters by mapping the
response to a calibrated gamma-ray source located anywhere in front of the
detector-collimator system. The source is an NBS traceable point-source
gamma-ray standard. The model calculates detection efficiencies for a
source-detector geometry through numerical integration of the detector
response function over the volume of the source. Calculations include
gamma-ray self attenuation in the source material as well as the attenua-
tion by the source container and any external absorber.

The technique has been used extensively in the SAIC analytical lab-
oratory, at TKI-2 to measure contamination and to locate fuel debris and
at several operating plants to measure the activity in radioactive waste
and irradiated components in fuel pools. The EFFCAL module can calculate
the counting geometry efficiencies as they occur so that the results are
available for use in analyzing data immediately after they are collected.
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Data Collection and Analysis

The MCA module makes the microcomputer behave as a multichannel
pulse-height analyzer to acquire and transfer spectra through a buffer
memory to the computer memory for analysis. Transfer to the buffer is
fast so that new data acquisition can be done quickly while the previous
spectrum is analyzed. The ANALYZ module analyzes the pulse-height
spectrum to obtain quantitative information on the peaks in the data.
ANALYZ reduces three types of spectra: energy calibration data where it
matches known energies against peak channel positions to obtain the energy
channel calibration relation background radiation data where it records
peak-energy and counting-rate results to use in adjusting scan data for
the background and the regular spectra that it analyzes for quantitative
nuclide concentrations. ANALYZ uses the results from both the energy
calibration and the background analysis to reduce the data from scan
spectra. The process begins with a search of the spectrum for peaks; when
a peak is located, the analysis routine calculates the energy, net count-
ing-rate in that peak, the statistical uncertainty in the counting rate
and the emission rate, obtained by dividing the counting rate by the
detection efficiency (from EFFCAL). If the peak energy were also in the
background file, the net count and statistical uncertainty are adjusted by
subtracting the background and propagating the uncertainties. The next
stage of the analysis matches the peak energies to a file of gamma-ray
energies, nuclides that emit these energies and the nuclear decay proper-
ties associated with these energies, half life and relative emission
rate. The identified peaks are sorted and associated with the decay of a
specific activity and the weighted average decay rate calculated for that
activity. Table 1 shows an output from this analysis. If the principal
gamma ray of a decay is not present (intensity code 1 or 3) or the uncer-
tainty in the weighted average concentration of the activity exceeds 80%,
the final concentration is not recorded. Finally, ANALYZ calculates the
minimum detectable limit for those nuclides in its file that it did not
find by returning to the spectrum and calculating twice the standard
deviation of the baseline spectrum at the channels where the principal
peak of the activity would be. For those cases where the activity was
found but the uncertainty was too great, the module reports as a HDL the
determined value.

Scaling-Factor Use

Scaling factors, relating the "hard-to-measure" beta, alpha and x-ray
emitting nuclides to gamma-ray emitters, are used to complete the waste
analysis for classification and shipping manifest preparation. The values
of the scaling factors and the scaling nuclides are determined as part of
the plant waste characterization program. The module, CLAS61, sorts the
results from the spectra analyses, applies the scaling factors, classifies
the waste and lists the significant nuclides for the shipping manifest.
The output from this routine gives a summary of the measured concentra-
tions or minimum detectable limits for the gamma-ray emitting activities,
the scaling factors used in estimating the other required nuclides, the
list of concentrations, fractions of regulatory limits and "sums of the
fractions," and the list of significant nuclides and their concentrations,
as specified in the NRC Branch Technical Position.
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Table 1. SAMPLE OUTPUT FROM THE QUANTITATIVE ANALYSIS PORTION OF THE
SOFTWARE MODULE, ANALYZ, THAT CALCULATES NUCLIDE CONCENTRA-
TIONS FROM THE PEAK ANALYSIS PORTION OF THE MODULE

Nuclide

134CS

1 3 7Cs

9 5 Z r

«Hb

58Co

Nn

5'Fe

60
Co

110m A g

12*Sb

Gamma-Ray
Energy

(xeV)

563.3
569.3
604.7
795.8
8 0 1 . B

1365.1

66.16

724.2
756.7

765.8

810.8

834.8

1099.2
1291.6

1173.2
1332.5

657.7
884.7

1384.3
1505.0

1691.0
2091.0

Spectrum Descript ion: Drummed

Intensity
Code

4
4
3
3
4
4

1

3
3

1

1

1

3
3

3
3

3
3
4
4

1
2

Disintegration
Rate (D/S)

1.59x108
1.12X108

1.90xlO8

2.26x108

1.03x l0 7

3.15X106

1.53X108

2.44xlO6

3.26x106

2.54x106

2.03x107

3.42X107

3.90X106

1.89x107

Evaporator Bottom

Uncertainty
(Percent)

1.84
2.16

19.75

1.38

23.15

33.17

1.3B

29.33

31.69
29.81

7.81
2.85

26.58

5.19

#154

Weighted Average
Concentration

(uCD

1.739xlO-2

2.830x10-2

1.286x10-3

3.941x10"*

1.915x10-2

3.043x10"*

3.599x10"*

4.074x10-3

2.362x10-3

Uncertainty
(cc)

0.283x10-2

0.780x10-3

0.595x10-3

0.261x10-3

0.528x10-3

0.178x10-3

0.631x10"*

0.509x10-3

0.245xl0-3
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Dose-Rate Calculations

The last module, PAKDOS, is a Curie-to-dose calculation routine that
uses the output from the spectra analyses to calculate the radiation dose
rate from that waste when packaged in any specified container. The cal-
culation is the normal "point-kernal" numerical integration that accounts
for attenuation in the package matrix, container walls and any external
absorber and for radiation build up due to Compton scattering in the ma-
trix, package walls and external absorber. To shorten the computational
time, as is done with the efficiency calculations, the size of the volume
elements in the integration routine increases with the distance away from
the point of the dose rate and into the material. The routine allows the
input of dilution and solidification materials and density factors for the
calculations. PAKDOS is useful for comparing scanning results to measured
dose rates for verification purposes but is more useful for projecting the
dose from a waste in various packaging scenarios for package selection.

Application Methodology

Applications to Radwaste

Direct assay of radwaste containers through the gamma-ray scans ob-
tains the average concentrations of the gamma-ray emitting nuclides in the
waste. From these data, through the use of scaling factors, the process
determines the complete characterization and classification of the waste.
Application of the gamma-ray direct-assay methodology to the assay of rad-
waste is a six-step process:

o establish the geometry of the scan optimal to the waste container,
o establish the energy scale for the gamma-ray pulse-height ana-

lyzer,
o measure the gamma-ray spectrum of the background radiation,
o establish the proper detection efficiency,
o choose valid scaling factors for the "hard-to-measure" nuclides,

and
o acquire the gamma-ray spectra for the waste and analyze the data.

Choosing the optimal scan geometry is often a practical as well as an
accuracy consideration. If possible, it is desirable to scan the entire
portion of the container containing the waste. Because of the size of the
waste containers and space constraints, this is often not possible and an
attempt is made to scan a region of the container that is as representa-
tive of the bulk as is possible.

MEASUREMENTS OF EVAPORATOR CONCENTRATES, DAW AND FILTER CARTRIDGES
AT ThE R. E. GINNA NUCLEAR STATION

Measurements made at the R. E. Ginna Nuclear Station looked at
drummed solidified evaporator concentrates, filter cartridges placed in
HICs and dry-active waste in 55-gallon drums. Analysis results from
samples of the evaporator bottoms could be compared to the direct assay
results and dose-rate measurements on all the containers can be compared
to dose rates calculated from the scan results. Solidification of
evapc-ator bottoms was with cement, mixed in a ratio of about one part
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concrete to one part concentrated waste in the 55-gallon drums. Filter
cartridges were randomly placed in the approximately 60-gallon capacity
plastic HICs with as many as thirty 2.5-inch diameter by either 10-or
20-inches long cartridges to a container. Plant staff sampled filters by
taking cuttings from the cartridges. Some sample results were available
for comparison to the scan results but only qualitatively. Dose-rpte
measurements were taken to compare with those calculated from the scan
results. Background for the scans at Ginna was only a few mr/hr.

Description of Measurements

The evaporator concentrate containers and the scanner were on the same
level and the scan distance was about 0.3 meter from the drum. Similar
geometries were used for both filter-cartridge and DAW scans. The scanner
measured four drums of evaporator waste using the "wide-angle" scan geome-
try. Counting times for the evaporator-bottom analyses were about 1400
seconds. Counting times for the HICs were about 450 seconds and for the
DAW, about 3600 seconds.

Results

Table 2 shows a summary of results for the gamma-ray emitting nuclides
from the scans of the solidified evaporator bottoms for the four drums.
Listed are the concentrations from both the drum scan and the sample ana-
lysis (Ginna results). Drums 177, 178, and 180 were from the same batch of
evaporator bottom discharge and should have the same concentrations. The
analysis adjusted the direct assay results to account for the factor-of-two
dilution by the cement in the solidification. The table also shows the com-
parison between the measured and calculated dose rates for the four drums of
waste. The calculated dose rates used the scan results as input; they were
not corrected for any background dose rate which can explain the difference
of about 1 mr/hr between the two sets at the 1 meter distance. Table 3 pre-
sents the scan results from the complete nuclide analysis of drum 154. The
waste classification is "A" for these evaporator bottoms.

Table 4 summarizes the scan analysis results for the HICs of filter
cartridges. The efficiency calculations assumed a drum of filters half full
with about 20 cartridges although the HICs contained different, but unknown,
numbers of filters (10-30) from different plant locations. Concentrations
in the table are for the gamma-ray nuclides found in the filters expressed
in Ci/m3 of filter. The last three columns are results from three dif-
ferent cartridge samples by the plant. The origin of the filters is indi-
cated. Examination of the data shows comparable concentrations. A nuclide
analysis summary for "HIC2" shows the container of filters to be Class "C"
on the basis of "Table 1" nuclides, primarily the TRU activities.

Table 5 summarizes the results from the scans of the four drums of
DAW. No comparison with sample data was possible. The table compares the
dose-rate measurements with the calculated dose rates and the comparison
shows good agreement.
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TABLE 2. SUMMARY OF THE ANALYSES RESULTS FROM THE DIRECT ASSAY
OF EVAPORATOR CONCENTRATES AT 6INNA 17 APRIL 1985

Nuclide

5kr
**Hn
59Fe

W C 0

60Co
«Nt)
103Ru
llOJlAg
^ * S b
125Sb
13*CS
137Cs

Calculated
Pose-Rate

(mr/hr)

Drum #154
Direct Assav SampHnq*

<4x10~3

3.0xl0~*
3.6x10"*
1.9xlO"2

4.1x10-3
3.9x10"*
<4x10"*
<2xlO"*
2.4x10~3

<4xlO"3

1.7xlO-2

2.8x10-2

Drum

Contact

32

Wtasured***
Dose-Rate
(«r/hr) 32

7.5x10-3
3.4x10"*
l .OxlO"4

3.1x10-2
3.6x10-3
4 .0x l0 " 4

2.8x10"*
1.4x10"*

* *
3.1xlO-3

2.2x10-2
3.8x10-2

#154

Concentrations (C1/m3)

Drum #177
Direct Assav

<4xlO"3
3.9x10"*
<1.4xlO~*
0.014
0.0020
4.3x10"*

<2xlO~*
0.0015
<0.003
0.018
0.030

Drum #177

1-meter Contact 1-meter

2.2

3.1

35 2.0

33 3.3

Drum #178
Direct Assav

1.2x10-2
<1.2xlO"*
<1.4x10"*
0.014
0.0019
<2x10~4

4.4x10"*
0.0016
<0.003
0.018
0.031

Drum #178

Drum #180
Direct Assav

<4xlO'3

3.4x10"*
<7xlO"5

0.014
0.0018
<2xlO"4

<2xlO'4
C.0018
<0.003
0.018
0.029

Drum

Contact 1-meter Contact

35 2.1

33 3.3

33

35

Samolina*

8.6x10-2
2.9x10"4

0.021
0.0034
5.5x10"*

2.6x10"*
* *

0.0026
0.026
0.046

#180

1-meter

2.0

3.4

* Assuming a volume dilution of (2) for the concrete.
** Not reported by Rochester Gas and Electric.

Not adjusted for background.



TABLE 3. SUMMARY OF THE WASTE CLASSIFICATION RESULTS OF THE
6INNA SOLIDIFIED EVAPORATOR CONCENTRATE DRUM #154

Plant Name: G1nna
Analysis Date: l7-Apr1l-85
Sample Description: Drummed Evaporator Bottom #154
Result File Name: b:dr!54.res

00

Nuclide
* * JH
* 14C

* * 60co
* * 63Ni
* * 90sr
* 90Tc
*129T

**137j;s
*241pu

*242Cm

*TRU
* * nuc < 5y

Concentration
(uC1/cc)
4.62x10-3
1.55x10-5
4.07x10"3

1.34X10-3

2.01x10-3
2.83x10-5
2.26x10-5
2.83x10-2
l.iOxlO"6

6.14X10"9

4.39xlO~8

4.22x10-2

Sum of Fractions:

Table 1
Table 2

Ratio of
to 10 CFR

Class A
1.2x10-4
1.9x10-5
5.8X10"6

3.8x10-4
5.0x10-2
9.4x10-5
2.8xlO-3

2.8x10-2
# 3.1xlO"&

# 3.1X10"9

# 4.4xlO"6

6.0x10-5

2.95x10-3
7.91x10-2

Concentration
Part 61 Limits
Class B

4.6xlO- '2

1.9x10-5
4.1X1012

1.9x10-5
1.3x10-5
9.4x10-5
2.8x10-3
6.4x10-4
3.1xlO~6

3.1X10-9

4.4X10"6

4.2X10"11

2.95x10-3
6.76x10-4

Class C
4.6x10"12

1.9x10"6

4.1X10"12

1.9xlO"6

2.9xlO~7

9.4X10"6

2.8x10-4
6.2xlO"6

3.1X10"7

3.1xlO-10

4.4X10"7

4.2X10"1"1

2.95X10"4

8.36x10~6

* - 10 CFR Part 61 Table 1 Nuclide
** - 10 CFR Part 61 Table 2 Nuclide

# - approximate ratio based on assumption that density equal to 1 gram/cc



TABLE 4. SUMMARY OF THE RESULTS ON THE DIRECT ASSAY OF THREE HICS OF
FILTER CARTRIDGES FROM GINNA 17 APRIL 1985

Nuclide

5*Mn
58 C o

6 0 C o

6 5 Z n

«Hb
59fe
nomAg
134Cs

137Cs

12*Sb
125Sb

HIC2

0.27
0.22
8.8
0.10
0.061
0.047
0.20
0.040
0.17
0.070
0.28

Concentration (C1/m3)

Direct Assay

HIC3

0.25
2.73
4.10
0.090
0.86
0.060
1.29

<0.011
<0.032
0.076

<0.29

HIC4

0.21
0.31
4.5
0.091
0.065

<0.018
0.039

<0.010
<0.020
0.034
0.23

61nna
Waste

Hold-up
Tank Filter

0.43
3.25

11.1

0.18
0.60

Sample Analyses

Seal
Injection

0.25
0.61
3.2

0.09

0.19

Boric Add
Storage Tank

Filter

0.078
0.13
1.2

0.029

0.022

TABLE 5. SUMMARY OF THE RESULTS FROM THE 01RECT ASSAY OF THREE
DRUMS OF GINNA DAW, 18 APRIL 1985

Direct

Nuclide

5kr
5«Mn
59Fe
58Co
6 0 C o

95Nb
103 R u

110mAg

12«Sb
125Sb
1 3 ^
134 C s

137 C s

1**Ce

Dose Rate
(mr/hr)

at Contact

•Calculated

Assay Measured Activity Concentration

2 U

0.010
2.2x10"*
1.9x10"*
4.1xlO-3

2.0xl0-3

1.2X10-3

4.5x10"*
3.8x10"*
3.1x10"*
I.OxlO"3

<lxlO"*
5.0x10"*
1.1x10-3

< x10~*

214

Heas. C a l c *
1.5 1.3

from PAKDOS

Drum Number
209

1.4xlO-3

<4x10"5

1.3x10"*
2.5x10"*
8.1x10"*
2.1x10"*

<6xlO"5

<5x10"5

1.0x10"*
<5xlO**

2.0x10"*
4.6x10"*
7.3x10"*

<5xlO"*

Drum Number
209

Meas. C a l c *
0.5 0.4

(C1/m3l

m
3.4x10-3
2.4x10"*

<BxlO"5
2.5X10-3

3.1x10-3
4.5x10"*

<lxlO"*
3.5x10"*
2.2x10"*

<9xlO"*
<lxlO~*
7.6x10"*
I .6XIO-3

<3xlO"*

216

Meis. Calc.*
2.0 1.3

2 4 9



Discussion of Ginna Results

Where the results from radiochemical analyses and gamma-ray scanning
can be compared directly, as for the solidified evaporator bottoms, the
agreement is very good, suggesting that both the sampling and the scanning
are accurate to 10 to 30%. This is the range of agreement between the two
analytical methods for the longer-lived nuclides, -^Mn, 60cOj 134cs
and ' 3 7Cs. This accuracy is corroborated through the very good agreement
between the measured and calculated centerline dose rates, calculated using
the measured concentrations of the gamma-ray emitters in the four packages.
These results were given in Table 1. Although there was no radiochemical
analyses on the DAW samples, the good agreement between the measured dose
rates for the three drums of waste and those calculated using the results of
the gamma-ray scan suggests that the accuracy is of the same degree as that
for the evaporator concentrates. The analyses of packaged filter cartridges
probably have lower accuracy because of the less known geometry inside the
containers. No good comparison is possible for the results of analyses of
the filter cartridges. The dose-rate instrument failed during the measure-
ments and Ginna staff does not feel comfortable with the representativeness
of the sample, particularly since most of the filters originate from dif-
ferent time periods than that of the sampling. Nonetheless, the accuracy is
believed to be about 50*.

The gamma-ray direct assay methodology was successfully demonstrated at
Ginna, achieving accuracies greater than those previously obtained by the
plant staff. The accuracies were well within those required by the NRC for
classifying waste. Because of the convenience and ALARA aspects of the
technique as well as the accuracy, Ginna staff chose the methodology for
DAW, spent resins, and filter cartridge assay.
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EQUILIBRIUM LEACH TESTING OF WASTE FORMS CONTAINING FUEL CLADDING
TO EVALUATE THEIR PERFORMANCE IN DISPOSAL

M J Angus and I A Kirkham
Windscale Nuclear Power Development Laboratories

and

J H Rees and P T Roberts
Atomic Energy Research Establishment, Harwell

ABSTRACT

A static equilibrium leach test has been developed to
provide a simulation of disposal of intermediate level
wastes. The repository components - waste, matrix and
backfill - have been equilibrated with water for up to
one year. Leachates are analysed for U, Pu, Np-237,
Am-241, Cs-137, Sr-90, Tc-99, 1-129 and C-14. Results
are presented for leaching from Magnox and advanced
gas-cooled reactor fuel cladding wastes using a
combination of matrices, backfills and atmospheric
conditions. The equilibrium concentrations were
generally very low and have been compared with the
concentration of each isotope in drinking water that
would give an adult an annual dose of 1 mSv.

INTRODUCTION

In addition to work on vitrification of high level wastes, much of the
current research and development in the UK on the management of nuclear
wastes is being devoted to materials of lower specific activity which also
require encapsulation prior to disposal. Such intermediate level wastes
include "he fuel cladding materials which remain after the bulk of the fuel
has been removed for reprocessing. Studies of the immobilisation of these
intermediate level wastes have identified cement and certain polymers as
showing most promise and an extensive programme is in progress to
understand how these waste forms will behave under disposal conditions.

The main pathway back to man for radionuclides from a repository is
via groundwater. Sites selected for disposal should ideally have low flow
rates of water, sufficiently slow that the residence time of water in the
repository will be lengthy. In this situation, the groundwater is assumed
to be at, or near, equilibrium with the components of the repository -.the
waste itself, the immobilisation matrix, the canister and the backfilid).

There are a number of standard leach testing procedures currently in
use (eg(2)). While these tests may be useful for intercomparison of
different waste forms, most do not closely simulate conditions in a
repository, because:
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1. Most leach test procedures involve exposing a monolithic sample
to a leachant. If a dynamic method is used, the test simulates a high
water flow rate in which equilibrium between the waste form and the
leachant is never reached. Even if static conditions are used, it may
take a long time to reach equilibrium. In both cases, the results
tend to reflect the diffusion rates of the radionuclides or the rates
of dissolution of the matrix rather than the low flowrate of
groui dwater, which is likely to be the rate-determining step in the
return of the radionuclides to the biosphere in the long term when the
integrity of repository components cannot be guaranteed.

2. Most leach tests study leaching from the waste form and matrix in
isolation and do not take into consideration the effect of other
constituents of the near field such as the repository backfill
materials which would occupy a large proportion of the total
repository volume.

A static equilibrium leach test (ELT) has therefore been
developed^) which differs in concept from previous leach tests in that
it aims to simulate as closely as possible the conditions which are
expected to prevail in a repository after several hundreds or thousands of
years. Under these conditions the waste canister is assumed to have
corroded and therefore presents no barrier to leaching. The waste matrix
and the backfill material are assumed to have degraded with the loss of all
structural integrity. Leaching is therefore dependent on groundwater flow,
and this is assumed to be sufficiently slow that equilibrium conditions are
reached. The equilibrium leach test therefore assumes no physical
barriers. Instead it is a measure of the chemical properties of the
repository constituents as a whole as a barrier to leaching. To simulate
these conditions, the repository components - wasteform, matrix and
backfill - are allowed to come to equilibrium with water. The material is
crushed where possible to reduce the time to equilibrium.

Although the ELT aims to make empirical measurements of near field
radionuclide concentrations under as realistic conditions as possible,
there are several limitations to the technique:

1. The short timescale of the experiments imposes certain limitations.

(a) It is impossible to take into account the chemistry of radioactive
daughter isotopes (even short-lived daughters formed at the end of long
decay chains may present radiological problems).
(b) Although every attempt is made to simulate the future chemical state of
the repository, this cannot be fully achieved.
(c) The potential solubilising action of complexants from radiolytic
degradation of organic materials which may be present in a repository is
not fully considered.

2. Relatively high water-solid ratios are required to obtain sufficient
sample for analysis.

3. Only low flow-rates in which equilibrium conditions are maintained in
the repository are considered.
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ror these reasons, the equilibrium leach test forms only a part of a
wider research programme in which results are compared with predictions
based on solubility/sorption models.

In this study, leach testing has been carried out with the cladding
wastes which arise from reprocessing fuel from Magnox and Advanced
Gas-cooled Reactors (AGR).

The AGR fuel will be separated from the cladding by chemical
dissolution in the new Thermal Oxide Reprocessing Plant (THORP) now under
construction at British Nuclear Fuels, Sellafield. This process leaves,
typically, short sections of irradiated stainless steel hulls as waste.
Associated with these will be a small quantity of undissolved UO2.

Magnox fuel is decanned in a mechanical stripping process. The
resulting swarf consists largely of a 99 per cent magnesium alloy, although
a small amount of U fuel is carried over. In the presence of water,
partial corrosion of the Magnox occurs, producing Magnox sludge (mainly
Mg(OH)2).

EXPERIMENTAL

Eight different repository simulations were prepared for each waste,
encompassing all combinations of:

2 matrices - either a cement made up of 3:1 granulated blast furnace slag
(BFS): ordinary Portland cement (OPC), or an epoxide resin.

2 backfills - either a cement made up of 10:1 pulverised fuel ash
(PFA):OPC, or bentonite.

2 different atmospheres - one generated by equilibrating with air and the
other by high purity nitrogen. The latter was intended to simulate the
reducing environment expected in a deep underground disposal site.

A further four experiments were carried out with the Magnox waste to
evaluate a third matrix consisting of a BFS/OPC cement modified with a
polymer.

The components of each experiment were loaded into stainless steel
canisters. These had previously been polished using a chromium trioxide
polish lubricated with light oil and cleaned with acetone then nitric acid
to reduce the possibility of sorption on the surfaces of the cans. The
formulation of each experiment was designed to represent 100 cm^ of
encapsulated waste, with backfill added to give a backfill encapsulated
waste ratio of 5:3 by volume. Waste and matrix were separately prepared
and added to the canisters. Demineralised water (5 litres) was then added,
giving a leachant:solids ratio of ~ 20:1, and the canisters were sealed. A
cover gas flow of ~ 1 ml.min-1 was maintained throughout the experiment
using either air or high purity nitrogen (with an oxygen content of
< 10 ppm). Before being bubbled through the leachant, the cover gas was
passed through a water saturator, two carbon dioxide absorbers and metering
valves and in-line bubblers to control the gas supply to each experiment.
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The apparatus for Lhe leaching experiments is shown in Figure 1.

Nylon tubing

Needle valve

Air or nitrogen

ICfy-free, wafer
saturated)

Gas inlet ——
and sampling
tube sliding
through 0-ring
seal (6mm
diameter
stainless steel)

Water-filled
bubbler

as outlet tube and filter

— L i d clamped onto
0-ring

Stainless steel can

Water [5 litres)

Wasteform, matrix
and backfill

Figure 1 Diagram of the equilibrium leach test equipment.

Materials

Wasteform

Approximately 46g of AGR hull was used in each AGR experiment. In
addition, a small quantity of powdered, irradiated UO2 fuel (0.5g) was
added to simulate a fuel carryover of ~ 0.1 per cent.

Approximately 27g of Magnox was included in each Magnox experiment.
Half of this was added as fresh Magnox swarf and half in the form of
corroded Magnox 'sludge' to simulate the corrosion that would eventually
occur in the encapsulated waste.

Matrices

The slag cement was a 3:1 BFS/OPC mix with water-cement ratio 0.35.
This was cured for 300 days at 20°C and crushed to particle size
< 10 mm. Portions of 174g were used in the experiments.

The polymer matrix was a proprietary bisphenol A epoxy resin with an
aromatic amine hardener in a cresylic acid/coal tar solution (Ciba-Geigy
MS 7531/MS 7532). This was crushed to particle size < 10 mm and added to
the appropriate experiments in 123g portions.

The polymer-modified cement was based on a BFS/OPC cement modified
with a styrene-butadiene copolymer to give BFS:OPC:polyn*er mix proportions
of 4:1:1. Tne water-cement ratio was 0.2. This was cured 28 days at
20°C, crushed to < 10 mm and added to the appropriate experiments in 164g
portions.
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Backfills

The 10:1 PFA:0PC backfill (water-cement ratio 0.3) was cured 28 days
at 20°C and crushed to particle size < lmm. Portions of 340g were used.
PFA/OPC has been selected as a candidate material because of its good
rheological properties.

The Wyoming bentonite was used as received, as ~ 1 mm diameter
granules, in lOOg batches. Bentonite has been chosen as a candidate
backfill material because of its swelling properties on contact with
water. It is a typical montmorillonite-type clay. It swells in neutral
aqueous solution due to electrostatic repulsion between structural layers.

Sampling and analysis

The canister contents were allowed to equilibrate with water over a
period of one year. Samples of leachant (~ 700 ml volume) were removed at
1, 2, 3, 6 and 12 months and additionally at 10 months in the AGR
experiments. The volume removed was not replaced by fresh leachant. The
leachant was extracted into an evacuated container via the cover gas inlet
tube while cover gas flow was diverted into the gas outlet tube to avoid
contamination by atmospheric CO2. The leachates were filtered using a
Whatman 40 filter and analysed for C-14, Sr-90, Tc-99, Cs-137, U, Np-237,
Pu-239/40 and Am-241. Analytical results therefore include any colloidal
species not removed by filtering. The radionuclides were determined as
follows:

1. C-14 by collecting CO2 evolved on acidification as BaC03 followed
by liquid scintillation counting.

2. Sr-90 by radiochemical separation followed by standard beta counting.

3. Tc-99 by atomic absorption spectroscopy (AGR experiments), or by
solvent extraction ard liquid scintillation counting (Magnox experiments).

4. 1-129 by a radiochemical separation followed by neutron activation to
produce 1-130 which is determined by gamma-spectrometry (AGR experiments),
or by a series of solvent extractions followed by gamma-spectrometry
(Magnox experiments).

5. Cs-137 by direct, gamma spectrometry.

6. The actinides by radiochemical separation from the beta- and
gamma-emitters to reduce radiation levels, followed by individual
separation of the actinides and alpha-spectrometry (Pu, Am, Np) or
fluorimetry (U).

RESULTS

There was very little variation in concentrations from the 1-month
samples through to the 12-month samples, indicating that equilibrium was
reached in a fairly short time. The results at 1, 2, 3, 6, (10) and 12
months have therefore been combined to give the average concentration of
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each isotope throughout the experiment (Tables 1 and 2). The initial
radionuclide inventories are also shown in Tables 1 and 2, calculated from
dissolution and analysis of a sample of each waste.

To aid interpretation, the radionuclides analysed can be split into
three groups: (i) concentrations well above the limit of detection - these
include Cs-137 and Sr-90; (ii) concentrations close to the limit of
detection - these include U, Pu, Am-241, Tc-99 plus 1-129 (in AGR series)
and C-14 (in Magnox series) - a wide scatter of results is associated with
analysing isotopes in this group, so little significance should be assigned
to variations in concentration of less than an order of magnitude when
comparing results for these isotopes; (iii) concentrations generally below
the limit of detection - including Np-237 plus 1-129 (in Magnox series) and
C-14 (in AGR series) - very little significance can be assigned to results
in this group, except that the concentrations involved are very low indeed.

The concentrations of individual radionuclides have been compared with
the concentrations in drinking water that would give an adult an annual
whole body dose of 1 mSv (Tables 1 and 2). This is the limit recommended
by the International Commission for Radiological Protection and accepted by
the National Radiological Protection B o a r d W . An annual consumption of
water of O.6m3 is assumed.

The pH of the AGR experiments was highest if BFS/OPC was present
(~ pril2) and always remained alkaline (> pH 10.4) as long as there was some
cement present in the system. However, in the experiments in which no
cement was present (epoxide/bentonite) the pH was near neutral (~ pH 8.5).
In all the Magnox experiments the pH was > 10.5 even with no cement in the
system, due to the presence of corroded Magnox (Mg(0H)2).

The redox potential (Eh) of all the experiments was approximately +200
mV. The use of nitrogen instead of air did not give an appreciable drop in
Eh and as a consequence the results were not dependent on the atmosphere
above the water.

DISCUSSION

Comparison with Drinking Water Levels

The results show the high degree of protection afforded by near-field
components.

The equilibrium concentrations of most of the isotopes studied are
similar to the reference drinking water levels for both sets of
experiments, although the americium concentrations are somewhat higher in
the AGR series. This comparison helps to put the experimental results into
perspective and to identify priority isotopes in immobilisation, although
it assumes an unrealistic worst case in which the repository water is drunk
without dilution. In a real repository, the host rock would provide
substantial additional protection through sorption, hydrodynamic
dispersion, etc. Although Cs-137 and Sr-90 concentrations are well above
the drinking water limits, this is not considered to be important due to
their relatively short half-lives of ~ 30y (ie in 300 years their
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TABLL 1. MEAN EQUILIBRIUM RADIONUCLIDE CONCENTRATIONS FOR AGR HULLS/UO2 EXPERIMENTS

Matrix

BFS/OPC
BFS/OPC
Epoxide
Epoxide
BFS/OPC
BFS/OPC
Epoxide
Epoxide

Systems

Backfill

PFA/OPC
Bentonite
PFA/OPC
Bentonite
PFA/OPC
Bentonite
PFA/OPC
Bentonite

Cover Gas

Air
Air
Air
Air
N2
N2
N2
N2

<4.
<3.
3.
3.

<5.
<8.
<6.
3.

U

3
0
6
2
1
8
6
5

E-08
E-08
E-08
E-07
E-08
E-08
E-08
E-07

Pu-239/240

7.
1.
9.
1.
1.
6.
2.
1.

1
6
8
9
1
2
5
5

E-12
E-ll
E-ll
E-09
E-ll
E-ll
E-ll
E-09

Mean

Np-237

7.1
<6.0
<6.0
5.0

<8.0
<1.5
<6.0
3.6

E-12
E-12
E-12
E-ll
E-12
E-ll
E-12
E-ll

Equilibrium

Am-241

4.4
1.4
6.5
3.0
6.5
1.9
3.4
1.2

E-14
E-13
E-13
E-ll
E-14
E-12
E-13
E-ll

Concentrations (Mol/1)

Cs-137

1.3
2.9
3.3
6.8
1.6
3.0
9.9
6.7

E-07
E-07
E-07
E-09
E-07
E-08
E-09
E-09

Sr-90

6.0
6.4
7.7
2.3
1.5
3.3
7.4
1.8

E-10
E-10
E-10
E-10
E-09
E-09
E-10
E-10

Tc-99

3.4
2.1

<2.3
1.9
4.6

<4.6
<1.3
<6.4

E-07
E-07
E-07
E-07
E-07
E-07
E-07
E-08

1-129

9.3
1.3
2.8
8.6
2.6
4.1

<5.9
<1.2

E-07
E-06
E-07
E-08
E-07
E-07
E-09
E-08

C-14

<3.5
<3.5
<3.1
<3.5
<3.5
<3.5
1.2

<3.5

E-10
E-10
E-10
E-10
E-10
E-10
E-09
E-10

Initial radionuclide
inventories per experiment
(moles) 1.5 E-03 2.7 E-06 1.7 E-08 3.0 E-07 7.5 E-06 1.9 E-06 3.7 E-05 1.5 E-05

NJ Reference drinking water
levels*

6E-06 1E-11(239) 2E-11
3E-12(240)

5E-14 4E-12 6E-14 1E-07 9E-09 1E-09

•Concentration calculated to give an adult whole body committed effective dose equivalent of 1 mSv for each isotope, assuming
an annual average water consumption of 0.6 m3.



TABLE 2. MEAN EQUILIBRIUM RADIONUCLIOE CONCENTRATIONS FOR MAGNOX SWARF/SLUJGE

Matrix

BFS/OPC
BFS/OPC
Epoxide
Epoxide
Polymer
cement

Polymer
cement

BFS/OPC
BFS/OPC
Epoxide
Epoxiue
Polymer

cement
Polymer
cement

Systems

B a c k f i l l

PFA/OPC
Bentonite
PFA/OPC
Bentonite

PFA/OPC

Bentonite
PFA/OPC
Bentonite
PFA/OPC
Bentonite

PFA/OPC

Bentonite

Cover Gas

Air
Air
Air
Air

Air

Air
N2

N2

N2

N2

Ng

U

<3.0
<3.0
<2.7
<2.9

<2.7

<2.7
3.0

<3.4
<2.9
<2.7

<2.8

<2.8

E-08
E-08
E-08
E-08

E-08

E-08
E-08
E-08
E-08
E-08

E-08

E-08

Pu-239/240

8.8
1.4
6.8
2.8

9.1

1.8
<4.6

6.4
<2.6

5.7

<3.2

7.8

E-13
E-12
E-13
E-12

E-13

E-12
E-13
E-13
E-13
E-12

E-13

E-13

Mean

Np-237

<9.1
<9.0
<2.4
<8.2

<9.1

<7.0
<8.4
<7.5
<8.1
<9.0

<2.7

<7.1

E-12
E-12
E- l l
E-12

E-12

E-12
E-12
E-12
E-12
E-12

E- l l

E- l l

Equi l ib r ium

Am-241

<8.
<1.
<6.

Z.

7.

1.
<8,
<9,
<4,

1,

5

<8

4
9
.5
.6

.1

.1

.1

.4

.7

.0

.5

.7

E-15
E-14
E-15
E-14

E-14

E-13
E-15
E-15
E-15
E-13

E-14

E-14

Concentrations

Cs-137

6.2
1.0
6.4
5.6

4.4

1.8
4.6
1.0
3.9
1.6

3.8

1.7

E-09
E-09
E-09
E-10

E-09

E-08
E-09
E-09
E-09
E-09

E-09

E-09

; (Mol/1)

Sr-90

5.4
4.1
5.6
2.6

5.3

4.0
6.1
4.1
5.7
2.1

4.2

6.5

E-10
E-10
E-10
E-10

E-10

E-10
E-10
E-10
E-10
E-10

E-10

E-10

2
<2

3
2

<1

<1
<S
<1
<1
<1

<1

Tc-99

.2

.6

.5

.7

.9

.6

.3
• O

Q

.2

.5

E-09
E-09
E-09
E-09

E-09

E-09
E-10
E-09
E-09
E-09

E-09

E-09

1-129

<2.3
<2.6
<4.3
<9.7

<5.9

<4.1
<5.2
<6.7
<1.2
<1.5

<2.4

<3.5

E-09
E-09
E-09
E-09

E-09

E-09
E-09
E-09
E-08
E-08

E-09

E-09

C-

4.2
6.9
4,3
1.9

3.6

5.8
6.3
4.3
4.7
1.9

6.3

6.5

14

E-l l
E-l l
E- l l
E-10

E-l l

E-11
E-l l
E- l l
E- l l
E-10

E-l l

E-l l

Initial radionuclide
inventories per experiment
(moles) 1.1 E-04 8.4 E-07 1.1 E-08 1.9 E-08 8.4 E-08 4.4 E-08 2.0 E-07 4.0 E-09

Reference drinking water
levels*

6E-06 1E-11(239) 2E-11
3E-12(240)

5E-14 4E-12 6E-14 1E-07 9E-O9 1E-09

•Concentration calculated to give an adult whole body committed effective dose equivalent of 1 mSv for each isotope, assuming
an annual average water consumption of 0.6 m^.



concentrations will have dropped by 1000X).

Choice of Backfill

The backfill is the largest individual component of the repository
volume, so the choice of a suitable material is important. A comparison
between the two backfills used in these experiments shows the actinide
concentrations in particular to be very dependent on backfill. The
equilibrium concentrations of plutonium, americium and neptunium were
higher with bentonite as backfill. The effect was most evident in the A(
hulls/epoxide experiments where the difference in Pu and Am concentratior
between bentonite and PFA/OPC backfill was up to two orders of magnitude
(see Figure c\ This is consistent with their equilibrium pH's of 8.5 ar
10.5 respectively. Although the concentrations of Cs and to a lesser
extent Sr, were lower with the bentonite backfill due to ion-exchange,
PfA/OPC is considered to be a better choice of backfill due to its abilii
to immobilise the actinides.

2:
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-13

A ICRP Drinking Water Levels
Bentonite

CQPFA/OPC

Pu Am
(AGR Hulls, Epoxide Matrix, Air)

Choice of Matrix

In the AGR experiments the effect of the matrix on equilibrium
concentration was quite large. This was probably due to the large pH
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variations (see Table 3). Plutonium and americium solubilities decrease as
pH increases^). Therefore, as the slag cement has an ability to sustain
a high pH, the equilibrium concentrations of Pu and Am were lower in the
slag cement than in the epoxide tests. The highest concentrations were
found in the epoxide/bentonite tests which included no cement in the
backfill or the matrix and were consequently at a low pH. In these tests,
the americium concentration was up to three orders of magnitude higher
compared to tests run at a more alkaline pH. This observation confirms the
importance of maintaining alkaline conditions in the repository and
indicates that cement is an ideal material for this purpose.

TABLE 3. EFFECT OF pH ON ACTINIOE CONCENTRATIONS
(AGR Hulls, Air Atmosphere)

Systems

Matrix

Epoxide

Epoxide

BFS/OPC

BFS/OPC

Backfill

Bentonite

PFA/OPC

Bentonite

PFA/OPC

Concentrations (M)

Pu

1900 E-12

98 E-12

16 E-12

7.1 E-12

Am

3000 E-14

65 E-14

14 E-14

4.4 E-14

PH

8.3

10.4

12.1

12.0

In the Magnox experiments choice of matrix had no significant effect
on the equilibrium concentrations. The alkaline conditions produced by the
Mg(0H)2 appeared to be the controlling factor. No improvement was
obtained in the polymer modified slag cement compared to the unmodified
slag cement. The epoxide matrix examined showed some indications of
instability to radiation - some radiolytic degradation products were
observed in the leachate. Although this did not lead to an increase in
equilibrium concentrations, the epoxide matrix is considered to be
unsuitable for disposal.

Solubility or Sorption Control

The equilibrium concentrations in the leachates may be controlled
either by the solubility of each species or by sorption on the solid phases
present. Table 4 compares the maximum equilibrium concentrations of the
actinides in the Magnox series with their solubilities at a similar pH
(solubilities obtained from reference 6). All the measured equilibrium
concentrations are lower than the solubilities, in most cases by several
orders of magnitude. This indicates that the equilibrium concentrations
may be controlled by sorption rather than limited by solubility.



TABLE 4. COMPARISON OF EQUILIBRIUM CONCENTRATIONS OF
MAGNOX SERIES WITH SOLUBILITIES AT A SIMILAR pH

U Pu Np Am

Maximum Observed
Equilibrium Concentration (M) 3 E-8 0.57 E-ll 0.71 E-10 0.11 E-12

Solubility at pH 11.5 (M) 10 E-8 400 E-ll 0.7 E-4 400 E-12

Improvements to Techniques

The equilibrium leach test is believed to give a realistic simulation
of repository conditions and the leach testing programme has therefore been
expanded to include a wider range of intermediate level wastes. However,
there will be some improvements to the technique in order to simulate
repository conditions more closely. Future equilibrium leach tests will be
carried out at a lower water-solid ratio. This is necessary to confirm
whether the sorption-limited leach mechanism is an experimental artefact -
at lower water-solid ratio, the concentrations of some of the isotopes may
move into a solubility controlled regime. Reducing conditions were not
obtained in these experiments. The redox potential could affect the
speciation of elements such as Pu and 7c, which may be present in less
soluble forms under reducing conditions. A reducing potential will be
achieved in future experiments by using an Ar/H2 mixture as cover gas or
by the addition of soluble reducing agents.

CONCLUSIONS

The equilibrium leach test provides useful information on equilibrium
concentrations of radionuclides in a repository situation. The materials
proposed for use in a repository are in L^mselves capable of providing a
high degree of protection in the disposal of fuel-cladding debris.

The alkaline conditions endowed by cement-based materials are
particularly effective in controlling actinide concentrations. Further
control is provided by physico-chemical processes such as sorption.

The repository would also incorporate additional physical barriers
designed to further restrict the release of radionuclides for several
hundred years. Thus the near field can be regarded as providing
substantial protection by controlling the release of the more important
radionuclides.
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"MODEL B" - A NEW PROCESS FOR SOLIDIFICATION OF
ION-EXCHANGE RESINS AND EVAPORATION

CONCENTRATION

L a r s L indbe rg
A v f a l l s p r o j e k t AB

Box 37
S-182 71 Stocksund. Sweden

ABSTRACT

Avfallsprojekt AB, is a Swedish company
specialized in waste management, waste
management and processing systems for low- and
medium-level waste. Avfallsprojekt has
developed a new process, patent pending, called
"Model B" for bitumenization of ion-exchange
resin and evaporation concentrate. Model B
unites and optimizes the advantages from
existing cement and bitumen processes with
respect to all aspects in the different waste
handling phases. Model B features are high
mixing rat io, no risk for fire and simplicity
achieved by using a special developed
B-emulsion.
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INTRODUCTION

During the construction of the nuclear power
plants in Sweden with associated waste treatment
systems a careful examination was established
regarding evaluation of suitaole incorporation
methods and matrixes for ion-exchange resin and
evaporation concentrate.

Two different methods for immobilization have
derived from this work; incorporation in a
cement or bitumen matrix. The methods used to
accomplish a solid product in bitumen or cement
vary but are with exception of mixing ratio in
general similar within each of the two
categories.

In Sweden are all details in the different waste
management phases from origin to final
repository now elaborated. It is th. refore
possible to identify processes, meti.jds and
components which are optimized with respect to
all steps in the successful waste management.

The knowledge regarding all phases in the waste
management means, that some of the advantages
and disadvantages with bitumen and cement
respectively, now are possible to quantify.
With this background, it has been possible, in
Sweden, to design a process adapted and
optimized to meet the requirements derived from
the different phases in the waste handling.

In general such a process ought to compromise
the, in this connection, favorable properties
from the bitumen and cement matrixes
respectively.
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THE PROPERTIES OF TRADITIONAL CEMENT AND
BITUMENT PROCESSES

Cement

Cement processes are characterized by the
following advantages and disadvantages:

Advantages

the product does not swell due to
absorption after solidification

the product is not burnable and there is
no risk for fire in connection with the
incorporation process

necessary process equipment is
uncomplicated

cheap matrix

Drawbacks

the mixing ratio is low (low weight and
volume percentage of the solid body)

it is a complex process chemically. The
product quality is sensitive for changes
in the chemical composition of the waste
material

the process is irreversible, i.e., the
final product can't easily be split into
it's origin components; waste, water and
cement respectively

the hydration must proceed under a longer
period until the mechanical strength is
developed

heat and gas are produced during the
hydration

low leach resistance
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Bitumen

Correspondingly, previous bitumen processes may
be characterized by the following advantages and
disadvantages.

Advantages

the mixing ratio is high

bitumen and waste are solidified in a
chemically passive process which is
unsensitive with respect to variations in
the mixing ratio and the chemical
composition of the waste material

it is possible, with relatively small
efforts, to disintegrate the solidified
product into waste and bitumen

the matrix is cheap and has low density

high leach resistance

known ageing properties

Drawbacks

the dried ion-exehange resin which is
solidified in the bitumen matrix swells in
contact with water

there is a risk for fire in all phases in
the bitumenization process

necessary equipment is extensive

the product is transformed to a solid body
first after a relatively long period after
the mixing and filling of the package

the high temperatures of the matrix and
waste gives a potential risk for
fermentation phenomena at and shortly
after the mixing of waste and bitumen
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Tne items above can be judged and sorted
differently depending on local or national
circumstances.

One example on a such national aspect is the
Swedish requirements concerning swelling. The
product shall have no potential for swelling in
c.).'it-act with water. The requirements derives
r rvi,-". the technical design of the Swedish final
repository (SFR) for low and medium level waste
./at may of course be applicable in other :"inal
repositories if there is a risk for contacts
:;et«&en water1 a.id the waste product. The
"-q.jirerr.ent is specially interesting if the
A'd.-te package shall be protected by barriers
which are .sensitive for increase of waste
vjlume.

I:, general one can say that an ideal process for
solidification of low and medium level
: ;::-exchange resin and evaporation concentrate
shall:

include the advantages from bitumen
processes but not the drawbacks.

be based on a matrix which is possible to
license.

be possible to realize simple, fast and
cheap both as a new complete process or as
complement to existing bitumen and cement
solidification systems.

OPTIMAL SOLIDIFIED PRODUCT WITH MODEL B

With the purpose of creating a sol id product
which gives the best over-al l solut ion for ,
among others , Swedish condit ions, Avfallsprojekt
AB has developed a new process, patent pending,
called Model B.

The leading feature for the new so l i d i f i c a t i on
system is that the process i s designed to give
only the advantages from both the cement and
bitumen process.
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The Model B process gives a solid product which:

inoorporatec ion-exchange resin and

evaporation concentrate in a homogeneous

body-

has a high mixing ratio

is solidified in a process where no fire
can appear

makes a product which is uncombustible

the resin swells in the final product by
absorbing the water from the media.

further,

no gas or heat generated during the
solidification

the product becomes a solid body soon
after the mixing of waste and matrix

the process is simple and is easy to
realize as a new complete system or as a
complement to existing bitumen or cement
solidification systems

the matrix used may have properties
identical to already licensed matrixes

no risk for fermentation problems

it is possible to disintegrate the product
into waste and matrix respectively

the matrix is cheap

no decontamination problems

i t is possible without any restrictions to
incorporate waste with a specific activity
< 37 GBq/1

the process is not sensitive to changes in
the chemical composition in the
ion-exchange resin
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MODEL B - A NEW SYSTEM FOR SOLIDIFICATION IN
BITUMEN

To make it possible to achieve a product which
has these above mentioned favorable properties,
Avfallsprojekt AB, has developed a process
called Model B (Figure 1).

Uncontrolled area ', Controlled area

Storage.
tank
B-emulsion

Figure 1. Typical Main Flow Diagram

Model B may be described in the following
phases:

A. The ion-exchange resins dries to a known
status which means that i t after drying is
even partially degradated by heating.

B. A container with a s t i rrer is filled with
specially developed bitumen emulsion,
B-emulsion.
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C. The dry ion-exchange resins is added to
the container.

D. The ion-exchange resin and the B-emulsion
are mixed with a st irrer in the package
until the waste material is essentially
uniformly distributed. The B-emulsion
breaks and the product is transformed to a
solid body.

E. The water in the B-emulsion is absorbed by
the ion-exchange resin which swell to its
maximum volume.

F. A solid, homogeneous and cold product has
in a short time been produced with earlier
mentioned favorable properties.

The process can be designed in a simple and
uncomplicated fashion and besides has a low cost
due to the fact that the incorporation takes
place at room temperature in the container.
Selected components are in this respect standard
components. Experience has been collected from
existing processes for the required evaluation
and the chosen components have in nuclea^
applications shown well proven design.

It is possible to use considerable parts of
existing equipment and installations in cases
where Model B shall be installed as a
supplementary solidification system.

In a complete delivery of the Model B system i t
is possible to achieve a compact installation,
from the maintenance point of view, an example
on successful layout and design.

The solid product has a mixing ratio which is
better than the best existing bitumenized
product due to the requirements on swelling.

The bitument ingredient in the B-emulsion by
Avfallsprojekt AB has the properties
corresponding to already licensed bitumen
matrixes.

2 7 0



The ion exchange resin swells, due to absorption
of the water from the B-emulsion, to i t s maximum
volume. The contact between groundwater and the
waste product doesn't give any additional
contribution to the swelling phenomenon which
can disturb the barriers in the final
repository.

Because the mixing of waste and B-emulsion
occurs at room temperature and in a liquid
phase, a fire event is excluded. The solid body
contains a considerable amount of absorbed
water. This means that the required energy for
ignition and combustion is huge and therefore
the risk for fire is negligible. The need for
extraordinary fire-fighting systems are limited.

When using the B-emulsion the in i t ia l deposition
of bitumen develops through an electrochemical
phenomenon. But the main bond of strength
between the bitumen film and the aggregates
comes after the loss of emulsifying water.

When the B-emulsion breaks, the water absorbs
and the product transforms in a short time into
a solid, homogeneous body (Figure 2). The waste
package with i t s solid body contains no free
water. The package is now ready for sealing,
monitoring and transport to storage. There i s
no need for cooling down as for bitumen or
hydration as for cement.

The 8-emirision iu fUM into
container at room temperature.
Different confecnrs possihei.

During stirring is the IX resin
added.
The product is

* At room temperature

After homogenization the
product breaks. The water is
absorbed by the iX-resin, the
product
. Is a sow body
• Has no free water
• Has swoten IX-resin
' A l water absorbed
• Has a weNknown matrix
• Has a lost strrer

Figure Mixing and Breaking
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COMPARISON WITH OTHER SOLIDIFICATION METHODS

Figure 3 is presented to make it easy to compare
the parameter which usually is considered to be
the most important for evaluation of over-all
economy and capacity.

The figure demonstrates the mixing ratio for
existing solidification processes in Swedish
nucler power plants compared to Model B.
Though, it is not possible to use the benefits
of the marginally higher mixing ratio for some
conventional bitumen processes due to the
potential sewlling of the product.

The conclusion is that Model B is the optimal
solidification process, also regarding mixing
ratio.

COMPARISION WITH DIFFERENT
PROCESSES

r 15 m-
Srttted
IX-rssin

Sioraoe
Tank
20% dried

/

Existing !

Barseback \
bitumen !

4

Barrels
2001 ,-iS

Volume

Existing
flinghals
cement

100

?n

Existing
Forsmark
cement

Existing !
Forsmark |
bitumen !

40 20

MODEL
8

30

6

Figure 3. Comparison with Different Processes
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CONCLUSION

Model B comprises a method and a solid product
which combine only the advantages from
traditional cement and bitumen solidification
processes. Model B also meets the requirements
on waste management costs, technical design and
licensing aspects.

Characteristic features for Model B are simple
solutions, high efficiency, low costs and a well
known thoroughly tested matrix.



LONG-TERM PREDICTION OF RADIONUCLIDE LEACHING FROM WASTE MA'IRIX
BY FINITE -SLAB APPROXIMATION METHOD

Jeong Yeul Doh and Kun Jai Lee
Department of Nuclear engineering

Korea Advanced Institute of Science and Techonology
Seoul, Korea

ABSTRACT

A finite slab approximation method was developed to
predict the long-term leachability. It is based on the
assumption that the diffusional characteristics of a
waste matrix are not dependent on matrix geometry but
dependent on volume to surface ratio (V/S) and diffusion
coefficient. Consequently it can be expressed as the
solution of the equations obtained from a finite slab
with an equal V/S ratio (imaginary diffusion length).

The calculational results by the finite slab
approximation method have been compared with the results
obtained for finite cylinder and sphere with correspon-
ding diffusional analysis. The results of this simple
model have showed a good agreement and presented a gene-
ral applicability for the long-term prediction of the
radionuclide leaching behavior.

INTRODUCTION

Generally, low and intermediate-level radioactive wastes have been
solidified by using several binding agents, i.e., cement, polymer, bitumen,
etc.. When those are disposed in repository area, leaching process by
ground water has been found to be one of the major ways by which the
radionuclides may be released from the waste container to the environment.
To provide engineering data for the design of waste disposal site and to
simulate long-term risks to human environment, three quantities of radionu-
clide leaching characteristics must be identified, i.e., the amount of
radionuclide in the waste matrix, the amount in the environment, and the
leach rate from the matrix. Here the environment means the just outside the
matrix.

Due to the restriction of the test time, many investigators[1-5] have
extended the results from short-term test to predict the long-term
leaching. Most of the experimental results[2,6,7] on the leaching of
radionuclides from the waste matrix have indicated that the dominant mecha-
nism of leaching process is a diffusion, therefore the leachability can be
expressed as a function of diffusion coefficient, although the rate contro-
lling step of leaching mechanism remains unidentified.
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Numerous papers[3,4,5,8,9] have been published to predict the long-
term teachability of radionuclide from a solidified waste matrix by emplo-
ying mathematical or empirical models. Empirical models are the simplest
but not reliable and the results of mathematical models are limited to ;i
few geometries of waste matrix.

In the case when analytic solutions does not exist for the actual
geometry of waste matrix, or even though when there exists a solution it
requires tedious computational summations of infinite series and/or all of
the expression for the three leaching quantities cannot be obtained simul-
taneously, the simple approximation method by semi-finite slab model has
been generally applied to the prediction of long-term leaching. Because
this approximation generates a large calculational uncertainty with time,
new method with general applicability is required for the long-term
prediction.

Although, the amount of radionuclide in the envoronment was suggested
in the general form of equation by Bell[10j , other quantiti.es, i.e., the
amount in the matrix and the leach rate from it, has not been proposed in
the same manner.

So, the object of this study was to develop an approximation method
which has a general applicability from the results of short-term test.

GENERAL EQUATIONS FOR LEACHABILITY

Several studies[2,6,7] have suggested that leaching of radionuclide
from a waste matrix mainly depend on the diffusion mechanism. If diffusion
coefficient is constant with respect to time and space, the general equa-
tion of radionuclide leaching is

^ = D V 2 C - X C (1)

C(R,O) = Co (2)

C(R,t) = 0 (3)

where

C : the concentration of radionuclide inside the matrix

D : the diffusion coefficient

A : decay constant

r : position vector within matrix, and

R : position vector at the surface of matrix.

And it may also be subject to another condition, for example, zero flux
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across a boundary or an axis of symmetry,

Theoretical analyses[11,.12,13] have suggtested that the equation (1)
can be readily solved by taking the transformation

C(r,t) = 4"(r,t) exp(- At)

where, V(r,t) is the solution for the case of"stable isotope.

The general equation for the fractional leach rate, FR(t), of radio-
nuclide from waste matrix was derived by Bell[10],

FR(t) = - ° exp(- At)J7c 4^VC b dn

= exp(-A t) FR (t)
ww

where, subscript w means the leachability of stable isotopes.

The fractional amount of radionuclide accumulated in the environment,
FE(t), can be expressed from the material balance on the surface of the
matrix.

= FR(t) - AFE(t) (5)
dt

by setting £ = FE(t) exp( At), then equation (5) becomes

dC _ D ,, d? (jA

ar " vcr ;/s 3H <*
FE(t) = - n£- exp(- At)/11 [ //. ** dA] dt

VCO o b dn

= exp(- At) I1 FR (t) dt (6)
0 w

= exp(- At) FE (t) (7)
w

Total amount of radionuclide in the matrix, FM(t), at time t was
derived from the relationship between the amount of stable isotope in the
environment and that in the matrix.

SSI V (r,t) dV = VCO - / f-D //_ £[* dA] dt (8)
v o s an
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The radionuclide fraction within the matrix is given by

FM(t) = yi- fffv C(r,t) dV = * exp(- Xt) fff^ *(r,t) dV (9)

From equation (8)

FM(t) = * exp(- Xt)[ VCO - f
l( -D ff 5JI dA) dt 1 (10)

VCO
 r 0 s dn J

= exp(- Xt) FM (t) (11)
w

As shown in the equations (4), (7), and (11), the three quantities
can be simply described from the multiplication of exp(- Xt) by the quanti-
ties of stable isotope.

FINITE SLAB APPROXIMATION

The proposed approximation method is based on the hypothesis that the
mass transfer within a matrix is not dependent on matrix geometry but
dependent on volume to surface ratio (V/S), and it is expressed as the
equations obtained from a finite slab model with an equal V/S ratio.

I = V/S

where I is imaginary diffusion length of a matrix

The three quantities of a leachability are given by the following
ions for stable isororjes :
The three quantities of

equations for stable isotopes :

FR = 2D z exp(-tS ) (12)
w £2 m=l r m

FE = 1 - 2 £ •£—
m=l 6m

FM = 1 - FE (14)
w w

whers x is a dimensionless leaching time {Qt/%"), and t is real time. The
equations (12), (13), and (14) indicate that the leaching quantities can be
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expressed as function of x . Figure 1 shows the multiplication of the
fractional leach rate with total leaching time plotted against the dimen-
sionless time x• The total leaching fraction released to the environment
was plotted in Figure 2. These figures can be easily used to describe the
leaching quantities if the dimensionless time and the decay constant of a
radionuclide are known.

COMPARATIVE RESULTS

1. Finite Cylinder

Imaginary diffusion length of finite cylinder is given by

L/a
a = 1 + 2L/a

and dimensionless leach time is expressed as

Dt / 1 + 2L/a x
T ~ T * i—I '
1 a2 L/a

where a is the radius of the cylinder and L is the cylinder's half height.

Table 1 shows that the cumulative leaching fractions calculated by
finite slab approximation were compared with those by Nester[8] • According
to the table, this model shows a good agreement with the actual leaching
calculation. In the case of L/a < 5.0, the largest deviation from the real
results is less than 25 percent when the leach fraction is about 65 per-
cent.

2. Sphere

The leaching quantities for spherical form of waste matrix were
obtained by using the equation

£H (15)

16)

P R _ '-"•'
D 2

W K

FE = 1 -
w

where

_ n n
n R
Imaginary

nil

IF

exp(-

n=Sl 1 J

diffusion

DtB " )n

• e x p ( -

length

DtB

of

2 )

n

sphere is

I = R / 3
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TABLE 1. THE COMPARISON OF THE CALCULATIONS BY FINITE SLAB
APPROXIMATION METHOD WITH THAT BY NESTOR[8]

X . L/a
\method

Dt/a*""""-^^

0.0003
0.001
0.003
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.12
0.15
0.20
0.25
0.30
0.40
0.50

0.3
a b

0.10141 0.1042
0.13077 0.1903
0.30175 0.3296
0.51055 0.5981
0.67096 0.8008
0.77179 0.9013
0.84016 0.951.1
0.88724 0.9757
0.92012 0.9880
0.94324 0.9940
0.95957 0.9970
0.97116 0.9985
0.97940 0.9993
0.98946 0.9998
0.99613 1.0000
0.99927 1.0000
0.99986 1.0000
0.99997 1.0000
0.99999 1.0000
1.00000 1.0000

0.5
a b

0.07636 .0.0782
0.13671 0.1427
0.22928 0.2472
0.39252 0.4512
0.52243 0.6319
0.61002 0.7520
0.67601 0.8329
0.72830 0.8874
0.77087 0.9241
0.80606 0.9489
0.83543 O.9S56
0.86010 0.9768
0.83091 0.9844
0.91347 0.9929
0.94617 0.9978
0.97547 0.9997
0.98880 1.0000
0.99488 1.0000
0.99893 1.0000
0.99978 1.0000

1.0
a b

0.57570 0.0586
0.10353 0.1070
0.17494 0.1854
0.30400 0.3385
0.41050 0.4785
0.48490 0.5834
0.54284 0.6665
0.59036 0.7330
0.63055 0.7861
0.66524 0.8287
0.69561 0.8628
0.77249 0.8901
0.74648 0.9120
O.7C745 0.9346
0.83567 0.9710
0.89196 0.9905
0.92865 0.9969
0.59280 0.9990
0.97933 0.9999
0.99094 1.0000

3.0
a b

0.04505 0.0456
0.08142 0.0833
0.13866 0.1442
0.24498 0.2633
0.33588 0.3723
0.40148 0.4559
0.45401 0.5257
0.49820 0.5857
0.53647 0.6379
0.57025 0.6835
0.60048 0.7233
0.62781 0.7581
0.65571 0.7885
0.69653 0.8383
0.75065 0.8919
0.81879 0.9448
0.86766 0.9718
0.90311 0.9856
0.94785 0.9962
0.97183 0.9990

5.0
a b

0.42550 0.0430
0.07679 0.0785
0.13142 0.1360
0.23312 0.2482
0.32095 0.3511
0.38480 0.4299
0.43625 0.4961
0.47977 0.5534
0.51765 0.5039
0.55125 0.6486
0.58146 0.6882
0.60888 0.7233
0.63395 0.7544
0.67834 0.8066
0.73365 0.8648
0.80413 0.9256
0.85540 0.9591
0.89306 0.9775
0.94134 0.9932
0.96775 0.9979

a. The calculations by Nestor

b. The calculations by this finite slab approximation method

o



where R is the radius of sphere.

The comparison of the results from the equation (16) with those by
finite slab approximation method was plotted against dimensionless time
(Dt/i2) in Figure 3. It shows that the calculations by the suggested appro-
ximation method overestimates 20 percent more with respect to the actual
value calculated when leach fraction is about 55 percent.

CONCLUSION

The prediction of long-term leaching behavior from short-term test
will experience a limitation due to physical and chemical properties of
the environment and waste matrix during leaching time. Several experiments
show that the leachability of radionuclide from waste matrix is subsequen-
tly decreased with time by other factors such as surface resistance, there-
fore the prediction from short-term test is considered to be conservative.

The comparisons were performed for cylindrical and spherical waste
form with our suggested method. According to this comparison, the results
from finite slab approximation are also conservative and more practical
with respect to the rigorous results.

Finite slab approximation has 3 merits ;
i) It represent all the three leaching quantities for any shape of

waste matrix form,
ii) It provides an easy calculational application to the long-term

prediction,
iii) It can express the leachability by using simple table or graph.
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PHYSICAL STABILITY OF CEMENT ENCAPSULATED LOW LEVEL RADWASTES*

E. E. Smeltzer, D. C. Grant, M. C. Skriba
Westinghouse Electric Corporation

R&D Center
1310 Beulah Road

Pittsburgh, PA 15235

J. C. Cwynar, L. R. Eisenstatt
West Valley Nuclear Services

P. 0. Box 191
West Valley, NY 14171

ABSTRACT

The low level radioactive wastes being generated at the
West Valley Demonstration Project must meet the stability
criteria of 10CFR61 and the NRC "Brach Technical Postion
- Waste Form.' This paper deals with the results of the
stability testing of six of the waste streams. It is
concluded that cement can be used to encapsulate these
wastes, at volume packaging efficiencies of 60-70%, and
easily meet the compressive strength guideline, after
each of the physical stability tests.

INTRODUCTION

A commercial nuclear fuel reprocessing plant was operated in West
Valley, New York at the Western New York Nuclear Service Center from
1966 to 1972. West Valley Nuclear Services Company, Incorporated, a
wholly-owned subsidiary of Westinghouse Electric Corporation, and a
contractor to the U. S. Department of Energy was formed to carry-out the
solidification of the high-level radioactive wastes generated from the
reprocessing operation, and to decontaminate and decommission the
equipment and facilities. These tasks will generate a large volume and
variety of low level waste streams which will require disposal in an
environmentally acceptable manner. The NRC regulation "Licensing

*This work was performed under U. S. Department of Energy
Contract No. DE-AC07-81NE 44139 by the Westinghouse Electric
Corporation.
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Requirements for Land Disposal of Radioactive Waste," 10CFR, Part 61,
has established a waste classification system based on the radionuclide
concentrations in the wastes. According to this classification, the
more radioactive wastes (Class B and C) should be stabilized prior to
disposal. The lower activity liquid wastes (Class A) do not require
stabilization, but should be solidified or absorbed to meet the free
liquid requirements (i.e., no more than 1.0 percent of the waste volume
as free liquid). Cement encapsulation tests were thus conducted on
several identified wastes to determine a recipe that would result in a
stable waste form with maximum waste loadings.

Six simulated wastes were successfully run at full scale to make
samples at waste/cement weight ratios of ~ 1 and volume packaging
efficiencies of ~ 60-70%.

This paper deals with the results of all of the stability tests
performed. A previous paper dealt with the leachability aspects of the
waste forms.

EXPERIMENTAL METHOD

The samples were kept at room temperature for at least 29 days.
Samples of each waste type were then set aside for compressive strength
testing or subjected to: 90 days immersion in water, or 10 Rad gamma
irradiation, or 30 thermal cycles from +60*C to -40*C.

The compressive strength at room temperature was determined, in
accordance with ASTM C-39, for all of the samples.

Biological screening tests were performed in accordance with ASTM
G-21 and G-22 to check for growth of bacteria or fungus.

RESULTS

The results of the compressive strength testing are shown in Table
1. Al1 of the compressive strengths greatly exceeded by a factor of ~ 7
to ~ 70, the 345 kPa minimum compressive strength guideline as described
in the NRC "Branch Technical Position-Waste Form."

The biological screening tests showed no visible growth.

CONCLUSIONS

From the results presented here, it can be concluded that It is
possible to use cement to encapsulate six of the simulated wastes
expected to be generated at the West Valley site, at volume packaging
efficiencies of 60-70%, and easily meet the compressive strength
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Table 1 - Summary of Averacj" Compressive Strengths

/v%
00
ON

Waste
Type

39 w/o supernatant

53 w/o supernatant

LLWTF Sludge

FRS Sludge

LLWTF Resin
(CS-100)

FRS Resin
(ARC)

Average
Room Temp. Cure

3133

2597

10280

16997

9953

7927

(454)

(377)

(1491)

(2465)

(1443)

(1149)

Compressive 5
90 Days Imm.

5083

2783

9737

18653

11207

9820

(7i7)

(414)

(1112)

(??05)

(1025)

(1424)

>trength,
10° Rad

4597

2550

9980

24105

9463

7905

kPa (psi
Gamma

(667)

(370)

(1447)

(3495)

(1372)

(1146)

i), After
30 Thermal Cycles

3868

2925'

13170

21014

5524

5334

(561)

' (424)

(1910)

(3047)

(801)

(773)

""only two of five samples were able to be crushed.



guideline. Therefore, the waste forms should remain stable under the
various physical conditions possible after disposal.

REFERENCES
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TRANSPORTABLE VOLUME REDUCTION BITUMEN SOLIDIFICATION SYSTEM
FROM DESIGN TO OPERATION

J. E. Day, R. D. Doyle, and S. B. Rastberger
Associated Technologies, Inc.

and

Eric Tchemitcheff
SGN

ABSTRACT

In the early 1980's, Associated Technologies, Inc. (ATI)
initiated work on the first Transportable Volume Reduc-
tion Bitumen Solidification System (TVR). Over the next
several years process, system and module design were
enhanced and the TVR-III was developed to be an over-the-
road truck transportable unit designed to move onto a
plant site, process waste and then move to the next plant
site to repeat the process. The TVR-III was developed
utilizing ATI's knowledge of US nuclear regulatory
requirements and the extensive processing experience of
SGN resulting in a unit that meets the following
requirements:

t Readily transportable to rapidly respond to
client's request for processing services

t Economically viable while minimizing waste
disposal volumes and transportation costs

• Safely operable in an operating plant
environment while minimizing the impact on
plant operations.

The TVR-III has been fully tested and is operating at the
Palo Verde Nuclear Generating Station where it is sharing
a portion of the TVR-III's capacity with the Clinton
Power Station. The unit is processing wastes as part of
a three year contract with Arizona Public Service and a
five year contract with Illinois Power Company. This
paper discusses the TVR-III from early design through
present operation at these two sites.
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INTRODUCTION

Today it is hard for a utility to justify the cost of installing a
permanent volume reduction system to handle their liquid radioactive
wastes. The capital required for these facilities and the high cost of
money make it difficult to justify the high cost of permanent facilities,
particularly in today's era of changing regulatory requirements. The TVR
systems provided by Associated Technologies, Inc. were developed to meet
the needs of volume reduction and at the same time allow the utility to
defer large capital outlays.

The TVR-III unit that is presently sharing its time at the Clinton
and Palo Verde stations meets these requirements. The TVR-III is a
complete stand alone system with enclosed weather protected modules with
spill containment and drainage, filtration, rad monitoring, shielding,
HVAC control and includes mobility and ALARA considerations. The system
is mounted on a 3 M (10 ft.) wide by 14 M (46 ft.) long double low-boy
trailer and requires minimal space and interconnection within the
operating plant thereby minimizing the impact on plant operations.

The process used in the TVR-III was developed over twenty years ago
in France by Societe Generale Pour Les Techniques Nouvelles (SGN) as a
licensee of the French Atomic Energy Commission (CEA). The one-step
volume reduction and bitumen solidification process is well proven with
many systems operating in both BWR and PWR nuclear power plants in Europe
and Japan. The first system operation began in 1971 at the Cadarache
Nuclear Research Center followed in 1975 by the first unit operating in a
power station at Barseback Nuclear Power Station. Since these early
beginnings, the process system has achieved over 85 unit operating years
and produced over 10,000 drums of solidified waste (See Table I - System
Reference List).

The TVR-III design and engineering was initiated in February 1985 and
delivered to the Clinton Power Station in April 1986. This fourteen month
schedule for a "first of a kind" system was very tight and required close
control on all engineering and procurement activities. The last two
months prior to delivery included functional testing and performance
testing with many simulated waste streams. Due to a delay in the fuel
loading at the Clinton Station, numerous additional simulated waste
streams were performance tests were possible on the TVR-III prior to
leaving the shop.

The economics of use of the TVR-III system can be significant in both
reducing the total costs of handling a plant's waste (processing,
transportation and burial) and reducing the volume of waste requiring
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TABLE 1

SYSTEM REFERENCE LIST

Fac i 1 i ty

Barsebeck
Nuclear
Power
Station

Mihama
Nuclear
Power
Station

Tsuruga
Nuclear
Power
Station

Advanced
Thermal
Reactor,
Tsuruga

Cadarache
Nuclear
Research
Center

Saclay
Nuclear
Research
Center

Type of
Facility

Two 590 MWe
BWRs

Three PWRs
320, 470,
& 780 MWe

340 MWe
BWR

200 MWe
LWCMWR

Research &
Development

Research &
Development

Bitumen
System
Startup
Date

1975

1978

1977

1977

1971

1975

Drums of
Solidified

Waste

>3300

>1000

7 900

•7 100

No Record

>2000
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Fac i 1 i ty

Valduc
Military
Center

Monts
d'Arree
Nuclear
Power
Station

Brennilis

Oconee
Nuclear
Station

Clinton
Power
Station

Palo Verde
Nuclear
Generating
Station

TABLE

SYSTEM

Type of
Facility

Military
Weapons

70 MWe
GCHWR

Waste
processing
facility

Three 860
MWe PWRs

933 MWe
BWR

Three
1270 MWe
PWR's

1 (continued)

REFERENCE LIST

Bitumen
System
Startup
Date

1971

1980

1981

1983

1986

1986

Drums of
Solidified

Waste

>1000

^1500

850

_

_
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storage or burial. These savings will be dependent upon the individual
plant's location, waste generated and the solidification process currently
used. Two typical cases are shown in Table 2 comparing the TVR-III
process with a typical cement processing service.

TABLE 2

Solidification
Transportation
Burial

2
966 KM

$1000/yr
1,500
550
766

2,816

CASE 1
UNIT 1000 MWe BWR*
(600 Miles) from Barnwell

TVR-III

$/M3 $/ft3

2,649 75.00
971 27.50

1,353 38.30
4,973 140.80

$1000/yr
1
1
1
4

,500
,044
,636
,180

CEMENT

$/M3

2,649
1,843
2,889
7,381

$/ft3

75.
52.
81.

209,

.00

.20

.80

.00

TVR-III Annual Savings $1,364,000 and 475 M3 (16,800 ft3) buried waste/yr.

* 566 M (20,000 ft3) spent resin/year

CASE 2
3 Unit 1200 MWe PWR**

3,220 KM (2000 Miles) from Hanford

TVR-III CEMENT

Solidification
Transportation
Burial

$1000/yr
1,900
111
352

2,979

3
1

5

$/M3

,355
,284
622
,261

$/ft3

95.00
36.35
17.60
148.95

$1000/yr
1

1
3

,551
939
,010
,500

$M/3

2
1
1
6

,739
,658
,783
,180

$/ft3

77.55
46.95
50.55
175.05

TVK-III Annual Savings $521,000 and 587 M3 (20,720 ft3) buried waste/yr.

** 556 M3 (20,000 ft3) of wet waste/year
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The TVR-III has established an excellent record during the past
several months at the Clinton and Palo Verde stations. This coupled with
a proven operating record and cost savings shows that volume reduction is
available today without excessive capital expenditures and the long delays
associated with system and facility design-engineering, construction and
testing. The remainder of this paper will provide the details of the TVR-
III system design and operational data.

TECHNICAL DESCRIPTION

The TVR-III design was based on our review of nuclear station rad-
waste system requirements and the applicable regulatory codes and
standards. These criteria required the system design basis to be in
accordance with NRC Regulatory Guide 1.143 and ANSI 40.35. In addition,
considerable effort was used to design the unit in accordance with ALARA
requirements and to meet the special needs for mobility.

The TVR-III one-step volume reduction and bitumen solidification
concept is a physical process that provides reliability and economy. A
Luwa Thin-Film Evaporator, operating at a waste product temperature of
140° - 200°C (285° to 390°F), is used to evaporate all free water from the
waste influents. The remaining solids are homogeneously dispersed in a
bitumen matrix while inside the evaporator.

Figure 1 is the Basic Flow Diagram for the TVR-III System.

The waste to be processed is charged into the Waste Batch Tank where
it may be chemically pretreated to prepare it for processing and to insure
the solidified waste meets 10CFR61. When processing resins or sludges,
water is decanted or added as required to obtain the desired feed
concentration for improved pumping characteristics and optimizing of
processing rate. The Waste Batch Tank is agitated to insure the contents
remain a homogeneous mixture.

The prepared waste is fed at a controlled rate to the Evaporator.
Molten bitumen is simultaneously metered into the Evaporator through a
second feed nozzle. The Evaporator is heated by means of a synthetic
heating fluid circulated through an external jacket. As both the radwaste
and bitumen are fed into the Evaporator, the rotor blades spread the two
streams into a thin, turbulent film against the heated internal surface.
The action of the rotor blades and the force of gravity creates a spiral
flow of the waste/bitumen mixture. As the waste flows downward through
the Evaporator, water is evaporated and the vapor flows counter-currently
upward and out. The remaining radwaste mixture exits through the bottom
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of the Evaporator into 208 L (55-gallon) drums. Upon cooling, the waste/
bitumen mixture solidifies into a free-standing, monolithic, water-free
solid acceptable for storage or disposal.

The vapor leaving the Evaporator is condensed in a shell and tube
Condenser and flows into the Distillate Collection Tank. When this tank
is filled, the distillate is pumped through a series of filters. The
cleaned distillate is pumped to the plant liquid waste system.

Any non-condensibles from the condenser are discharged into the
process exhaust air system where they pass through HEPA and charcoal
filters prior to being discharged to the plant ventilation system.

\ WASTE J}—

CHEMICAL •—I
rncTfitATMCNT I

8ITI/ME*

CVAPOtATDN
reco ruMr

PLANT

HE PA ANC

WASTE
BATCH
TANK

WASTE
RECIRCULAT1ON

PUMP

CONDENSER

HEATINO
FLUID

VENTILATION
FILTERS

PLANT

FILTERS

DISTILLATE
PUMP

• ig. 1. Basic Flow Diagram, TVR-III System
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SYSTEM DESCRIPTION

The TVR-III is a completely self-contained processing system mounted
on a 3 M (10 ft.) wide by 14 M (46 ft.) long double drop low-boy trailer.
Figure 2 is a plan view of the system.

The TVR-III is divided into six areas or rooms: Control, Auxiliary,
Process, Waste, Distillate, and Loadout. All areas except the Control
Room incorporate spill containment capable of controlling the contents of
any liquid container located within the area. A spill in the Process,
Waste and Distillate Areas can be removed by a sump pump to the Waste
Batch Tank or an external tank.

The Control Room contains the main control panel (Fig. 3), the motor
control center, the system programmable logic controller and computer, and
the video monitor for the closed circuit TV system. The TV System is for
viewing the filling and movement of the 208 L (55-gallon) waste product
drums in the Fill Area. The Control Room is the only normally occupied
area and is separated from the areas containing radioactive materials by
both shielding and the non-active Auxiliary Area.

The Auxiliary Area contains such support equipment as the Heating
Fluid Subsystems, the Chemical Addition Subsystem, the Bitumen Feed Pump,
and the Chilled Water Subsystem Compressor. This area contains no
radioactive or potentially radioactive materials. Any liquid spills in
this area can be drained to containers outside of the containment wall.

The Process Area is divided into an upper and lower or Fill Area.
The upper Process Area contains the Evaporator, the Condenser, and the
Waste Feed Pump. The lower Process/Fill Area contains the conveyors used
to move empty and filled product drums, and a TV camera for viewing the
drums. The Fill Area is also the holding area for filled drums while they
cool and solidify. The heat from the cooling drums is removed by the TVR-
III HVAC System.

The Waste Area contains the Waste Batch Tank and Agitator, the Waste
Recirculation Pump, the Resin Decanting Pump, and the Waste Sample
Station. The location of the Sample Station is adjacent to the exterior
wall so a sample can be taken through an access door in the wall without
entering the Waste Area. The Waste Batch Tank and the waste lines are
electrically heated to prevent crystalization during the processing of
sodium sulfate waste.

The Distillate Area contains the Distillate System Collection Tank,
Filters and Transfer Pump, and the main ventilation filters and exhaust
fan. A connection box containing the TVR-III input/discharge connections
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BITUMEN
TANK .. ,•

INTERFACE
CONNECTIONS

CONTROL
ROOM

AUXILIARY
A^EA

ALTERNATE
BITUMEN TANK

LOCATION

1PROCESS
AREA

.OADOUT
AREA

:4 WASTE |,:| DISTILLATE
REA

AREA
! I

"SHIELDING

Fig. 2. System Plan View

Fig. 3. Section of Control Panel,
Note Ease of Reading
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for waste, decant water, flush water, distillate and ventilation exhaust
fan discharge are located in this area.

The Loadout Area contains a conveyor for product drum movement,
closed circuit television cameras for product inspection, and load cells
for weighing the filled drums. This area is also used tor capping,
swiping, labeling and monitoring the contact dose rate of the filled
drums. The capability also exists to overpack drums. Relationship of
these areas are shown in Figure 4.

Fig. 4. Assembled TVR-III Unit Showing
Bitumen Tank, Load Out Area,
Upper Processing Area

The free standing Bitumen Storage Tank (Fig. 5) sits adjacent to the
trailer. The fully insulated tank is double shell constucted to prevent
any leakage of the contents. Low watt density electric heaters maintain
the bitumen at the correct processing temperature. A vent prevents any
pressure buildup in the tank. The vent incorporates a charcoal filter to
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remove organics in the exhaust. The bitumen is pumped from the tank and
metered to the Evaporator by the Bitumen Feed Pump located in the
Auxiliary Area. The interconnecting pipe is jacketed and heated by one of
the Auxiliary Area Heating Fluid Subsystems.

Fig. 5. Bitumen Storage Tank Showing
Electric Controls

2 9 8



The TVR-III includes its own completely self-contained heating,
ventilation and air conditioning systems. The Control Room and the
Auxiliary Area are each served by a unit dedicated only to that respective
area.

The main Ventilation and Air Conditioning System serves the Process,
Waste and Distillate Areas, all of which are potentially contaminated
areas. The air from this system is drawn through the HEPA and charcoal
filters prior to being exhausted to either the plant's ventilation system
or to the atmosphere. The interior of the trailer is maintained at a
negative pressure with respect to the outside atmosphere to prevent the
uncontrolled release of air.

The TVR-III System includes a completely self-contained fire
protection system. This system includes redundant fire detection devices
and automatic fire suppression equipment. The trailer and Loadout Area
are equipped with Halon systems while the Bitumen Storage Tank is equipped
with a water deluge system. The lower Process/Fill Area is also equipped
with a water deluge system as a backup. These fire protection systems
have been reviewed by the American Nuclear Insurers (ANI). The roof and
exterior wall panels are construted of two metal plates separated by
insulation resulting in a flame spread rating of at least 15.

The TVR-III System is equipped with shielding designed to allow for
the processing of typical PWR and BWR radwaste types. This shielding
consists of steel plates located around the Waste Batch Tank, Fill and
Loadout Areas. The shielding is removed when transporting the system. In
addition the design permits it to be installed in increments depending on
the activity level of the waste being processed.

The fabrication of the unit on both a short schedule and into such a
compact unit required careful planning of construction sequences and
scheduling the number of concurrent activities in any area. The initial
work upon receipt of the trailer frame was installing the floor and
sealing this entire area against the environment.

Work was next begun on the superstructure followed by installation of
equipment and piping. As equipment and piping was completed, instrument
and electrical work began. Installation of external wall and roof panels
was the last step of the fabrication phase.

Many of the challenges encountered during the design phase were
solved by using specific fabrication techniques. The containing of any
possible spills in the unit was solved through the addition of short
containment walls around the bottom of each area of the trailer. These
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walls range in height from .1524 M (6 inches) to .3556 M (14 inches) and
provide a containment capacity greater than the maximum expected liquid
inventory in each area. The walls were fabricated from .00635 M (1/4
inch) stainless steel.

The overall height of the trailer was another challenge. In order to
allow the unit to be easily transported over the road, the height of the
trailer during transportation had to be kept at 4.1 M (13 feet 6 inches)
or less. However, during operation it is necessary for the Evaporator to
be above the product drum, with the result that the top of the Evaporator
is 5.5 M (18 feet) above ground. Therefore, the Evaporator was mounted on
a moveable platform with telescopic support legs to allow for the
Evaporator to be raised or lowered as required for both transport and
operation.

To allow easy access to components for maintenance during operation
of the unit, it was necessary to fabricate and install specially designed
removable wall and roof panels. These panels allow the removal of single
panels for access to components which are not readily accessible from the
interior of the unit.

One of the design requirements was that the TVR-III system should
allow for the processing of waste from many different sources. Therefore,
the radioactivity levels for the waste might range from very low to
rather high depending on conditions at a particular plant. However, it
was not desirable to incorporate a large amount of shielding into the unit
since the weight of this shielding would preclude transportation by normal
methods. Therefore, the shielding was fabricated of removeable, multiple
steel plates to allow for the addition of required shielding depending on
activity levels at each plant. The shielding is shipped to each site via
an additional truck.

LICENSING

ATI has a NRC approved Topical Report for the bituminization process
and for the TVR-III mobile bituminization process. The NRC has also
stated that the licensing of volume reduction and solidification systems
for a facility with an operating license could be addressed under
10CFR50.59, "Changes, Tests and Experiments." After a determination by
the utility that there are no unresolved safety issues, ATI can operate
the TVR-III system in accordance with 10CFR50.59.

ATI has submitted an addendum to their Topical Report to meet the re-
quirements of 10CFR61 and addressing product stability. Interim approval
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for burial of bituminized waste has been issued by the NRC while the
Topical Report addendum is under review.

The TVR-III system has also been reviewed by the American Nuclear
Insurers (ANI). Their review resulted in acceptance of the system design
by ANI.

PREOPERATIONAL TESTING

The next step after fabrication was to perform operational testing of
the system to meet code requirements, verify that fabrication was in
accordance with design, and ensure that equipment was operable for
startup.

This testing included the inspection and testing of all fabricated
piping in accordance with the requirements of ANSI 40.35 and Regulatory
Guide 1.143. Equipment was run and monitored for noise, vibration,
binding, loose parts and misalignment. Safety devices and features were
tested for proper operation.

Electrical equipment was tested to verify that all electrical
interconnections were made correctly, that all equipment was functioning
properly, and that the equipment could be properly calibrated.

Some of the above testing was performed during the last stages of
fabrication. This was accomplished by scheduling the completion of entire
subsystems at differenct times during fabrication, thereby allowing the
testing of these completed subsystems while work was being performed on
other subsystems. This allowed for an accelerated testing schedule.

FUNCTIONAL TESTING

A shop functional test was performed. This included individual
testing of major subsystems followed by a series of integrated system
process tests.

The subsystems tested included the Heating Fluid Subsystems, the
Bitumen Storage and Metering Subsystem, the Distillate Collection
Subsystem, the Waste Preparation and Feed Subsystem, and the Evaporator
Subsystem.

The integrated system involved the actual processing of simulated
waste for various waste types, including bead/powdered resins, evaporator
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concentrates, and Solka Floe. The binder used was a straight distilled,
viscosity graded asphalt, commercially available as AC-20.

These integrated system tests were designed to demonstrate that the
TVR-III system produced an acceptable waste product identical to that
produced by the earlier TVR-II system. The tests were also a verification
of the Process Control Program (PCP) for the TVR-III. This PCP is
designed to produce a product that meets the requirements of 10CFR61.

TRANSPORTATION AND SETUP

After all testing was completed on the TVR-III, the unit was prepared
for shipment to Clinton Power Station. This involved lowering the
Evaporator platform to its lower position, installing the wheels on the
trailer, and loading all accessory items onto separate trailers. These
accessory items included the Bitumen Storage Tank, the Loadout Area
enclosure, the steel shielding plates, and other supplies.

Once the truck was prepared for travel, it was taken to the state
weigh station for final weigh-in prior to permitting for transportation
(Fig. 6). The TVR-III unit with tractor weighed 58,430 Kg (128,700
pounds) and required special permits for overweight shipment. Once the
permits were obtained from the states of North Carolina, Tennessee,
Kentucky and Illinois, the unit was ready to make the 1,364 KM (847 mile)
trip to the Clinton Power Station. The unit traveled extremely well.

Setup at each site requires raising of the Evaporator platform,
placement of the Loadout Area enclosure and the Bitumen Storage Tank, and
hookup of the systems' utility interface connections once the unit is in
place. However, each plant will also have specific requirements depending
upon the location of the interfaces. At the Clinton Power Station, the
truck was backed into the truck bay and then placed on crane rails and
moved sideways prior to setup. This was done so that the truck bay could
be utilized for other purposes while the processing is in progress. At
the Palo Verde Station only a portion of the truck, the rear section
containing the utility interface connections, will be within the truck
bay. The unit is designed for flexibility in meeting varying site
conditions expected at most plants.
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Fig. 6. TVR-III on the way to
Clinton Power Station

STARTUP AND OPERATION

Upon delivery of the TVR-III to the Clinton Power Station (CPS) and
completion of the interface hookups, simulated wastes from CPS were
transferred to the batch tank. Testing with these wastes, Ecodex 202H,
Ecocote and bead resin, was very successful. Waste flow rates of up to
144 L/hr (38 gal/hr) of these sludges, containing up to 58%, by volume
settled sludge, were achieved. The bitumen flow rate was adjusted to
obtain between 40-50%, by weight, dry solids and 50-60%, by weight,
bitumen. Lower flow rates were also achieved with more dilute waste to
simulate the wide range of expected wastes from CPS. To date CPS has not
loaded fuel and, therefore, these simulated streams were non-radioactive,
but all other characteristics were as expected during operation. The
first processing of radioactive wastes at CPS will be after return of the
TVR-III unit from a campaign at the Palo Verde Nuclear Generating Station.
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The bitumen used during this testing at CPS was roofing asphalt, an
oxidized asphalt produced to the specifications of ASTM D312. For all
three waste types tested, the bituminized end product was a monolithic,
free standing solid with no free standing liquid.

In August 1986 the TVR-III will begin processing radioactive wastes
generated at Palo Verde. These wastes will include: boric acid
concentates 12 and 25 w/o, sodium sulfate concentrates 50 w/o, spent bead
resins and chemical drain tank wastes. It is expected that, beginning in
the first week of August and during the next eight weeks of operation at
Palo Verde, between 53,000 - 90,000 L (14,000 and 24,000 gallons) of these
wastes will be processed. Results of this operation, including:
characteristics and volume of the waste feed streams, end product charac-
teristics, volume reduction achieved, distillate quality and operating
problems will be reported upon at the meeting.

SUMMARY

The TVR-III is currently sharing its processing capability between
the Clinton Power Station and the Palo Verde Nuclear Generating Station.
The unit is processing a wide variety of wastes producing a reduced volume
of waste requiring transportation and burial. The TVR-III is proving that
radioactive wastes can be volume reduced in a cost effective manner. This
will provide the utility with reduced volumes requiring transportation and
burial while minimizing operating costs and not requiring large capital
expenditures.
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TESTING WASTE FORMS CONTAINING HIGH RADIONUCLIDE LOADINGSa

J. W. McConnell, Jr.
R. H. Neilson, Jr.

R. D. Rogers
Idaho National Engineering Laboratory

EG&G Idaho, Inc.

ABSTRACT

The Low-Level Waste Data Base Development--EPICOR-II Resin/Liner Inves-
tigation Program of the U.S. Nuclear Regulatory Commission (NRC) Is obtaining
Information on radioactive waste during NRC-prescr1bed tests and In a dispos-
al environment. This paper describes the resin solidification task of that
program, Including the present status and results to date.

INTRODUCTION

The 28 March 1979 accident at Unit 2 of the Three Mile Island Nuclear
Power Station (TMI-2) released approximately 2,120,000 L {560,000 gal.) of
contaminated water to the Auxiliary and Fuel Handling Buildings. The water
was decontaminated using a three-stage demineralization system called
EPICOR-II, containing organic and Inorganic 1on exchange media. The first
stage of the system was designated the prefilter. Fifty EPICOR-II prefilters
with high concentrations of radionuclides were transported from TMI-2 to the
Idaho National Engineering Laboratory {INEL) for storage before final dis-
posal at the commercial disposal facility 1n the State of Washington. EG&G
Idaho, Inc., 1s examining materials from several of those prefilters, under
the Low-Level Waste Data Base Development--EPIC0R-II Resin/Liner Investiga-
tion Program funded by the U.S. Nuclear Regulatory Commission (NRC). An
unusual feature of this Investigation 1s the use of commercial grade, Ion
exchange resins that have been loaded with over five times the radioactivity
normally seen In a commercial application. That dramatically Increases the
total radiation dose to the resins.

The Investigation Is divided Into four tasks which address different
aspects of waste disposal, as discussed In the program plan1 and papers at
Waste Management '86.2>3 Those tasks are resin degradation, resin solidifi-
cation, field testing, and Uner Integrity. Resin solidification studies are
being conducted at INEL using resins removed from EPICOR-II prefilters PF-7
and -24, with several Interim, annual and NUREG reports available.4"11 Em-
phasis 1s placed on Investigating the requirements of 10 CFR 61 "Licensing
Requirements for Land Disposal of Radioactive Waste,"12 using the methods
specified 1n the "Branch Technical Position (TP) on Waste Form"13 of the NRC
Office of Nuclear Materials Safety and Safeguards.

a. Work supported by the U.S. Nuclear Regulatory Commission, Office of Nu-
clear Materials Safety and Safeguards, under DOE Contract
No. DE-AC07-76ID01570.
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Resin materials are being examined to (a) develop a low-level waste data
base and (b) obtain Information on survivabHUy of waste forms composed of
1on exchange media loaded with radionuclides and solidified In matrices of
Portland cement and Dow polymer. This paper describes the task to Investi-
gate resin solidification and gives the status and results of the work to
date.

WASTE FORM FABRICATION

EPICOR-II Prefilter Wastes

Highly loaded 1on exchange resin wastes were obtained from EPICOR-II
prefliters PF-7 and -24. PF-7 contains three types of synthetic organic Ion
exchange resins: phenolic cation, strong acid cation, and strong base anion.
PF-24 contains two types, strong add cation and strong base anion, as well
as Inorganic zeolite. The 1on exchange media were layered 1n the prefHters.
Resin wastes were obtained from the prefilters In a coring operation, during
which a coring tool was Inserted vertically through the resin layers, closed,
and withdrawn, thereby removing a representative portion of the waste.

Solidification Agents

Two types of solidification agents (binders) were used In preparing
waste forms for the resin solidification task: Portland Type I-II cement
and vinyl ester-styrene (VES).a

Formulation Development Studies

Formulation development studies^.* were conducted based on previous
work,1*"16 using unirradiated, simulated EPICOR-II prefilter wastes supplied
by Epicor, Inc. The unirradiated resins were representative of the 1on ex-
change media In PF-7 and -24 and were used In the proper ratios to simulate
the actual EPICOR-II wastes.17*18 Those studies were conducted to deter-
mine appropriate formulations for solidifying the actual prefilter wastes.

Solidification of EPICOR-II Prefilter Wastes

The EPICOR-II prefilter wastes were homogenized by mixing In 5-gal.
buckets for 10 m1n, using a low speed dough mixer. That operation was per-
formed 1n a hot cell. Individual samples (approximately 20 g each) of PF-7
and -24 resin wastes were removed from the hot cell after homogenization to
determine water and activity contents. Water content measurements were ob-
tained, using ASTM D2187-77, with 5-g subsamples of resin. Then, water was
added to measured quantities of the actual EPICOR-II wastes to prepare
decanted resins for solidification. Reference 3 gives the water content and
grams of dry resin/gram decanted waste, as determined for both the simulated
and actual EPICOR-II wastes.

AHquots (0.1 to 0.3 g) of dried EPICOR-II resin wastes were analyzed
by gamma spectroscopy and Sr-90 analysis to determine the activity contents.

a. VES 1s a proprietary, thermosetting polymer solidification agent of the
Dow Chemical Co., Midland, MI.
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The resins contained Cs-134, -137, and Sr-90. The average resin activities
are given In Table 1. The activity content data were used to calculate the
activity contents of the waste forms for Teachability testing.

Radioactive EPICOR-II waste forms were prepared In a hot cell, using
specially designed, remotely operated solidification equipment (Figure 1).
For each batch prepared, 36 vials were filled. Sufficient mixture was added
to each vial to produce waste forms with an average height of 7.6 ± 0.6 cm.
Snap-on lids were placed on the vials after filling, and the waste forms were
cured at approximately 20°C.

Four batches of cement waste forms were prepared, two batches for each
waste type (PF-7 and -24). Four batches of VES waste forms were prepared,
also two batches for each waste type. Table 2 gives the formulations used
for the cement batches, and Table 3 gives those for the VES batches. A total
of 267 waste forms was prepared. This total Includes 136 cement waste forms
(72 containing prefilter PF-7 waste and 64 with PF-24 waste) and 131 VES
waste forms (71 containing PF-7 waste and 60 with PF-24 waste).

TABLE 1. ACTIVITY CONTENT OF EPICOR-II RESIN WASTES

Activity Contenta ±lcr
Waste Type

PF-7

PF-24

Nuclide

Cs-134
Cs-137
Sr-90

Cs-134
Cs-137
Sr-90

(Ci/q drv

7.73
1.17
6.92

3.30
4.99
1.18

E-05
E-03
E-05

E-04
E-03
E-05

±
±
±

±
±
±

resin)

2.83
9.90
7.21

5.80
3.04
6.36

E-07
E-05
E-06

E-05
E-04
E-07

a. Cs-134 and -137, as of Sept. 20, 1983; Sr-90, as of Oct. 25, 1983.

TABLE 2. FORMULATIONS FOR PORTLAND CEMENT
WASTE FORM BATCHES CONTAINING EPICOR-II WASTES

Formulation Weight Percentage

Batch

Cl
CIA
C2A
C2B

Waste
Type

PF-7
PF-7
PF-24
PF-24

a. Decanted waste

As-Received
Waste

15.6
15.6
16.8
16.5

total 1s the

Added
Water

8.5
8.5
7.1
7.1

Decanted
Waste

Totala

24.1
24.1
24.0
23.6

as-received waste

Portland
Type

I-II Cement
62.7
62.7
62.5
61.4

plus added water

Additional
Water
13.2
13.2
13.5
15.1

*
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TABLE 3. FORMULATIONS FOR VINYL ESTER-STYRENE
WASTE FORM BATCHES CONTAINING EPICOR-II WASTES

Batch

Dl
OlA
D2
D2A

Waste
Type

PF-7
PF-7
PF-24
PF-24

As-Received
Waste

40.9
38.9
43.1
34.9

Formulation

Added
Water

20.3
22.6
18.3
14.9

Weiqht Percentaqea

Decanted
Wasteh
Total0 Vinvl

61.3
61.5
61.4
49.8

Ester-Styrene

38.7
38.5
38.6
50.2

a. Does not Include catalyst and promoter, which constitutes a total of
approximately 1 wtX.

b. Decanted waste total 1s the as-received waste plus added water.

Figure 1. Photograph of the remotely operated equipment used to produce
Portland cement and vinyl ester-styrene waste forms Incorpo-
rating actual EPICOR-II 1on exchange resin wastes.
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All waste forms were weighed. Contact gamma dose measurements also were
obtained (Ref. 3) for each waste form (within the preparation vial). Those
measurements were obtained at the m1d-he1ght of the waste form, with the
center of the Ion chamber located approximately 3.2 cm from the side of the
waste form.

WASTE FORH TESTING

Baseline/qualification testing of radioactive EPICOR-II waste forms was
conducted to determine the (a) presence of any free-standing liquid, (b) as-
prepared compressive strength, and (c) homogeneity. Environmental tests are
being conducted to determine (a) thermal stability, (b) Teachability, (c) Im-
mersion stability, (d) radiation stability, and (e) biodegradabUHy. All of
the tests are being conducted to determine the adequacy of test procedures
specified 1n the TP.

Base11ne/Qua11f1cat1on Tests

Baseline/qualification tests were performed on eight cement and eight
VES waste forms. Four of the cement waste forms contained prefliter PF-7
waste, and four contained PF-24 waste. Similarly, half the VES waste forms
contained PF-7 waste, and the remainder PF-24 waste. Because of the high
activity contents of the waste forms, these and subsequent tests were per-
formed In such a manner so as to limit radiation exposure to personnel and
contamination of the test environment, as shown 1n Figure 2.

Free-standing liquid determinations were made with the method of
ANS 55.1.20 T n e -\\& Of eacn preparation vial was removed, and the waste form
Inspected to determine 1f free-standing liquid was present on Its top sur-
face. A pointed plunger then was Inserted through the bottom of the vial to
push the waste form out, and the waste form and vial were Inspected for pres-
ence of any free-standing liquid.

Compression testing (Figure 2) was conducted 1n accordance with
ASTM C39-72.21 The waste forms were capped using a sulfur base mortar and
compression tested using an Instron Model TTCLM1-4 Tension/Compression
Tester, operated at a crosshead speed of 0.05 1n./m1n. The cure-times of
waste forms that were compression tested ranged from 30 to 49 days.

The compressive strength data and visual observations of the waste forms
after failure were used to determine homogeneity of the waste forms.

Thermal Stability

Sixteen EPICOR-II waste forms were selected for thermal stability
testing. They Included eight cement waste forms (four containing PF-7 waste
and four with PF-24 waste) and eight VES waste forms (four with PF-7 waste
and four with PF-24 waste). The cure time of the waste forms tested was ap-
proximately 17 months. Thermal stability testing was conducted In accordance
with Sections 5.4.1 through 5.4.4 of ASTH B553-79.22 That procedure speci-
fies a maximum temperature limit of 60°C and a minimum temperature limit of
-40°C. One complete thermal cycle consisted of the following steps:
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1. Increasing the temperature of the waste forms to 60 ± 3°C and
holding that temperature for at least 1 h

2. Decreasing the temperature of the waste forms to 20 ± 3°C and
holding for at least 1 h

3. Decreasing the temperature of the waste forms to -40 ± 3°C and
holding for at least 1 h

4. Increasing the temperature of the waste forms to 20 ± 3QC and
holding for at least 1 h.

The waste forms (in their preparation vials) were double bagged in in-
dividual "zip lock" type polyethylene bags to prevent spread of radioactive
contamination. Eight waste forms each were placed in a larger "zip lock"
type polyethelene bag and placed on a plastic tray. The tray containing the
eight waste forms also was placed in a polyethelene bag. The bag containing
the second set of eight waste forms also contained a dummy cement waste form
and a dummy VES waste form, each containing an axial thermocouple. The
thermocouples were used to determine how long the waste forms were at the

Figure 2. Photograph of an EPICOR-II waste form being placed In the Instron
compression testing machine.
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desired temperatures. [Note that equilibration to the test temperatures (as
opposed to exposure to the test temperatures) represents the most restric-
tive Interpretation of the test method.]

The trays containing the 16 test waste forms and 2 dummy waste forms
were placed In a Statham Model SD51-1 Environmental Chamber for thermal cy-
cling. Because of the extensive bagging of the waste forms, and resultant
detrimental effect on heat transfer, one complete thermal cycle required ap-
proximately 42 hours. The waste forms were exposed to 30 complete thermal
cycles.

After thermal cycling, the waste forms were removed from the polyethel-
ene bags and preparation vials. Compression testing was conducted, as de-
scribed earlier, using ASTH C39-72.

LeachabilUy

Sixteen waste forms were selected for leachabmty testing. Including
eight cement waste forms and eight VES waste forms. Four of each type of
waste form contained PF-7 waste, and four contained PF-24 waste. The elapsed
time between preparation of the waste forms and leachabUHy testing was ap-
proximately 20 months. The test was conducted In accordance with the pro-
cedures of ANS 16.123

The 16 waste forms were removed from their preparation vials and weighed
and measured (dimensionally). They were placed 1n Individual Teflon netting
"baskets," which were suspended from the lids of leachant containers. The
leachant containers (Figure 3) consisted of wide-mouthed, polyethylene bot-
tles, 2 liters In volume, with screw-top lids. Leachate volumes ranged from
1420 to 1590 ml (depending on the dimensions of the waste forms) to provide a
leachate volume to waste form external geometric surface area ratio ( V L / S ) of
10 ± 0.2 cm. Both demineralized and synthetic sea water leachates were used.
Two waste forms of each type were tested In each leachate.

Before beginning leachabUHy testing, the waste forms were rinsed by
Immersing In demineralized water for 30 seconds. Leachability testing was
conducted for a total of 89 days. During testing, the leachate was replaced
after each of ten specified, Incremental leach time Intervals. Because of
the high radiation dose rate associated with handling the waste forms, sepa-
rate leachate containers were used for each time Interval. This permitted
removing and processing the leachant aliquots In a low radiation environment.
Each leachant was stirred, and four 25-ml aliquots were removed and placed
In Individual, 30-ml polyethylene containers. One aliquot was used In meas-
uring the pH of the leachant, one was used for gamma spectroscopy, and two
aliquots were reserved for other potential uses. All aliquots, with the ex-
ception of those obtained for determining the pH of the leachant, were acid-
ified with nitric add. After Teachability testing, the 16 waste forms were
compression tested under the Immersion testing procedure.

Immersion Stability

Part of the leachabUHy testing procedure served as the Immersion por-
tion of this test procedure, using the same 16 waste forms. The waste forms
were capped with a sulfur base mortar and compression tested, using
ASTM C39-72, as described previously.

3 1 1



Radiation S t a M I U y

Sixteen waste forms, eight cement and eight VES, were subjected to gam-
ma Irradiation for the radiation stability test. Four of the waste forms
prepared from each binder contained PF-7 waste, and four contained PF-24
waste. The elapsed time between preparation of waste forms and gamma Irra-
diation was 26 months.

The 16 waste forms were Irradiated 1n the fuel storage pool of the Gam-
ma Irradiation Facility at the Advanced Test Reactor of INEL. A total In-
tended gamma Irradiation dose of 5 x 10 8 R was selected for all waste forms,
based on requirements of the TP. During the Irradiation procedure, the
positioning equipment In the Gamma Irradiation Facility failed and the ce-
ment waste forms received an actual, average gamma Irradiation dose of
5.2 x 10 8 R; and the VES waste forms received 4.3 x 10 8 R.

After gamma Irradiation, the waste forms were placed In a storage cask
(Figure 4) to await compression testing. Two months later compression
testing was accomplished. The ASTM C39-72 procedure was used, as described
previously.

Figure 3. Photograph of EPICOR-II
waste forms In the leach-
ate containers during
leachabmty testing.
[Note the lead brick
shielding required to
reduce radiation exposure
to personnel.]

Figure 4. Photograph showing an
EPICOR-II waste form being
placed 1n a plastic bag
after the gamma Irradia-
tion portion of the Irra-
diation stability testing.
[Note the anti-contamina-
tion precautions taken by
the technician.]
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Biodeqradabilitv

The Technical Position13 states that waste forms should be tested for
resistance to biodegradation 1n accordance with both ASTM G21, "Determining
Resistance of Synthetic Polymeric Materials to Fungi"24 and ASTM G22, "Deter-
mining Resistance of Plastics to Bacteria."25 Initial work was conducted,
exposing unirradiated waste forms (powdered, wafered, and whole) to both
fungi and bacteria. Subsequent work was conducted per ASTM G21 and G22,
using Irradiated, whole waste forms. Twenty waste forms, ten cement and ten
VES, were subjected to biodegradabiHty testing. Five waste forms prepared
from each binder contained PF-7 waste, and five contained PF-24 waste. Two
of each type of waste form prepared from each binder (8 total) were exposed
to fungi, and two of each (8 total) were exposed to bacteria. The four re-
maining waste forms were placed In nutrient agar and used as control
specimens.

RESULTS

Baseline/Qualification Tests

The technical position (TP) 1 3 states that ". . . specimens should have
less than 0.5 percent by volume of the waste specimen as free liquids as
measured using the method described In ANS 55.1." During the baseline/
qualification tests, no free-standing liquid was observed on any of the
waste forms.

Data from compression testing of waste forms are given In Table 4. The
average compressive strengths for cement and VES waste forms containing the
same waste type (PF-7 or -24) are approximately equal. Waste forms con-
taining PF-24 waste (organic resin with zeolite) exhibited a higher average
compressive strength (3,600 ps1) than those prepared with PF-7 waste
(2,900 ps1). The compressive strengths of all the waste forms tested
greatly exceeded the 50 psi minimum strength required by the TP.

The high compressive strengths and the appearance of the waste forms
after failure Indicated that the waste forms were homogeneous. No pockets
of free-standing liquid were observed.

The baseline/qualification tests Indicated that both cement and VES
waste forms containing resin wastes from PF-7 and -24 met the free-standing
liquid, compressive strength, and homogeneity requirements specified 1n the
TP. The testing and results obtained also confirmed the general applicabil-
ity of the test methods specified.

Thermal Stability

Average compression test data for the thermally cycled waste forms also
are given In Table 4. The TP requires that waste forms should have compres-
sive strengths greater than 50 psi, after thermal cycling. All thermally
cycled waste forms had compressive strengths In the range of from 2,200 to
6,400 psi. The compressive strengths of the cement waste forms were higher
than those of the VES waste forms. Waste forms containing PF-24 waste had
higher compressive strengths than those containing PF-7 waste. The compres-
sive strengths of the thermally cycled, cement waste forms were significantly
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TABLE 4. COMPRESSIVE STRENGTHS OF EPICOR-II WASTE FORMS

Compressive Strength ±~\<s
(psi)

Binder

PC
PC

VES
VES

Waste
Type

PF-7
PF-24

PF-7
PF-24

As-Prepared

2,930 ± 480
3,620 ± 720

2,900 ± 150
3,580 ± 190

Thermal
Cycled

4,740 ± 90
5,670 ± 650

2,770 ± 330
4,060 ± 70

Immersion
Tested

2,960 ± 780
3,850 ± 1,200

2,770 ± 300
3,270 ± 320

Radiation
Stability

3,640 ± 1,440
3,310 ± 1,710

1,930 ± 560
2,420 ± 810

PC = Portland Type I-II cement
VES = vinyl ester-styrene

higher than the corresponding, as-prepared waste forms. That was probably
caused by additional cement hydration occurring during the long cure time
before thermal cycling and subsequent compression testing. The procedure
of AS1M C39-72 was applicable for determining compressive strengths of the
waste forms after thermal cycling.

Thermal Instability of waste forms containing low-level radioactive
waste during storage and transport before disposal usually results from
freezing and thawing of chemically uncombined water In the waste form. Con-
sequently, degradation of the waste forms Is caused by expansion of the water
upon freezing.

Leachabmty

Leachabmty of the waste forms was calculated 1n the manner detailed
In ANS 16.1. Average data from the leachabiHty test are given In Table 5
for Cs-134 and -137. The leachability of cement waste forms generally was
higher than that of comparable VES waste forms In the same leachate, as In-
dicated by the lower Teachability Indexes for the cement waste forms. Both
cement and VES waste forms containing PF-7 waste exhibited higher leachabil-
1ty than those containing PF-24 waste. Using sea water as the leachate re-
sulted 1n higher Teachability than using demineralized water. The Cs-137
and -134 leachabUHy Indexes, trends, and ranges are comparable for Individ-
ual waste forms. Seven of the 16 waste forms have trend values greater than
±554. Trends associated with cement waste forms are negative (decreasing
leachabilHy Index with time); while trends associated with VES waste forms
are positive. None of the waste forms tested produced a Teachability Index
range exceeding 25%, although two waste forms have ranges greater than 20%.
ATT waste forms tested have TeachabiTHy Indexes greater than 6, as required
by the TP.
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TABLE 5. CESIUM-134 AND -137 LEACHABILITY FROM EPICOR-II HASTE FORHS

Waste
Binder Type

PC
PC
PC
PC
PC
PC
PC
PC

VES
VES
VES
VES
VES
VES
VES
VES

PC =
VES -
DI =
SW =

PF-7
PF-7
PF-7
PF-7
PF-24
PF-24
PF-24
PF-24

PF-7
PF-7
PF-7
PF-7
PF-24
PF-24
PF-24
PF-24

Portland Type

Rad1onucl1de

Cs-134
Cs-134
Cs-137
Cs-137
Cs-134
Cs-134
Cs-137
Cs-137

Cs-134
Cs-134
Cs-137
Cs-137
Cs-134
Cs-134
Cs-137
Cs-137

I-II cement
vinyl ester-styrene
demineralized
synthetic sea

water
water

Leachate

DI
SW
DI
SW
DI
SW
DI
SW

DI
SW
DI
SW
DI
SW
DI
SW

Index

10.3
9.6
10.1
9.5
10.6
10.4
10.4
10.3

12.3
9.4

12.2
9.3

14.0
11.0
13.8
10.8

Leachabmtv

Trend
(X)

-4
-6
-4
-6
-2
-1
-2
-2

+11
+13
+11
+13
+ 3
+ 3
+ 3
+ 3

Range
(X)

21
14
22
16
9
5
9
6

13
19
18
19
6
8
6
9

The test procedures and calculation of leachabilUy Indexes, as speci-
fied by ANS 16.1, were applicable for determining Teachability of the waste
forms. The cement and VES waste forms containing wastes from PF-7 and -24
were found to be resistant to leaching.

Immersion Stability

Immersion of waste forms was conducted satisfactorily as part of the
leachability test. The waste forms then were compression tested to determine
1f their compressive strengths had been degraded by Immersion. CompressWe
strength data for Immersion tested waste forms are given 1n Table 4. For
each type of waste form, the average compressive strengths after Inversion
are approximately the same as those determined for as-prepared waste forms.
The average compressive strengths measured for waste forms Immersed 1n sea
water are somewhat higher than for waste forms Immersed In demineralized
water. However, the number of waste forms tested and the differences noted
are too small to suggest any significant effect of leachate type on compres-
s1ve strength after Immersion.
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All 1mmers1on-tested waste forms exhibited compressive strengths far
1n excess of the 50 psi required by the TP. The ASTM C39-72 test procedure
was applicable for determining compressive strengths of the waste forms.

Radiation Stability

The total gamma Irradiation dose received by the waste forms was larger
than the total beta plus gamma self-Irradiation dose that the waste forms
would have received by the end of 300 years. [The calculated self-Irradia-
tion doses to Infinity ranged from 2.9 x 108 R for cement waste forms con-
taining PF-24 waste to 4.2 x 108 R for VES waste forms containing PF-7
waste.]

Compression test data for radiation stability specimens are listed 1n
Table 4. All specimens had compressive strengths far In excess of the 50 ps1
required by the TP, from 1,200 to 5,200 ps1.

The compressive strengths of vinyl ester-styrene waste forms decreased
over 30% as a result of gamma Irradiation. Average strengths of gamma-
Irradiated binyl ester-styrene waste forms were approximately 67% of the
compressive strengths of as-prepared specimens. Vinyl ester-styrene waste
forms containing Type 2 waste had higher strengths than those containing
Type 1 waste. The strain to failure decreased significantly for vinyl ester-
styrene waste forms as a result of Irradiation; the gamma-Irradiated waste
form 1s brittle relative to Its as-prepared counterpart. Note that the com-
pressive strength of one VES specimen which received a dose of 5.7 x 108 rad,
1s approximately equal to those of the other specimens from the same batch
of waste forms receiving about one-half as large a dose.

The average compressive strengths of Portland Cement waste forms did
not appear significantly affected by gamma Irradiation. The strengths of
Portland cement waste forms containing PF-24 waste decreased relative to
waste forms containing PF-7 waste. Note that the standard deviations of Ir-
radiated Portland cement waste form data (Table 4) are large. Material ef-
fects Induced by gamma Irradiation may be responsible for this data scatter
regarding compressive strength.

The effect of dose rate on the compression strength of waste forms; 1s
not clear; however, the nature of 10 CFR 61 testing requires dose rates far
1n excess of expected values. If dose rate effects are significant, they
would normally be expected to provide conservative results 1n testing.

This work demonstrates that radiation stability testing as specific:!
by the TP 1s generally applicable.

Biodegradability

The cement waste forms gave no Indication of being affected by, or of-
fering support for, growth of applied species of fungi and bacteria, as
specified 1n ASTM G21 and G22. However, cement waste forms placed In
nutr1ent-r1ch media did not chemically or radiologically prevent the growth
of fungi. Thus, while the waste forms did not support microbial growth,
neither did they prevent 1t.
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The VES waste forms supported fungal growth (Figure 5), but not bacte-
rial. Tests with unirradiated, powdered, or wafered material showed that
fungi would grow on the growth media surrounding the material, and a close
visual Inspection showed at least 10 to 30% of the waste form surface had
fungi growing on It. Whole, Irradiated VES waste forms had fungal growth
on the surrounding media, but close Inspection of the waste form surfaces
was not possible with available facilities, because of the high radiation
levels. The VES waste forms have been cleaned using methyl alcohol and are
undergoing retest using the prescribed fungi.

Cement waste forms are not affected by plastic degrading fungi or bac-
teria, while the VES waste forms apparently support fungal growth. Long-term
effects of the growth of fungi were not determined In this task.

RECOMMENDATIONS

It 1s recommended that the thermal stability test procedure require
that waste forms be sealed 1n containers Immediately after preparation and
throughout thermal cycling to prevent evaporative water loss. It also 1s
recommended that the test procedure require that centerline temperatures of
the waste forms attain the temperatures specified 1n the procedure and remain
at those temperatures for the specified times. Thermocouples should be used
during testing to monitor centerline temperatures of the waste forms.

Figure 5. Photograph of a VES waste form containing PF-7 wastes exposed to
fungi 1n an agar-filled Petri dish during biodegradability
testing.
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It 1s suggested that the Tpl3 state more positively whether other
flu^d(s) 1n addition to demineralized water are required for Immersion
testing.

However, the TP should specify that waste forms be exposed to a minimum
of TO8 rad gamma Irradiation. If the level of total Ionizing radiation expo-
sure 1s expected to exceed 10.8 rad, testing should be performed at the ex-
pected maximum total accumulated dose.

While the methodology of ASTM G21 and 622 seems to be applicable to
this type of testing, longer exposure times and use of fungi known to attack
concrete are recommended changes.
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THE FUEL POOL COMPONENT SAMPLER AS AN INTEGRAL PART OF A
DIRECT ASSAY WASTE CHARACTERIZATION METHOD

Sun G. Lee
Robert Lubaszewski
Donald B. Tulodieski

SCIENCE APPLICATIONS INTERNATIONAL CORPORATION

ABSTRACT

A direct assay technique quantitatively assays and char-
acterizes the nuclides (including all 10CFR61 nuclides)
present in stored fuel pool components. The technique,
based on remote gamma spectroscopy measurements, combines
scanning with scaling factors, obtained from direct sam-
ple analysis, and dose-rate profiling to give a compre-
hensive waste analysis of the 10CFR61 nuclides.

The development of the fuel pool sampler was necessary in
order to obtain material samples for radiochemical analy-
ses as required by the direct assay technique. The fuel
pool sampler was designed to remotely acquire surface and
bulk samples of stored fuel pool components such as con-
trol rod blades, LPRMs, flow channels, vacuum filters,
and many other miscellaneous components stored under-
water. The development and description of the fuel pool
sampler are presented as well as a description of how
bulk and surface samples, acquired by the sampler, are
used in a direct assay technique for waste characteriza-
tion.

INTRODUCTION

With the enactment of 10 CFR Part 61, "Licensing Requirements for

Land Disposal of Radioactive Waste", increased emphasis has been placed

upon the accurate assay of nuclear waste materials prior to their per-

manent disposal. For nuclear waste components which are stored in a

nuclear electric generating facility's spent fuel pools, the assay of

nuclides important to 10 CFR Part 61 becomes more difficult due to a

typically high level of radioactivity. To assay fuel-pool stored waste

components, several techniques have been and are being used. One of the

more accurate methodologies to assay fuel-pool-stored waste materials is a
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direct assay technique wherein samples of the stored components are ob-

tained in order to calculate accurate scaling factors for transuranics,

gross alpha and beta emitters required by 10 CFR Part 61 requirements.

The sampler is an integral part of the direct assay technique which

uses an integrated three step approach. These steps are:

1. Remote gamma spectroscopy to quantify the gamma emitting nuclides by

the use of the SAIC QuantiScan (gamma scanner).

2. Dose-rate profile measurements to integrate the measured activity

content over the entire component.

3. Surface and bulk sample acquisition by the Fuel Pool Sampler in order

to perform radiochemical analysis for the beta, alpha and other dif-

ficult -to-measure nuclides as required by 10 CFR Part 61.

By combining the results of these operations, nuclide identification

and total activity can be determined for all fuel-pool-stored components.

The Sampler Description

The device used to obtain samples of fuel-pool stored components was

designed to satisfy certain requirements of the direct assay technique and

to accommodate limitations imposed by the fuel pool environment. The re-

quirements/limitations which exercised the greatest influence upon the

fuel-pool sampler design are as follows:

1. Two types of samples are required to accurately characterize the

nuclides which contribute to the total activity of the fuel-pool

stored component. A "surface sample" to determine the contribution

to the total activity of nuclides which plate-out as crud or other

material on the surface of the component and a "bulk sample" of the

material of construction of the sampled component.

2. The materials to be sampled are usually metal; the geometry is varied

and often difficult to sample (£.£., LPRM section, 1-inch diameter,

14 feet length.)
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3. Components to be sampled are stored 20-25 feet below the surface of

the water to ensure radiological safety.

4. Acquired samples, due to their potentially high radioactivity, must be

capable of being collected, monitored, handled, and packaged in a safe

and efficient manner.

The above considerations were factored into the sampler design

(Figure 1). The sampler consists of segmented manipulation rods, sampler

head, quick-c meet filter and a self-priming pneumatic diaphragm pump.

The variable length manipulation rods allows on-site modification of sam-

pler length (10-25 feet) to adjust for varying sample locations. The sam-

pler head is a replaceable pneumatic grinder. The head is applied to the

component to be sampled and the component is grinded such that particulate

matter is freed from the component. The steel carbide ball is inserted

into the replaceable head to acquire a "bulk sample"; the steel wire brush

is used to acquire a "surface sample". Particulates and water are drawn up

a suction line by the pnuematic suction pump. A quick-disconnect filter is

installed in the suction line to collect the particulate matter. The water

is recirculated back into the pool as the particulates are being collected

in the filter. A dose-rate probe meter is juxtaposed against the filter

during the sampling operation. Once a threshold activity to be collected

has been reached, sampling is stopped. Removal of the filter cartridge

from the suction line tubing is expedited by the use of the

quick-disconnect filters. Particulate matter collected on the filter is

subject to radiochemical analyses. The sampler has been used on nearly all

types of components stored in fuel pools, including LPRMs, control rod

blades, fuel channels, fuel pool vacuum filters, poison curtains and

assorted bolts and fixtures.

Sampling Operation and Measurement Techniques

The sampling operation requires two individuals for effective opera-

tion (Figure 2). One individual, positioned at the pool edge, controls the

grinding and sampling activities while the second individual positioned on

the overhead bridge, manipulates a line attached to the sampler head. On a

typical control rod blade the actual grinding will be performed in a matter
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of seconds. The limiting factor on the amount of sample that can be

collected is the contact dose rate at the filter cartridge. The amount of

sample collected can be maximized within the guidelines for safe-handling

by keeping a dose-rate measurement instrument juxtaposed to the surface of

the filter cartridge throughout the sampling operation. Upon completion of

sampling the pump is turned off and the sampler is raised to expose the

filter cartridge above the surface of the water. The dose rate at the pool

surface is constantly monitored by a health physics technician as the

filter is raised. The filter cartridge is then removed from the sampling

device, packaged, and placed in a cask for shipment to a laboratory for

subsequent radiochemical analyses.

The sampler obtains a bulk sample of activated metal from the com-

ponent in order to measure directly the scaling factors that relate the

activities of activated metals (activities either too weak, relatively, to

be seen in the gamma scan or activities for Fe and Ni that do not

emit gamma rays) to the dominant Co activity. The bulk sample is taken

at a relatively high activity location on the component. The amount of

material collected in the filter must be large enough to permit accurate

radiochemical analyses but be limited to a dose rate of less than 100 mr

per hour on contact. Approximately one to five square centimeters of the

sampled component is disturbed in the measurement and about 10 milligrams

of material is typically taken.

Surface activity is obtained to measure the activities of the fission
137products and transuranic nuciides (TRU) relative to Cs. The location

for surface sampling on the component is the same as that of bulk sampling

and the sampling activity is performed prior to that of bulk sampling.

Approximately ten square centimeters of surface area are scraped for the

sample.

Bulk samples of the activated metals are analyzed for the beta-ray or

x-ray emitting nuclides, (J'Fe, Ni, Nb), the gamma-ray emitting
137activation products and Cs, and the total alpha emission rate. The

analyses yield results relative to the Co activity since the final

analysis uses ratios rather than the absolute values. The relative
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137
Cs concentration permits relating other fission product activities to
Co through their relationship to cesium.

90 99 129
Samples of surface scrapings are analyzed for Sr, Tc, I,

238pu> 238+240^ 241Ru> 2 4 1 ^ 242Cm ^ 244Cm J h e a n a l y s g s

require alpha spectroscopy for the TRU analyses and beta-ray and x-ray
99 129

analyses for the others. In general, the Tc and I activities are

not observed and the analyses yield only minimum detectable limits.

The Direct Assay Approach

The direct assay approach for complete nuclide characterization of

fuel pool stored components is dependent on the data obtained in each of

the three steps: scanning, sampling, and dose-rate profiling. The SAIC

QuantiScan™ provides the concentrations of Co and all other detect-

able gamma-ray emitting nuclides. Sampling and subsequent radiochemical

analyses of samples provide the scaling factors for all the hard-to-meas-

ure (alpha-emitting and beta-emitting) nuclides relating their concentra-

tions to those of Co (for activation products), Cs (for fission

products), or gross alpha (for fuel products) within the component. Dose-

rate profiling provides average dose rates over the entire length of com-

ponents and, in conjunction with the Co concentration from Quanti-

Scan™ analyses, provides the dose-to-Curie calibration coefficient

necessary to extrapolate Curie concentrations over the entire length and

volume of a component.

Gamma-Ray Scanning

The SAIC QuantiScan™ measures the absolute concentration of gamma-

emitting isotopes at the point of the scan. The QuantiScan™ consists of

a high-purity germanium gamma-ray detector, installed on a cart-mounted

tungsten shield, and a portable microcomputer-based data acquisition,

analysis and management system. The collimator pivots about its center of

mass so that it can be aimed in any direction. Attached to the front of

the collimator, as used for fuel pool applications, is a 17-foot long

sealed acrylic tube of air, encased in a two-inch square aluminum frame
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for support. The length may vary for different applications and there are

no restrictions on the length. This air column reduces the attenuation of

the gamma rays from the components by fuel pool water. The collimator is

strengthened and aligned through the use of interlocking aluminum chan-

nels. Testing and alignment adjustment precede any measurements of com-

ponents. The remainder of the QuantiScan*" system consists of an

amplifier system capable of very high counting rates (greater than

1,000,000 counts per second), and an analog-to-digital converter (ADC).

The QuantiScan™ is used to measure a variety of components in a

pool. Figure 3 shows the geometry of a typical scan of a fuel-pool com-

ponent. A typical component such as a control rod blade is scanned while

it is suspended by a grapple from the overhead bridge crane. Selection of

the scan location is determined on an individual component basis. The

dose-rate data is reviewed to identify locations that are highly active

but where the rate is not influenced by a particular "hot spot" (stellite

or fission chambers). The location chosen is the same as that for the

sampling and dose-rate measurement. The scan isolates the the component

near the center of an open area of the pool away from other sources of

activity. The tip of the collimator contacts, as closely as: possible, the

component to be scanned.

QuantiScan™ measurements yield concentrations of the observable

gamma-ray emitting radionuclides in units of Curies per cubic meter. The

important activities are typically Co and Sb. Activities ob-

served in the measurement background are usually from the water in the

pool and corrections are applied to the component scan data.

Dose-Rate Measurements

A dose-rate instrument is used to profile each object analyzed prior

to sampling or scanning. After isolating a component from other sources

of activity, contact dose-rate readings are made at measured increments

(usually 1 foot for large objects such as LPRMs, control rod blades, and

flow channels) along each component. At each measurement location the

maximum instrument reading is determined. The initial reading is taken at
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the top of the item after initial contact with the probe. Each subsequent
measurement is accurately determined using the graduations on the probe

cable at the water's surface and allowing the instrument reading to

stabilize at each measurement location.

The dose-rate profile is used initially to aid in selecting repre-

sentative components for analyses. Upon selection of representative com-

ponents, the dose-rate profile is used to select a satisfactory location

for scanning and sampling. A satisfactory location is one at which the

activity is estimated to be well above the QuantiScan1" minimum detect-

able limits and the dose rate is within acceptable limits for safe sam-

pling. The dose-rate profile is used quantitatively in conjunction with

QuantiScan™ results and scaling factors to provide the calibration

factors necessary for extrapolation of Curie concentration along the total

length of a specific component. This results in Curies per unit volume

and total integrated Curie content.

Interrelation of Steps in Determining Total Characterization

Quantification of all the required nuclide concentrations and total

activities depend upon the results from sampling, gamma-ray scanning and

dose-rate measurements. Figure 4 shows the interrelation between all the

data. The "box" in the center of the figure represents the results neces-

sary to classify the waste and signifies that average concentrations are

required for each of these activities that are listed in 10 CFR 61. The

"boxes" surrounding this listing represent the data gained from the four

measurements; the entries represent ratios of nuclide concentrations for

the bulk and surface radiochemical analyses, the absolute concentration of

Co from the QuantiScan1", and the radiation dose rate. The lines

connecting the boxes in the figure indicate how each value is used to

obtain the required concentration.
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Figure 4. Block diagram showing the interaction of data collected during each phase
of fuel pool component characterization. Nuclides shown in the double
block in the center represent component concentrations required by 10CFR61.
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Determination of Total Curie Content For A Component

Results for the scanned and sampled region of a fuel pool item are

extended to the entire item through the dose-rate profile measurements.

Since the dose-rate is taken at equal intervals along the length of the

component, the average dose rate from the component is the average dose-

rate reading. In the averaging, it is important to not use any reading

whose value is influenced by a local "hot spot" that would not be a part

of the waste shipment; an example is stellite bearings on control rod

blades that would be cut off before shipment. The dose-to-Curie factor in

conjunction with the average dose rate for the component yield the average

concentrations for the required nuclides. Total Curie content of the

piece results from multiplication of the average concentrations by the

volume of the component.
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RADWASTE PROCESSING SERVICES - EXAMINATION OF FUTURE ROLE

by D. W. James and L. J. Renfro
Bechtel Power Corporation

ABSTRACT

Nuclear utility companies in the U.S. are increasingly
contracting for radwaste processing services. The
number of companies offering these services and the
types of services available have grown rapidly in
recent years. A comparison of present value revenue
requirements and annual operating costs for twin
1000 MWe BWRs and PWRs for three processing scenarios
indicates that contracted resin throwaway service
currently offers the least-cost alternative to in-plant
or contracted solidification. The radwaste services
market is becoming increasingly competitive as new
participants and new products are introduced. Although
utility resources are expected to be available for
in-plant radwaste system improvements, contract
radwaste processing services will continue as an
important option.

INTRODUCTION

At the present time in the U.S., increased attention is being paid to
nuclear power plant standardization and new concepts for third generation
nuclear power plants. One area that deserves special attention is how
design efforts and long range planning for radioactive waste processing
should be adapted to accommodate a mature service industry. This question
is pertinent, as well, to present generation plants, which even though
originally designed for stand-alone operation, are increasingly turning to
contractors for much of their radwaste processing. In fact, in the United
States, a major share of final waste processing is currently being performed
by service contractors using leased or mobile equipment. The situation has
evolved to its present state for several reasons: changes in NRC
regulations and burial ground requirements have rendered some in-plant
systems unusable; rapid escalation of burial ground charges has altered the
economic incentive for certain modes of operation; original equipment was
not adequately demonstrated prior to installation and consequently did not
meet performance expectations; some utilities have had difficulty in
sustaining a trained cadre of radwaste operators; high interest rates and
other demands on capital have led to the deferral of radwaste system
upgrades or repairs. These factors all contributed to a rapid rise in
service usage between 1973 and the present.

Currently, a number of companies have committed to providing process
services, giving rise to intense competition and increasing technical
innovation. The contracting utilities are the beneficiaries of this
situation. The purpose of this paper is to examine the factors that would
contribute to sustaining a service industry.



GROWTH OF SERVICE COMPANIES

In the context of this discussion, radwaste service companies are those
who offer either mobile equipment or leased equipment, provide operations
and support personnel, and/or prepare the waste for offsite disposal.
During the last few years, there has been a rapid increase in the number of
companies providing a broadening array of services. Services now available
include radwaste solidification, radioactive resin dewatering and packaging,
filtration and ion exchange, DAW supercompaction, DAW incineration, waste
drying, and evaporation. In contrast to this plethora, in 1970 there was
one company offering contract solidification services.

RADWASTE SERVICE ECONOMICS

Operating costs of process services are generally higher than that
achievable with in-plant systems. Figure 1 provides a comparison of the
present value revenue requirement (PVRR) for alternative waste treatment
approaches. For vendor services, the utilities are charged on the basis of
final waste volume or volume of waste processed. In the case of resin
dewatering, the charges are on a "per liner" basis. These charges provide
for profit and payback on the vendor's investment, and the utility pays no
direct charges on the cost of the equipment. The major differences in costs
of services versus in-house processing are in premiums paid for use of
vendor personnel and profit to the service vendor. The utility benefits
from reduced training requirements for its own personnel—smaller staff in
some cases—and avoidance of the headaches of trying to maintain and operate
an in-plant processing system. The utility must remain involved in the
vendor operations, however, since the utility retains title to the waste
until it is accepted at the burial ground. Two recent EPRI reports (Refs.
1, 2) discuss at length the economics associated with radwaste volume
reduction <VR) systems. Currently, the major alternative to the
installation of these systems is continued use of waste processing
services. The waste processing alternative comparison presented in
EPRI-3763, "Long Term Low-Level Radwaste Volume-Reduction Strategies," is
extended here to include service alternatives. Waste volumes used in the
EPRI report were derived from ONWI-20 (Ref. 3). Using the same quantity
information and volume reduction factors, two cases were examined using the
Bechtel RWCOST computer program. The cases were 1) twin 1000-MWe BWRs with
deep bed condensate treatment and 2) twin 1000-MWe PWRs. Special attention
was given to variations in interest and escalation rates as they may impact
overall cost and payback rates on capital investment. In general, the
economic scenarios used here were the same as those used in the EPRI study
in order to maintain consistent comparisons. Figure 2 provides a comparison
of annual operating costs for the alternative cases:

1. Addition of Upgraded In-Plant Systems (Base Case)

This alternate is assumed to include replacement of existing
evaporator and solidification system with new equipment. Cost is
assumed to be about half the cost of a new facility-on the order
of 30 and 20 million dollars for a BWR and PWR, respectively.
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2. Contracted Solidification Service

This alternative assumes continued use of in-plant concentrator
with a leased, mobile solidification system as currently used on
many sites in the U.S. No capital charges are assumed for this
alternative.

3. Contracted Resin Throwaway.

This alternative assumes abandonment of in-plant evaporation
processes. All waste is processed through resins and recycled or
discharged. Resins are discarded rather than regenerated.
Dewatering equipment is made available by a contractor and charges
are incurred on the basis of the number of containers filled.

Based on the results of this analysis, the contracted resin throwaway
operation currently offers the best economy. Upgrading of in-plant systems
generally cannot be economically justified against this mode of operation.
However, in-plant solidification can be justified when compared to vendor
service solidification. Assuming that in-plant capital upgrades are
required - equivalent to about half the cost of a new facility - on the
order of 30 million dollars and 20 million dollars for a BWR and PWR,
respectively, payback times for BWRs range from 3-5 years and for PWRs from
8-12 years depending on likely variations in interest and escalation
rates.

In the case of advanced volume-reduction (VR) systems, resin throwaway
leads to lower PVRR than all cases presented in EPRI NP-3763. This
comparison holds even when accounting is made for the progressive penalties
per cubic foot of waste as set by the 1985 amendment to the Low-Level Waste
Policy Act. On the basis of this evaluation, unless substantial new
requirements are imposed by regulatory agencies, short-term prospects for
some of these VR systems is limited.

Resin throwaway, being primarily an in-container process, is
particularly amenable to vendor service operation. Charges are based on the
number of containers filled, and filling operations depend little on
in-plant systems. Judging from the number of companies currently offering
this service, resin throwaway is the service alternative in greatest
demand.

INDUSTRY ECONOMIC TREND ANALYSIS

The long-range outlook for the domestic economy is for continuing real
growth between 2.5 and 3.0% (Ref. 4 ) . U.S. economic growth and electricity
consumption follow the same trends, although until recently growth of
electricity consumption consistently outstripped economic growth. (For
example, between 1960 and 1983, electricity consumption increased at an
average annual rate of 5% while real GNP grew at an average annual rate of
37..) Current forecasts predict future growth in domestic electricity
consumption at annual rates near or slightly below expected economic growth
rates. Between now and the year 2000, the electrical energy growth rate in
the U.S. is expected to continue in the 2-4% range, with inflation and
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interest rates remaining fairly stable. This projection represents a
consensus of government agencies, private forecasting firms, manufacturing
firms, trade associations, and trade publications (Refs. 4-13). If the
economy follows this projection, the prospects of continuing strength in the
radwaste service sector remains good.

Electricity sales are affected by the level of economic activity,
electricity prices, fuel prices (alternative energy sources), and
conservation. Conservation effects on electricity consumption are of two
primary forms: price-induced, characterized by substitution of alternative
energy supplies and reduction in overall energy use; and program-induced,
initiated in response to utility-sponsored or government-sponsored
conservation inducement programs. Moderate economic growth will bring in
its wake capacity additions by utilities. For utilities footing big
construction bills from the last round of ordering, higher energy costs will
dampen increased electrical demand commensurate with economic growth. It
can be expected that some modest growth will occur and will be met with
small diversified energy development projects. These will dilute utility
engineering resources and capital improvement budgets but probably not to
such an extent as to preclude improving radwaste processing facilities.

Competition among service companies is increasing and will continue to
increase. Technical innovation keeps the market active and the volume of
business has made it attractive to many larger nuclear service companies
looking for diversification and preservation. This should provide utilities
additional latitude ii making or deferring a decision on adding or improving
in-plant processing capabilities. As for the large companies (reactor
manufacturers and AEs) that enter the radwaste services market, it is
expected that once established, they are not likely to pull out even if
there is an upsurge in their traditional business areas. One reason is that
this type of business will have established its importance to the company in
balancing work loads. Another reason is that the expanded service
capability enhances their traditional products.

A major factor in waste disposal economics is escalating burial costs.
A consensus on this issue is that the burial costs will continue to go up as
development costs of new regional sites are factored in and additional
political payoffs are exacted. This will increase the stakes of the market
but will not necessarily impact the service versus in-plant issue since high
volume reduction processes are becoming available on a service basis.

It has been astutely observed that low-level radwaste volumes and
hence, the service business is shrinking (Ref. 14). This is due to more
effective waste management and minimization by utilities, sometimes with the
help of service companies. It is important to note, however, that even as
the waste volumes shrink, service dollar volume has continued to increase,
driven by higher burial rates. Incentives to enter the market are expected
to remain attractive.

As the industry evolves, greater pressures are being exerted on service
companies to demonstrate the viability of their product, and larger capital
commitments are necessary to keep pace with the technical requirements.
This gives an edge to larger companies entering the market as well as to
those companies already established in the market. New entries will

3 3 5



encounter not only the high capital requirement barrier to entry, but also
many other obstacles, not the least of which will be convincing utilities of
long-term vendor commitment. Entries into any type of sales or service can
be aborted if sales goals are not reached, the service or product is not
profitable, or the capital commitment presents too great a risk.

UTILITY PERSPECTIVE

Based on limited discussion with utility personnel, a general attitude
is perceived that indicates a traditional preference for in-house processing
capability. However, there is continuing need for service support, and
utility response is usually positive toward the services purchased. Some
service companies have overpromised and consequently created problems for
some utilities. This reinforces the traditional "do it in-house" attitude.
Most utilities have long-term objectives of full in-house capability and
view the service option as temporary. This might change as a service
culture becomes established.

SERVICE PHILOSOPHY AND NEW CONSTRUCTION

Given a mature service industry, design of new plants can include a
substantial reduction in radwaste processing equipment. The direct cost of
a traditional radwaste facility, not including high VR systems, ranges from
approximately 50-100 million dollars depending on the type of reactor. It
is estimated that about 50% of the cost can be saved by designing for
service company support, assuming comparable final processed waste volumes
and waste forms. The initial investment in capital equipment would only
marginally, if at all, be recovered over plant life, with the additional
assumption that the processes could be used for the full duration of plant
life.

The service-support design most often discussed includes a two-zone
building as shown in Figure 3. This building provides one area for
collection and distribution of waste located adjacent to a series of
processing bays. Each waste type can be distributed to several processing
bays simultaneously. Sufficient bays are provided to permit a number of
parallel activities. The flexibility of such a design, combined with the
cost incentive associated with service company support, suggest that the
next generation of plants will be designed to accommodate radwaste
processing by service companies.

CONCLUSIONS

While use of resin dewatering services with a resin throwaway cycle is
currently economically attractive in comparison to in-plant or contracted
radwaste processing and solidification alternatives, continuing uncertainty
in waste packaging rules as new burial sites evolve cloud its future
viability. On the other hand, the evaluation of the nuclear service
industry has assured an integrated capability to respond to changes. Growth
and competition in the nuclear service industry will lead to broadening the
role of these companies. Utility dependence on the service company is
likely to continue and grow as the economy remains healthy. As the U.S.
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nuclear industry matures, service companies should become more integrated
into the planning and development of the industry. Diversified companies
can provide products and services that are mutually reinforcing. Over the
long-term, greater efficiency can be achieved by incorporating a service
philosophy into original plant designs.

In order to remain consistent with the analyses provided in
EPRI NP-3763, this study was constrained to use the ONWI-20 quantity data.
The analysis will hold better for some plants than for others. However,
substantial variations from the basic conclusions are not anticipated.
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Figure 1. COMPARISON OF PRESENT VALUE REVENUE REQUIREMENT FOR
ALTERNATIVE WASTE TREATMENT APPROACHES FOR BWR AND
PWR CASES.
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THE TREATMENT AND HANDLING OF INTERMEDIATE AND LOW LEVEL
RADIOACTIVE LIQUID WASTES

A D W Corbet and G R Plumb
British Nuclear Fuels pic

Risley, England

ABSTRACT

Recent and planned developments in the treatment and
handling of low and intermediate level liquid wastes from
a reprocessing plant complex are described and briefly
examined in relation to the progressively changing
national and international objectives. Some -etails on
the practicability of installed and planned treatment
options are considered in terms of the compromise of plant
operational and environmental benefits versus complexity,
reliability and costs of the processes.

INTRODUCTION

Liquid r a d i o a c t i v e discharges from the UK S e l l a f i e l d S i t e de r ive from a
m u l t i p l i c i t y of sources . The most important a re assoc ia ted with the commer-
c i a l reprocess ing of spent fuel which i s a confirmed UK s t r a t e g y . Present ly
the BNFL opera t ions cen t r e on spent na tura l uranium Magnox fuel reprocess ing
with growing importance being assumed for storage and other processes
preparatory to the commencement at the end of 1990 of reprocessing spent
enriched oxide fuels in THORP (Thermal Oxide Reprocessing Plant). Both fuel
types will be reprocessed in parallel during at least the following decade.

To meet the progressive Company and National objectives in waste
management and discharges to the environment, substantial expensive plants
have been added on-site over the last few years to refurbish the later
phases of Magnox operations and to minimise the effluent discharges prior to
integrated operations with THORP.

In this paper outline is given concerning the arrangements for col-
lection, handling and segregation of waste streams for appropriate treat-
ment. These arrangements take account of chemical compatibility and
adjustments required before the conditioning and separative treatment
according to the characteristics of the chemical and radiochemical isotopes
involved. Development work is proceeding on pre-treatment and sampling/on-
line monitoring of liquid wastes to complement the programme.

Some important design features of the installed or impending main-line
conditioning and immobilising processes are outlined, particularly for the
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ion-exchange (SIXEP), salt evaporation and enhanced actinide removal (EARP)
plants.

Finally the progressive reductions in radiological impact due to the
operation of recently installed plants and predicted for the future plants
are outlined and discussed in relation to the policies and regulatory
authorisations.

HANDLING AND PRE-TREATMENT OPERATIONS

The current liquid waste treatment system is shown in simplified form
in Figure 1.

SUSPECT
LIQUOR

•

MONITOR

I

FINAL
SCUDS

REMOVAL

Figure 1. Current liquid waste system

Engineered fuel storage ponds were originally adopted for ease of
Magnox fuel handling and these represented a high volumetric discharge
source since abundant good quality local water provided once-through purges
for cooling, high pond clarity and low pond operator dose exposures. Con-
tainerisation of nxl fuels has been progressively implemented over recent
years to provide a chemically-conditioned corrosion-inhibiting environment
and an additional barrier to significantly reduce effluent contamination.
New fuel handling plants have been introduced to include this effect and
associated with the most recent project (Pond 5) has been a specially
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developed filtration and ion-exchange plant (SIXEP). SIXEP, as shown in
Figure 3, operates at high volume on segregated feeds since the primary duty
is to selectively remove caesium 134, caesium 137 and strontium 90 from
magnesium contaminated pond purges.

Processes at Sellafield have been designed to segregate the most active
waste streams from the bulk of liquid radioactive wastes containing dis-
solved solids. Restricted use of operations giving rise to salt-bearing
raffinates has enabled evaporation processes to be operated at high con-
centration factors dealing with high and most intermediate level wastes with
concentrates destined for eventual vitrification. The Magnox reprocessing
plant uses a late-split so that the ferrosulphamate used as reductant is
only associated with low level wastes. Iron-bearing reagents and corrosion
products are problematical in effluents giving rise to a voluminous floe
when the essential neutralisation of effluents is carried out prior to the
discharge. Salt-bearing raffinates produced in essential alkaline washing
of recycled solvents are separately treated for concentration to a lower
limit governed by crystallisation before the decay storage of concentrate.

THORP will ut i l ise a significant flowsheet change to avoid the use of
iron- bearing reductants, replacing ferrosulphamate with salt-free hydrazine
stabilised uranium (IV).

The present and future segregation of effluent streams is necessary
under certain circumstances to be followed by carefully planned local
treatment. Examples are where discharged streams from alkaline scrubbers
would liberate radioactive or toxic gases on meeting acid streams, where un-
desirable precipitates could otherwise be formed adsorbing soluble activity
or where active particulate filtration or trace solvent removal would be
prejudiced by the presence of other streams with small amounts of inactive
floes. Suspect-active streams from cooling waters, s i t e drainage and
laundry effluents etc are presently segregated from the more active
effluents for monitoring solids and solvent removal before discharge by
separate pipeline to sea at about 2.5 kilometres beyond low tide.

Various liquid waste streams are segregated and grouped in order to
create "island s i t es" for local managerial control over arisings and
treatment routings as well as for recovery from abnormal situations.

Significant developments in handling and pretreatment of liquid wastes
have been carried out at Sellafield in recent years. Non-mechanical pumping
and control devices have been installed for recycling certain liquors and
slurries of higher activity for reliable maintenance-free operations.
Forces team ejectors are being displaced by power fluidics devices based on
reverse-flow-diverter pumps (RFD's) and vacuum operated slug l if ts (VOSL's).
In such equipment actuating contact components are passive, avoiding the
maintenance within shielding.

There have also been important developments in mechanical pumping and
flow control which were completed for the SIXEP plant with devices
permitting the remote removal and maintenance of variable speed pumps and
valves operating in shielded ducts. Much continuing development work also
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concerns techniques for the hydraulic retrieval of stored spent resins and
sludge and their transfer to encapsulation facilities.

The removal of solids (both active and inactive) and solvents or oil
from effluent streams is of increased importance since their presence as a
separate phase may, on occasions, permit a small fraction of activity to
avoid dilution or dispersion and be detectable as a 'hot spot1 on tramp
materials or on a shoreline. Filter development and solvent coalescence
have been investigated and developed through upflow and downflow sand bed
filters, Lamella thickeners and other high capacity separation devices such
as Etched Disc filters.

Techniques for representative sampling of multiphase effluents and
on-line sampling of solids and solvents in pipelines and tanks are under
development. Spent tri-butyl-phosphate/kerosene solvent is currently being
stored pending the construction of a facility for solvent treatment and
disposal.

Figure 2 shows the effluent collection system to be operational in 1992
at which time the THORP reprocessing plant will be operational in addition
to the continued Magnox reprocessing. Major features indicated include the
additional streams from THORP, increased segregation from selected streams
to take advantage of the EARP treatments, solid/solvent removal and sen-
tencing before discharge. Certain streams from THORP which are compatible
with Magnox streams are shown combined to take advantage of common site
facilities. These include high level liquid wastes evaporation, storage and
vitrification, salt evaporation, evaporator concentrate and spent solvent
storage etc.
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Figure 2. Liquid waste treatment system proposed for 1992
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TREATMENT FACILITIES

The programme for the installation of waste management facilities at
Sellafield is illustrated in Figure 4 and the associated capital costs
announced for such facilities is given within Figure 5. The important
design and operating features of recently installed and future processes are
given below.

SIXEP

The SIXEP ion exchange project, commissioned in May 1985, provides a
permanent facility for treating pond effluents. This replaces the zeolite
.skips introduced as a temporary measure during the 1970s, principally to
control the level of caesium activity. The plant consists of three main
stages, sand bed pressure filtration, pH reduction using counterflow contact
with carbon dioxide and ion exchange using two columns in series. The
flowsheet is given in Figure 3.
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A Carbon
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Figure 3. The SIXEP process

3 4 6



T ' i O ; . ) l l r ' . K i ' h . H l ^ ' - J i l - U ' i - r i ' l l i -: ' , 1 i H o p ! , i i n 1 i '. i ' . v ; i ( i . •

•' i l : : I I I , - : , ' i . ' •' I I '- ' ' . T ' l < • . i O ' , i \r i ] •, i ' . - < i ; i ' | . | | ; a ; i • i , i . ; .

- > ' . I • ' I I . f i l i n ; ) • '. i ./ : I . .' « t ' i i - . i O ' l a n d ' - . ! ) ) , . " i | r r ' .' V i 1 • . -,. ';:

c c i m m - ' n i - c ; t h t 1 ; / . • •• : > m c i r f f . > , i - . u - . ; m i . ; < j \'_ •• h , i - . c \ •••

p t ' i " C ? 1 V i . ) n s • > v / t j > l : i i j i ; : s ' _ s i •; n o n ' . i i ^ . n n - r a ' , i ' H i ••/! ' ' i . i - i

l ' ) i s i . ! : j i i C i i . n i , " l e • > ! i n : . ; u ' • ' ) i ! i i > i I i ',: \' • > : ; • , ' > t- •« . • : i l i i . i ' i .

Timescale for •
Major New Waste Management Facilities

1984 "85 -86 -87 -88 8̂9 "90 91 92 93 1994
• ~ » • * • • • • • • • • T ^

y . i i i Windscala Vitrification Ptant
n U » » Vitrification Pnxfcict Stor*

'.W Encapsulation Plant '"WWCSBT^V
M Produtt Stor* , MagiKm, S w a r t ^

" ' ~ PM

ASP
Ptiw Wa

IRasta Tr».
I P l

LLW Additional Storage
and H«fuTbi»nmfnt_

Central Effluent
BNFL:

Figure 4. Timesrale foj- najor new Wa.ste Managemenu f a c i l i t i e s

Salt: Evaporafor

EvapocaC i on ceciinology has r ecen t l y been improved with the new evapo-
r a t i o n of sodium-bearing l iqu id wastes from solvent washing by a newly
developed s a l t evapora lnc . In the s a l t evaporat ion p l a n t , ':he feed is
ac id i f i ed and entra ined solvent removed. Evaporation takes place under
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vacuum at 6OCC with heat supplied through numerous steam heater tubes. The
design allows individual isolat ion and possible replacement of heater tubes.
The saltbearing effluents contain modest levels of short-l ived act ivi ty
(ruthenium, zirconium/niobium) and long-lived ac t iv i ty (caesium, strontium
and actinides) and have so far been discharged albeit at ac t iv i ty levels
within authorised l imi t s . The new evaporator enables the sa l t feeds to be
concentrated and held in s tore along with sa l t free concentrate unti l the
new Enhanced Actinide Removal Plant (EARP) i s commissioned.

EARP

The plant will treat selected low active waste streams continuously and
stored medium active effluent evaporator and salt concentrates batchwise by
processes in which neutralisation and precipitation of ferric hydroxide floe
is used as a means to adsorb actinides on floe and reduce aB and y activity
in effluent discharges. Radio-caesium removal is carried out by the
addition of sodium nickel ferrocyanide precipitate which sorbs the caesium
by ion exchange with sodium ions. EARP will utilise the soluble iron
content of an existing Magnox effluent. Development has confirmed that a
decontamination factors greater than 100 may be obtained in this way on the
grouped low active effluents, factors greater than 1000 being achievable on
medium active and salt evaporator concentrates. A modest performance in
strontium and ruthenium activity removal is also anticipated.

The resultant floes containing the bulk of the activity will then be
subjected to a two-stage dewatering process and subsequently encapsulated in
a cement-based matrix. The major development associated with the EARP is
aimed at the introduction of ultrafiltration as a technique for both primary
and secondary dewatering. It was originally intended to include calcination
in the EARP process, but timescales do not permit this. However, because
the economic advantages of such volume reduction are clear-cut, the
development of a rotary calciner is continuing with the aim of backfitting
such a unit.

ILW Encapsulation Plants

The conditioning and immobilisation of sludges and spent ion exchange
media from treatment of liquid wastes is included in plants to grout or mix
in cementitious matrices. The first phase encapsulation plant, due 1989,
will handle freshly arising Magnox fuel cladding swarf only, by grouting,
whilst the second phase is designed for THORP hulls and in-drum mixing of
floes and slurries. The third phase is intended to deal with retrieved
corroded Magnox swarf, retrieved pond sludges and spent clinoptilolite.

TREATMENT OF SPENT SOLVENT

Schemes are in hand for the disposal of degraded solvent removed from
service in reprocessing plants plus solvent retained in traps on low active
effluents. The reference process for solvent disposal comprises of alkaline
hydrolysis of the TBP together with incineration of the decontaminated
odourless kerosene. Speculative microbial processes under development also
show promise. However considerable further development is required before
technical and economic, viability can be demonstrated.
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(£ million)

Cost

t 126

al
64

315

165

36

: 1280

90

700

150

[2]

Operational Date

1985

1985

1985

1989

1989

1990

1987

1989t3J

1991|4]

Plant

SIXEP - Site Ion Exchange Effluent Plant

Salt Evaporator together with Feed and
Concentrate Storage Tanks and additional
Feed Buffer Tankage etc

Fuel Handling Plant (Pond 5)

WVP - Windscale Vitrification Plant

WVP Product Store

THORP - Thermal Oxide Reprocessing Plant

THORP Fuel Receipt and Storage Facility

Intermediate Level Waste Management
including Encapsulation Plants

Enhanced Actinide Removal Plant

Notes:

[1] The Company as a whole is devoting £3,500 million to capital
expenditure over the next 10 years with a further £1,500
million to be spent on materials and services.

[2] 1985 money values.

[3] To be introduced progressively from this date.

[4] To be introduced progressively up to this date.

Figure 5. Major Capital Expenditure at Sellafield

ENVIRONMENTAL IMPACT OF PAST AND FUTURE DISCHARGES

S e l l a f i e l d , in common with the other UK s i t e s has always been subjected
to discharge au thor i sa t ions by governmental regula tory bodies - present ly
the Department of the Environment(DoE) and Ministry of Agr icu l tu re ,F i she r i e s
and Food (MAFF). These bodies maintain the au thor i sa t ions under review
taking account of advice from the In te rna t iona l Commission on Radiological
Protect ion (ICRP), the UK National Radiological Protect ion Board (NRPB), the
UK Radioactive Waste Management Advisory Committee (RWMAC) and the Nuclear
Installations Inspectorate (Nil) regarding the interface with the on-site
impact.
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Opinion has continuously applied pressure for greater piant
reliability, lower discharges with lower critical group doses at the same
time as seeking improvements in exposures to the workforce. Lower annual
limits with restrictions on solvent and solid contents of effluent discharge
was introduced in 1985 in line with the performance reasonably achievable
from the improvements to existing plants. BNFL policy objectives and
targets require compliance with the authorisations and the ICRP promul-
gations and additionally require that exposed members of the public shall be
restricted to less than a target of about 0.5 mSv per year (ie 10% of the
limit recommended by ICRP for exposure to individuals during a single year).
The histograms (Figures 6 and 7) show past and projected discharges. Beta
figures omit the low energy emitters notably tritium although this is taken
into full account in assessments on radiological impacts.

12000

10000

9000

S0O0

4000

2000

AUTHORISE!? LEVEL I TOTAL BETA'OlSCHAflGES

ACTUAL

1971 1973 19M 1985 1990 199S

Figure 6. Discharges of Beta Radioactivity in Low-Level Wastes
to Sea from Sellafield

200

50

AUTHORISED LEVEL

ACTUAL

TOTAL ALPHA DISCHARGES

SIXEP.
SALT EVAP-
ORATOR.
PONO 5. EARP.
ETC. ETC.

PROJECTED 0.74

1*71 1975 19 IMS

Figure 7. Discharge of Alpha Radioactivity in Low Level Wastes
to Sea from Sellafield
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The impact of radioactive discharges to the environment as doses re-
sulting to members of the public, depends upon various factors including the
quantities discharged, dispersion patterns, food-chain concentrations, human
metabolism and public habits and consumption patterns. These are dealt with
by comprehensive monitoring and assessment by the regulatory bodies combined
with the usage of metabolic and dosemetric data as advised by the NRPB. Ex-
tensive use of past discharge data and impact relationships with some
modelling is used for the forward projection to meet the Company targets.

The highest alpha discharge of nearly 5,000 Ci or 180 TBq took place in
1973 and in 1975 the highest annual beta discharge, about 250,000 Ci or
9,000 TBq, occurred. However at all times discharges remained within annual
authorised limits.

The peak in beta discharges was due to radio caesium discharges from
fuel storage ponds, as a result of corrosion of Magnox fuel cladding and
measures were taken to reduce them to conform to the 0.5 mSv/y target
criterion. Steps were also taken to reduce alpha discharges.

Ministry of Agriculture, Fisheries and Food studies during the years of
the highest discharges from Sellafield indicated that the largest effective
dose commitments were about 200 man Sv to Western Europe and 100 man Sv per
year to the UK with 85% being due to the discharge of some 4,000 TBq of
caesium 137 per year. The dose commitments are dominated by the consumption
of fish. This dose to the UK population is about 2 pSv per year or 0.1% of
background.

In addition to a succession of operational changes and minor plant
modifications, major new plant was authorised costing some £600M, namely
Pond 5, SIXEP and Salt Evaporator projects.

The combined effect of the early measures was to progressively reduce
the total beta, including radio caesium, discharges to some 32,000 Ci or
1,190 TBq in 1984. Regarding the most exposed persons consuming fish the
1984 dose was 0.1 mSv or 4% of background. Fish landed at the nearest
significant port, ie Whitehaven, were less than half that level.

The measures also had the effect of progressively reducing the total
alpha discharges to about 800 Ci or 30 TBq per annum by 1981. In 1984 alpha
discharges were some 370 Ci or 13.6 TBq. These measures which included
plant modifications are now completely effective and are expected to reduce
alpha levels to about 200 Ci or 7.5 TBq per year from 1985 with a corres-
ponding reduction in plctonium 241 discharge.

By 1981, alpha discharges had been reduced to about 30 TBq per annum.
The radiation dose to the public resulting from alpha discharges, due mainly
to high rate consumption of molluscs, was assessed to be less than 0.2 mSv
per year. However in subsequent years the regulatory bodies reported in-
creasing consumption of molluscs by the critical group rising from an
initial value of about 2 kg per year through 6.5 kg per year to a highest
value of about 16.5 kg per year, reported in late 1983. In addition, the
NRPB advised in early 1983 that the radiation dose resulting from ingestion
of Pu in environmental material should be increased by a factor of 5.
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These retrospective changes created a new critical group whose dose
originates almost entirely from uptake of actinides due to high rate con-
sumption of molluscs. Their assessed annual radiation dose reached a figure
of about 3.5 raSv in 1981.

Soon after the announcement of the latter plans an incident leading to
contamination of the beaches in the region of Sellafield occurred. BNFL
subsequently announced a new major study which also took into account public
concern. RWMAC advocated a wide range of factors to be considered in as-
sessments, including such diverse matters as critical group exposure, dis-
charges achieved in other countries and the level of public acceptance. The
outcome of the new study was subsequently endorsed by the RWMAC and approved
by Government who considered that it also complied with the 1984 Paris
Commission recommendations to take account of best available technology.
The new measures comprise;

additional filtration for SIXEP
- additional storage to alleviate the effects of short term effluent

treatment plants shutdowns
- a major new effluent treatment plant, the Enhanced Actinide Removal

Plant (EARP)

The options taken into account during the major BNFL study, including
EARP, are shown in Figure 8 and a summary of assessments is shown in the
notes to the figure. Examination of Figure 8 reveals the expenditure on
EARP and the final Sellafield ancillary effluent treatment processes when
measured in quantitative cost-benefit terms to be £250M. This prevents two
calculated UK cancer deaths which could occur over the next 10,000 years.
The residual risk from the effluent discharges, 1989-2005 has to be noted as
only one UK cancer risk calculated over the next 10,000 years. This is
reducible only at extreme cost.

Reprocessing 1,

SIXEP 1.

Evaporation 1,

Regulatory
Framework
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OPTIONS

NO ACTION 1 2 3

Cumulative discharges, 1989 to 2005, TBq (Ci):

alpha 122 26 26 37
(3,300) (700) (700) (1,000)

beta/gamma 17,000 5,200 3,700 2,200

(460,000) (140,000) (1000,000) (60,000)

Lifetime cost £M in 1984 MV 0 250 520 2,500

Health risk from collective doses,

calculated cancer deaths in UK
over 1,000 years 3 1 1 <1
Mid 1990's critical group exposure,
% of ICRP annual dose limit of
5 mSv 20 3 3 1

Noce:

Option 1 This scheme provided for extra storage capacity in the period
1986/9 to allow for the decay of beta/gamma activity. In addition, a new
floe precipitation plant would be brought into operation by about 1991 to
treat selected effluent streams, primarily for the removal of alpha activity
and to treat stored concentrated liquors for both alpha and beta/gamma re-
moval. The volume of the retained active floe would be small enough to
allow it to be encapsulated in the medium active solid waste encapsulation
plant which is currently being designed for operation in about 1991. The
lifetime cost of the floe precipitation plant would be £250M (January 1984
prices), including capital, operating, storage, disposal and decommissioning
costs.

Option 2 This option was similar to Option 1, except that both the selected
effluent streams and the stored concentrates would be treated for both alpha
and beta/gamma acitivity removal. This would increase the size and com-
plexity of the plant and would produce much larger volumes of active floe
for encapsulation, and these would require a new dedicated encapsulation
plant. The lifetime cost would be about £520M.

Option 3 This option provided for facilities to evaporate all active
effluents, (about 7,0,00 m /day), followed by direct encapsulation of the
residue of about 30 m /day. The energy consumption would be very great and
a dedicated steam raising plant would be required. The volume of encapsu-
lated waste would be 25 times that in Option 1 and would require a large
dedicated encapsulation plant. This option would cost about £1,5OOM.

Figure 8. Comparison of Options for the Reduction of Discharges
between 1989 and 2005
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DESIGN AND FABRICATION EXPERIENCE WITH THE AZTECH RADWASTE EQUIPMENT

C.W. Dillmann
General Electric Company

ABSTRACT

AZTECH is a volume reduction and solidification system for
low level liquid waste. This paper describes the detailed
design and fabrication of the first generation modular
design. Also discussed is the design of follow-on units of
a highly mobile configuration.

INTRODUCTION

In Reference (1) and (2) the background on the development of the
AZTECH Process and the design of a transportable AZTECH system were
described. This paper discusses the on-going efforts with the
transportable system both from a design and fabrication standpoint. Also
discussed is the design of two new AZTECH units which complete the product
line.

PROCESS

Briefly reviewing the process, GE has been developing the AZTECH
process for several years. The process uses Azeotropic Distillation to
convert solutions and slurries to a dry solid. The dry solids are then
encapsulated in a highly leach-resistant polyester matrix to form a
homogeneous monolithic solid which meets or exceeds the requirements of
10CFR61 for burial of radioactive waste.

Azeotropic Distillation is based on a phenomenon wherein two compounds
unite to form a solution or loose compound with a boiling point different
than that of the constituents. The particular Azeotrope used in the Aztech
Process is one that is formed between water and vinyl t:oluene. This
azeotrope has a boiling point that is slightly lower than water.

The use of the water/vinyl toluene azeotrope allows total removal of
the water and leaves only a residual coating of vinyl toluene on the dry
solids. Since the vinyl toluene is the monomer for the polyester
encapsulant, the waste is compatible with the encapsulant.

(1) AZTECH is a trademark of the General Electric Company.
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In the process, the Mixer-Evaporator is filled with an appropriate
amount of vinyl toluene and waste feed is initiated. As the water/vinyl
toluene is boiled off it is condensed in the condensor, the condensed
mixture runs through the vacuum pump into the decanter where the water
and vinyl toluene are separated. The vinyl toluene flows from the top of
the decanter to the vinyl toluene holding tank. The water flows from the
lower decanter into a condensate holding tank. Figure 1 outlines the
process.

Since the condensate is saturated with 90 PPM of vinyl toluene, it
must be furt: fr treated before discharge. Removal of organic carbon to a
level below one PPM allows return as the condensate to the plant for
reuse. The treatment is accomplished by circulating the condensate
through a stripping column. The cleaned condensate is collected in the
stripper product tank and then transferred to the utility. Test data
shows that the stripper produces effluent with 10 PPB or less total
organic carbon content.

SYSTEM DEVELOPMENT

Having selected and developed the process, the next challenge was to
define the system to utilize it. The first version was designed for
permanent installation in a building at a nuclear site. A prototype of
this design was fabricated and installed at GE's San Jose facility as a
demonstration plant.

While prototype construction was being completed, a further
evaluation of the needs of the radwaste generator led to the conclusion
that such a large, expensive facility did not fill those needs. Further it
was concluded that, in addition to low capital cost, a unit that could be
used to provide a subcontract service would be required to sell a new
process in a market that had seen too many new processes. These key
thoughts led to the conclusion that the system should be configured as a
set of highway transportable modules. This concept offered further
advantages for the customer because it minimized the impact of
installation at the site, it could be obtained under a service or lease
contract without investment and it would be completely shop tested
before delivery.

Starting in mid 1984 component and arrangement design was initiated
based on a concept that would result in 3 highway transportable modules
each 10*5 feet wide, 40 feet long and 12 feet high. The preliminary design
was completed in January 1985 and a contract was placed for design
completion and fabrication of one set in February 1985.
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PRODUCT QUALIFICATION

In parallel with the above activities, various features, process
adjustments, waste feeds and prototype equipment were tested in the
demonstration plant.

Also in parallel, a program was initiated to qualify the AZTECH
product to the requirements of 10CFR 61. The test program had the
objective of qualifying the process on sodium sulfate, bead and powdered
resin, sludge and boric acid as well as the residue from the wet oxidation
process that GE had obtained a license for. The samples were made using
the demonstration plant, the smaller pilot plant and bench apparatus.
All testing was contracted to Brookhaven National Laboratory and
duplicated by GE. The Brookhaven and GE results matched very well. The
results are summarized in table 1.

The 10CFR 61 qualification program culminated in the issuance of a
SER (Safety Evaluation Report) by the USNRC in December 1985. The SER
covered both the system and the process and was the first SER issued under
the new waste rules. For further discussion of the qualification program
see Reference (2).

MODULE DESIGN AND CONSTRUCTION

The module contract was placed with an experienced process plant
constructor since the system is essentially a process plant. The
objective was to enhance the operational aspects of the process by
having the design completed by an experienced process company.

Some initial difficulty was experienced in maintaining the desired
space envelope but after some effort the detailed module layout was
completed and enough structural work was completed to allow fabrication to
start in August 1985.

The final arrangement is shown in figure 2. The unit consists of
either two or three modules depending on the interface support available
from the plant.

SERVICE MODULE

Module number 1 is a service module and contains two waste tanks. The
waste tanks are used to receive waste from the plant and in the case of
slurries, to decant off the excess water. In this function the slurry is
allowed to settle for an appropriate amount of time to assure phase
separation. The interface between the sludge and the water is
determined by radiation measurements and then the water is taken off
using an articulated swing arm which is equipped with a flat suction
nozzle. The decant pump discharges the water back to the plant. The
pump discharge is monitored by a radiation sensor and trip circuit which
stops the transfer upon a high radiation reading which is indicative of
sludge carryover.
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The module is divided into 3 compartments, one for each tank and a third
containing the decant controls as well as instrumentation associated with
the tanks, a sample system and an electric boiler and air compressor. The
sludge sampling system is not normally used hut rather is a system that is
used when special samples are required for any reason. Each sludge tank is
contained in its own shielded cell. This allows a cell to be entered for
maintenance when adjacent cells are in operation. The shielding is steel
plate as is all the module shielding.

The air compressor and boiler are included Lo allow operation without
demanding these services from the plant. The tank nodule is used when
there is a need for waste holding capacity i.e., waste cannot be
transferred from the plant on demand and/or when an independent steam or
air supply is required.

When the tank module is not used, the water removal is accomplished
using a hydrocyclone module. The hydrocyclone module consists of a
hydrocyclone centrifugal separator, a filter to remove fines from the
water which is returned to the plant, a circulation pump and associated
instrumentation. The hydrocyclone module is contained in a shielded
compartment that is mounted on the roof of the process module. The
hydrocyclone removes water from slurry feeds as they are fed to the
mixer evaporator. The fines filter is periodically blown back to the
Mixer- Evaporator. Blowback interval is determined by pressure drop.

PROCESS MODULE

The second module is the process; module. This module contains two
shielded cells, one for the Mixer-Evaporator and one for the drum fill
station. The balance of the module is devoted to an area containing
tankage,, condenser, vacuum pump, transfer pumps, stripper and
instrumentation.

Also in this area is located a transfer station in which vinyl
toluene and polyester are pumped froi! drums to the Mixer-Evaporator when
required.

The Mixer-Evaporator cell contains the Mixer-Evaporator and the
discharge pump. The motors for the mixer agitator and the discharge pumps
are located outside the shielded area.

The drum discharge area is located in one end of the module and is
equipped with a large rotary turntable. Mounted on the large rotary
turntable are four smaller turntables that each hold one drum. The
large table indexes the drums from station to station while the small
turntables rotate the drums to facilitate various steps in the process.

As the drums progress through the various stations, they are filled,
checked for polymerization by an infrared temperature measurement, probed
mechanically, capped, swiped and their radiation measured for use in
isotopic determination.

3 5 7



Also in the discharge cell area is a tank that is used to collect
vinyl toluene that is flushed through the mixing system after discbnrge
and a pump which circulates the flush liquid and returns it to the mixer
evaporator.

A monorail crane is used to move the drums in and out of the cell.
The crane is equipped with a drum grapple and a TV camera for cell
viewing.

CONTROL MODULE

The third module contains a control room, a motor control center and
an equipment space that includes the offgas blower and filter system, a
chemical sink and safety shower.

The offgas system is connected to all tanks and all enclosed cells by
ducting that runs through the modules and from module to module. The
system maintains approximately a 1" H O depression in each space.

The control system is a Texas Instrument process controller which
almost totally controls the process steps. This system is described in
reference (1). There is also the capability for manual control.

DESIGN PROBLEMS

There were several problems encountered in moving from the
preliminary design to the final design. The major challenges were the
frame work design, the shielding design and the piping arrangement.

The shielding is steel of significant thickness (ie. 4" - 6") and
when consideration is given to the environmental extremes, there may be
large thermal movements to be accommodated. To solve this problem a
shielding configuration which has gaps covered by doubler plates was
adopted. The shielding is free standing and sealed to the base mat with
lead strips. The various shield pieces are tied together by a pin and
shackle arrangement that accomodates differential expansion but can
withstand seismic loads. The other shielding related problem was the need
to pass a large number of pipes and tubes through the shielding. The
shielding must be removable for transport but the pipes must remain
connected. The problem was solved by the use of steel boxes within which
the pipes and conduits bend. The boxes are filled with steel shot for
shielding. The shot is drained for transport.

The frame design was complicated by the interface with the shielding
and joggle boxes and by the high g forces and restrictive weight
allowances placed on the design for tiansport purposes. This problem was
solved with a truss type space frame of light weight.
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The fabrication did not present any unusual technical challenges but
did require careful planning because of the tight arrangement. The
fabrication was completed in August 1986.

With fabrication complete, the unit is undergoing a complete
demonstration run for acceptance prior to shipment. This run will verify
the fitup of the shielding as veil as the performance of all systems and
components.

FUTURE DEVELOPMENTS

With the design and fabrication of the transportable units underway,
attention focused on completing the product line. A review of the needs of
the industry indicated that two smaller size units would be required to
efficiently service all generators. In mid-1985, a set of functional
requirements was defined for these units. The key requirements were:

(a) Trailer mounted, capable of transport without special permits

(b) Capacity to be 7500 and 14,000 cubic feet per year of spent
resin

(c) Unit have the capability to use either liners or drums as the
final waste containers.

The resulting configuration is shown on figure 3. The unit consists
of a trailer mounted process module which is used with either drum filling
module or a liner fill module which is a cask. The cask is either a
transport cask or an on site storage cask. The fill head can also be
used to fill a liner in a shielded area. The drum module and cask module
are shown in figures 4 and 5.

The shielding on the process module consists of a permanently
installed steel plate shield under the equipment and shot filled panels
around the periphery and on the roof.

The detailed design of the mobile units was completed in July 1986. A
14,400 ft unit is now being fabricated.

CONCLUSION

lit conclusion, the design effort and fabrication of the Aztech
modules has proceeded in parallel with an evolution of the needs of the
users. As a result, the design has evolved and expanded from one jack of
all trades unit to a complete product line. The first unit will be in
service in January 1987, and the second smaller unit will be undergoing
acceptance testing by that date.
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TABLE 1. RESULTS OF 1OCFR61
TESTING OF AZTECH PRODUCT

Waste Form

Bead resin
Leach index
(Sea water)

Compressive strength

Powdered resin
Leach index
(Sea water)

Compressive strength

Boric acid
Leach index
(DI water)

Compressive strength

Sodium sulfate
Leach index
(DI water)

Compressive strength

GE Results

8.9 •

7500

9.6 -

5900

9.4 -

7800

9.1 -

9500

- 9.9

PSI

- 10.6

PSI

• 9.8

PSI

- 10.2

PSI

BNL Results

8.9 - 9.6

5500 PSI

9.8 - 10.5

3500 PSI

8.4 - 8.8

4400 PSI

9.0 - 9.2

4000 PSI

NRC
Req

6.0

50.0

6.0

50.0

6.0

50.0

6.0

50.0

PSI

PSI

PSI

PSI
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PRELIMINARY
GEIIERAL ELECTRIC PROPRIETARY INFORMATION
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EVALUATION OF TREATMENT ALTERNATIVES FOR WASTES FROM BOTH SPENT FUEL ROD
CONSOLIDATION AND MISCELLANEOUS COMMERCIAL ACTIVITIES

W. A. Ross, K. J. Schneider, K. H. Oma, R. I. Smith, and L. R. Bunnell

Pacific Northwest Laboratory (a)

ABSTRACT

Alternative treatments were considered for both existing
commercial transuranic wastes and future wastes from spent
fuel rod consolidation. Waste treatment was assumed to
occur at a hypothetical central treatment facility (a Moni-
tored Retrieval Storage [MRS] facility was used as a ref-
erence). Disposal of the waste in a geologic repository
was also assumed. The waste form characteristics, process
characteristics, and costs were evaluated for each waste
treatment alternative. The evaluation indicated that
selection of a high volume reduction alternative can save
almost $1 billion in life-cycle costs for the management of
transuranic and high-activity wastes from 70,000 MTU of
spent fuel compared to the reference MRS waste treatment
processes. The supercompaction, arc pyrolysis and melting,
and maximum volume reduction alternatives are recommended
for further consideration; the latter two are recommended
for further testing and demonstration.

INTRODUCTION

This paper summarizes a recently completed evaluation, which compared
eight major alternatives and four subalternatives for the treatment of
commercial transuranic waste (TRUW) and high-activity waste (HAW). The
alternatives were compared based on their waste form characteristics,
process characteristics, and total system economics.

The wastes selected for consideration in the study included all com-
mercial TRUW that have been generated and are expected to be generated in
the foreseeable future (see Table 1). Most of the wastes will originate
from a central treatment facility for spent fuel rod consolidation, either
a Monitored Retrievable Storage (MRS) facility (if approved by Congress)
or a similar facility at a yet-to-be-selected repository. Thg conceptual
MRS facility design was used to define waste generation data. An estimated
1300 m /yr of untreated wastes are to be generated from spent fuel rod

(a) The Pacific Northwest Laboratory (PNL) is operated by Battelle Memorial
Institute for the U.S. Department of Energy (U.S. DOE) under Contract DE-
AC06-76RLO 1830.
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TABLE 1. PROJECTED ANNUAL TRANSURANIC AND HIGH-ACTIVITY WASTE VOLUMES FROM
SPENT FUEL ROD CONSOLIDATION AND OTHER COMMERCIAL ACTIVITIES

Waste Type

HEPA Filters
Spent Fuel Hardware
Failed Equipment
Combustibles
Mixed Combustibles
Resins
Solutions and Sludges
Cemented Wastes
Cement Rubble and Soil
Totals

Spent

RHd

786f

450T

-
5
-

3
_
-

1244

Fuelb

CHe

(m3)

12
-
1
6
_
_
2

-
21

Other0

RH
(m3)

-
26
-
66
2
_

59
-

153

CH
(m3)

7
-

115
46
71
_

72
39
350

Total

RH
(m3)

786
450
27
5

66
2
3

59
-

1398

CH
(m3)

19
-

116
52
71
_
2
72
39
371

a. Values are shown in more significant figures than the accuracy of the
data.

b. Volumes (before packaging) from treatment of 3000 MTU of spent fuel.

c. Assumes that accumulated commercial wastes existing in 1998 are packaged
at the source for transportation and are processed over a 10-yr period at
the central treatment facility.

d. RH = Remote Handled.

e. CH = Contact Handled.

f. Hardware is shredded as part of the packaging process.

consolidation activities at a 3000 MTU/yr processing rate. All other
TRUW from non-spent fuel rod consolidation activities at other commercial
sites can be processed at a rate of 500 m /yr. The MRS facility wastes
are mostly the spent fuel hardware and the contaminated high-efficiency
particulate air (HEPA) filters. Cemented wastes are expected to be the
largest volume of non-MRS civilian wastes. The HEPA filters are a
challenging treatment problem because they contain organic, metallic, and
ceramic materials in intimate combination.

TREATMENT ALTERNATIVES

A wide variety of treatment methods was identified for each of the
anticipated waste types. These methods were combined into treatment al-
ternatives that provide a treatment method for all of the waste types.
Table 2 summarizes the final alternatives that were selected for analysis.
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TABLE 2. SUMMARY OF SELECTED TREATMENT ALTERNATIVES FOR
COMMERCIAL TRANSURANIC AND HIGH-ACTIVITY WASTES

Alternative General Treatment Scheme

1. No Treatment

2. MRS Reference

3. Supercompaction

4. MVR with Decontamination

4A. MVR with Decontamination
and Melting

4B. MVR with Melting Only

4C. MVR with Decontamination
and Cementing

4D. MVR with Cementing Only

5. Cementation

6. Arc Pyrolysis and Melting

7. Sulfur-Bonded Graphite

8. Highest-Quality Waste Form

Package without treatment

Shred NFBC; compact HEPA filters; and
cement miscellaneous wastes

Compact using high pressure for high volume
reduction without high temperatures

Melt activated metals; decontaminate
non-activated metals; incinerate
combustibles and organics; and melt
cements, residues,and oxides

Treat all wastes the same as in alternative
4 except: no additional treatment of
cemented wastes from other facilities;
and combine RH and CM combustibles, ashes,
filter media, and residues for treatment

Treat all wastes the same as in alternative
4A except melt, rather than decontaminate,
metal wastes

Treat all wastes the same as in alternative
4A except cement oxides and residues from
incineration and decontamination

Treat all wastes the same as in alternative
4C except melt, rather than decontaminate,
metals

Encapsulate all wastes in cement grouts
or castings

Treat all wastes in an arc furnace, which
will pyrolyze all organics and
combustibles; and melt all other materials

Melt all metals; incinerate combustibles;
and combine ash and residues into a
sulfur-bonded graphite matrix

Incinerate organics and combustibles; melt
all metals; and hot-press residues, ashes,
and ceramics

a. NFBC = non-fuel-bearing components of spent fuel assemblies.
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The alternatives range from simply packaging the wastes as generated
(alternative 1) to extensive sorting, shredding, incinerating, decontam-
inating, and melting the wastes (alternative 4). Most of the alternatives
would produce several different waste forms and use a number of processes.
These alternatives provide a wide spectrum of choices relative to process
complexity and waste form quality. Most of the alternatives were not
optimized before their selection and evaluation, and therefore serve only
as general guidance for the decision-making process. However, Maximum
Volume Reduction (MVR) subalternatives (4a, 4b, 4c, and 4d) were subse-
quently evaluated to optimize Alternative 4 and provide better direction
for future technology demonstration activities related to this alternative.

EVALUATION METHODS

The alternatives were evaluated based on the waste form characteris-
tics, processing characteristics, and system economics. The method for
evaluating each of these characteristics is described in subsequent sec-
tions.

WASTE FORM CHARACTERISTICS

Although the disposal method for commercial TRUW and HAW has not been
selected, it has generally been assumed that the wastes will go to a com-
bined defense/commercial repository. This assumption was used in this
study to evaluate costs and potential requirements for transportation and
disposal. The major requirements result from the Nuclear Regulatory Com-
mission (NRC) 10CFR60 regulations on the waste package, which may apply
to the waste form and to preliminary specifications for high-level waste
(HLW) being developed by the U.S. DOE. If a nongeologic disposal method
is selected, the analysis and results could differ from those described
in this paper. Because the waste form characteristics required for disposal
have not been established, no minimum requirements were used to eliminate
any treatment alternative, but in the evaluation the waste forms that
performed better were given higher ratings. The major concerns and the
factors used to rate the quality of the waste forms relate to the following
potential requirements:

• low release rate of radionuclides, to meet the NRC 10CFR60 limit of
less than 1 part in 100,000/yr released from engineered barriers

• no organics or combustible materials

• immobilized particulate

• no pyrophoric materials

• structural stability «20% void volume in packages)

• resistance to radiation-induced changes.

The requirement for low release rates of radio uclides would imply that
the radionuclides should be incorporated into chemically durable phases
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that have relatively large dimensions. Melted metals and consolidated
ceramics would best meet this potential requirement. Radionuclides present
as particles should be expected to have high release rates.

The HEPA filters and combustible materials contain organic materials,
which are a concern because of the potential for plutonium complexation with
the organics and the subsequent migration of plutonium from the repository.
The most practical method for elimination of these materials is incineration
or pyrolysis.

Particulates are a concern during the handling operations because
failure of a package or container could allow the release of radioactive
materials. Transportation regulations require double containment of radio-
active particulate materials.

Zirconium metal fines have some pyrophoric potential. Therefore, waste
forms that may contain metal fines were given lower ratings than massive
forms or ceramic forms.

The void volume within an HLW container is limited to 20% based on
current draft waste acceptance requirements (U.S. DOE, 1986). Unconsoli-
dated waste forms may contain large void volumes and be less stable.
When the canister or overpack fails after disposal, backfill materials
could flow into the container, reducing the effective thickness and perfor-
mance of the backfill. Therefore, the waste forms were rated according
to their fractional void volume.

The waste form must resist radiation-induced changes that would be
detrimental to its characteristics and to avoid gas generation from the
radiolysis of contained water or other "unstable" material.

Using a numerical ranking method and the above potential requirements,
the ranked waste form values shown in Table 3 were developed, where the
lowest numerical value is the best rating.

Note that alternative 8 has the best waste form value, with the MVR
alternative being second. The no treatment, and MRS reference alternatives
have the poorest values.

PROCESSING CHARACTERISTICS

Eighteen different processes were evaluated. Each process was eval-
uated qualitatively according to its operational safety, process simplicity,
and status of technology. This evaluation, which laddered the processes
in decreasing value and applied a weighting of the three factors, resulted
in a numerical value for each of the processes considered in any of the
alternatives. The process values for each alternative were then obtained
by combining the value for each process for both the CH and RH wastes for
that alternative.

Operational safety was considered for both the plant operators and the
general public. Operators may be exposed to chemicals, fire or explosion,
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TABLE 3. EVALUATION OF THE WASTE TREATMENT ALTERNATIVES BY WASTE FORM
CHARACTERISTICS AND PROCESS CHARACTERISTICS8

1.

2.

3.

4.

4A.

4B.

4C.

4D.

5.

6.

7.

8.

a.

Alternatives

No Treatment

MRS Reference

Supercompaction

MVR with Decontamination

MVR with Decontamination
and Melting

MVR with Melting Only

MVR with Decontamination
and Cementing

MVR with Cementing Only

Cementation

Arc Pyrolysis and Melting

Sulfur-Bonded Graphite

Highest-Quality Waste Form

Lowest values are best.

Waste Form
Value

1,700

1,100

920

430

620

610

660

650

845

580

620

230

Process
Value

690

1,700

2,400

16,000

9,300

8,500

8,300

7,500

3,600

7,700

14,000

20,000

mechanical and electrical hazards, and radiation. Public safety consid-
erations related to the potential for accidents that could release radio-
active materials to the environment. Process simplicity was evaluated as
related to the complexity of both the equipment and the operations. More
complex equipment will likely require more maintenance and repair and more
care in operations than simpler systems. The status of technology may also
be important in meeting the proposed schedule for a federal waste manage-
ment system. The timing is relatively short, so processes that have been
developed and demonstrated are favored over those that will require addi-
tional development and demonstration before they will be available.

The resulting process values are shown in Table 3. The best process
from a process viewpoint is the no treatment alternative, with the MRS
reference a close second. The highest-quality waste form alternative has
the poorest rating along with the MVR alternative.
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The importance of alternative simplicity on process value can be noted
by comparing the value for supercompaction (which is mostly a single process
alternative) with that for MVR (which employs a variety of processes). It
can also be noted by comparing the MVR alternative with the arc pyrolysis
and melting alternative. Arc melting, a new, untried technology received
the poorest ratings for all three characteristics and consequently has the
highest single value for a process; however, since it uses only one process,
it receives a moderate overall value.

LIFE-CYCLE ECONOMICS

The volumes of treated waste were calculated and totaled for each of
the alternatives based on waste composition and expected waste form and
process characteristics. The resulting waste volumes significantly impact
the costs of transportation and repository disposal (Table 4). The treat-
ment costs include the costs of the equipment, facility, certification,
canisters, emplacement of waste in canisters, four-month interim storage
capability for the treated wastes, and facility decommissioning. The
transportation costs are based on shipping the wastes 2000 miles by a
dedicated 5-cask train to a repository. The disposal costs are based on
disposal of the wastes with the spent fuel in a postulated basalt reposi-
tory. All costs are based on processing 70,000 MTU of spent fuel and all
of the projected commercial TRUW.

The disposal cost dominates the total system cost, followed by trans-
portation costs, and then treatment costs. Savings in transportation
costs alone justify more extensive treatment of the wastes to reduce their
volume. Treatment costs account for only 7 to 22% of the total system
cost, depending on the alternatives considered. Furthermore, there appear
to be additional large potential savings when using the more extensive
treatment alternatives rather than the reference MRS facility alternative.
These savings tend to justify a significant effort to develop, demonstrate,
and implement volume reduction technology for these wastes.

COMPARISON OF ALTERNATIVES

After each of the alternatives was evaluated and assigned a value for
each of the major characteristics, it was necessary to combine the values
into a single value for overall ranking and comparison to other alterna-
tives. This was done by first normalizing the waste form values, process
values, and the costs to put them on a similar numerical scale. To nor-
malize a given set of values, the lowest value was divided into the other
values, which resulted in the lowest value being one; the scale was then
expanded linearly so that the largest value was 100.

The simplest ranking of alternatives was made by using an equal weight
for waste form characteristics, process characteristics, and costs. Using
this approach supercompaction, MVR, and arc pyrolysis and melting have the
lowest values and are the best alternatives (Table 5). Weighting factors
of between one and nine were also applied to the respective characteristics
to test the sensitivity of the results to the selection of weights. At
least one of the top three alternatives identified by equal weighting was
also a top alternative when other weightings were applied. This result
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TABLE 4. FINAL WASTE VOLUMES AND TOTAL LIFE-CYCLE COSTS FOR MANAGEMENT OF
TRUW AND HAW FROM 70,000 MTUa

1.

2.

3.

4.

4A.

4B.

4C.

4D.

5.
6.

7.

8.

a.
b.

Alternatives

No Treatment

MRS Reference

Supercompact1 on

MVR with Decontamination

MVR with Decontamination
and Melting

MVR with Melting Only

MVR with Decontamination
and Cementing

MVR with Cementing Only

Cementation

Arc Pyrolysls and Melting

Sulfur-Bonded Graphite

Highest-Quality Waste Form

Final Waste
Volume
(m3)

2,900

1,090

385

181

267

294

338

378

1,345

212

400

250

Treatment Costs:
Cap Ita1, OperatIng,
& Decommissioning

(SM)

210

123

84

172

128

121

123

113

145

151

142

210

Values are shown In more significant figures than the accuracy
Added cost compared to alternative 2.

Transportation Costs:
Capital & Operating

(SM)

971

326

116

84

113

104

129

119

387

89

122

:o8

Disposal
Costs
(SM)

2,055

1,327

743

531

622

631

731

736

1,437

562

732

619

Totals
(SM)

3,236

1,776

943

787

863

856

983

968

1,969

802

996

937

of the data to maintain consistency of

Savings Compared
to MRS

Reference, SM

(1,460)b

833

989

913

920

793

808

(193)b

947

780

839

the calculations.



TABLE 5. SUMMARY OF WASTE FORM, PROCESS,aAND ECONOMIC RATINGS
FOR EACH ALTERNATIVE3

1.

2.

3.

4.

4A.

4B.

4C.

4D.

5.

6.

7.

8.

Alternative

No Treatment

MRS References

Supercompaction

MVR with Decontamination

MVR with Decontamination
and Melting

MVR with Melting Only

MVR with Decontamination
and Cementing

MVR with Cementing Only

Cementation

Arc Pyrolysis and Melting

Sulfur-Bonded Graphite

Hiqhest-Oualitv Waste Form

Waste Form
Rating

100

61

48

15

29

28

33

33

42

24

27

1

Process
Rating

1

7

10

79

45

41

40

36

16

37

70

100

Economic
Rating

100

36

7

1

4

5

7

9

45

2

10

6

Total

201

104

65

95

78

74

80

77

103

63

107

107

a. Lowest values are best.

implies that the relative weightings of waste form characteristics, process
characteristics, and costs do not markedly affect the results of the study.

CONCLUSIONS AND RECOMMENDATIONS

This evaluation has shown that the MRS reference process is greatly
superior to a no treatment alternative, but that further improvements to
the treatment processes are possible and worthwhile from the standpoint
of waste form quality characteristics and economics.

The three top alternatives are supercompaction, arc pyrolysis and
melting, and MVR. Supercompaction is a developed technology and is com-
mercially available. However, the waste forms from supercompaction would
not meet many of the expected disposal requirements noted previously. The
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arc pyrolysis and melting process is untested but has been designed for the
treatment of capacitors containing polychiorinated biphenyls (PCBs) and for
the treatment of municipal garbage. It has attractive characteristics, but
considerable testing and demonstration would be required for TRUW treatment
needs.

The MVR alternative had the lowest potential cost but requires appli-
cation of numerous processes. However, many of the processes have been
previously used for nuclear waste treatment and are therefore more avail-
able. The evaluation of MVR subalternatives (4A, 4B, 4C, and 4D) indicates
that an optimized strategy should not treat the previously cemented wastes,
nor should it decontaminate the nonactivated metals. However, both of
these process simplifications would result in higher total costs, because
of the increased volumes of waste.

It is recommended that a pilot-scale demonstration of the arc pyrolysis
and melting process be started along with a demonstration of the MVR pro-
cess. After these demonstrations, a comparison of the two processes should
be conducted before a final decision is made on which treatment technology
to implement for the federal waste management system.
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SOURCE-TERM DEVELOPMENT FOR COMMERCIAL LOW-LEVEL RADIOACTIVE WASTE

Herschel W. Godbee, Ar lene H. Kibbey, Teresa J . Clower,
Charles W. Forsberg, and Steven N. Storch

Oak Ridge Nat ional Laboratory

ABSTRACT

Generic source terms based on historical data have
been developed for commercial low-level radioactive waste
(LLRW) from fuel-cycle and non-fuel-cycle facilities.
These source terms are used in DOE's Integrated Data Base
(IDB) Program to estimate historical and projected vol-
umes, radioactivity, and thermal power (from radioactive
decay) of LLRW to the year 2020. Periodically, the source
terms are updated as new waste is generated and as infor-
mation on older waste is reviewed, redefined, and upgraded
by the generator. Other segments of the nuclear industry
also use source terms in planning for waste treatment,
transportation, and storage systems. Several uses of
source terms are illustrated. For example, the reported
volume and radioactivity of LLRW added annually to commer-
cial burial sites are compared with the calculated annual
values obtained by summing contributions based on source
terms for each generator. Likewise, accumulative radioac-
tivity and thermal power of buried LLRW obtained by using
an average source term and a synthesis of individual
source terms are compared.

BACKGROUND

Source terms are used to estimate historical, current, and future
amounts and characteristics of radioactive waste expected from a given
operation, or series of operations, in a facility. They are usually
expressed as the amount of waste (with pertinent characteristics) generated
per unit of useful product, per unit of raw feed material processed, per
unit of energy expended, or per unit of some descriptive normalizing ele-
ment. They may be considered to be intensive properties (cf., density,
pressure, composition, etc.) as used in the sciences. Thus, if the total
amount (an extensive property) is known or assumed for a given increment,
the waste expected to be generated over that increment can be estimated as
the product of appropriate intensive and extensive properties.

Generic source terms based on historical data have been developed for
commercial low-level radioactive waste (LLRW) from fuel-cycle and non-fuel-
cycle facilities for use in DOE's Integrated Data Base (IDB) Program. The
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historical records for some commercial wastes are incomplete and
ill-defined. In most cases, the volumes are known but a complete radio-
nuclide composition is not. In such cases, characteristics of the waste
have been developed by using a variety of techniques. Among these are com-
parisons with similar facilities at DUE sites and in other countries and the
use of limited experimental data. In addition, evaluations are made of pro-
cess flowsheets, coupled with the known physicochemical behavior of the
nuclides and typical efficiencies of the unit operations used in the pro-
cesses (i.e., engineering jugment). The source terms are updated periodi-
cally as new waste is generated, as federal and state regulations change,
and as information on older waste is reviewed, redefined, and upgraded by
the generator.

APPLICATIONS

Generic source terms developed for use in the IDB Program of DOE are
described in references 1 and 2. Source terms for commercial fuel-cycle
LLRW include those for (a) refinement of yellow cake and its conversion to
UF6, (b) fabrication of fuel, (c) normal operation of power reactors, and
(d) decontamination and decommissioning (D&D) of various facilities. Source
terms for commercial non-fuel-cycle LLRW include those for the application
of radionuclides in (a) various institutions (e.g., medical, biological
research, and nonbiological research) and (b) various industries (e.g.,
manufacturers of radiopharmaceuticais and other products containing
radionuclides). These LLRWs are referred to as institutional and industrial
(I/I) wastes.

Since light-water reactors (LWRs) are the hub of and the major waste
generator in the fuel cycle, they are central to any discussion of LLRW.
The descriptive normalizing element used for reactors is electrical energy
generated as shown in Figure 1 [data for 1958-1985 are from reference 2 and
for 1986-2020 from reference 3 (no-new-orders case)]. Except for reactor
LLRW, the wastes shipped to commercial burial sites during the early years
of their operation are not well-defined, other than possibly for annual
total volume and gross radioactivity. Only over roughly the past decade
have efforts been made to describe such LLRW in more detail. Figures 2 and
3 (which include data taken from reference 2) show the reported annual addi-
tions of volume and radioactivity to commercial sites. To give meaning to
the decay of these radionuclides with time requires a knowledge of their
likely concentration in the waste. Thus, a representative average com-
position of waste in burial sites was developed as described in reference 1.
Such a composition (Table 1) allows the calculation of total radioactivity
and thermal power in buried waste at a given time, taking into account
radioactive decay. These totals can also lend credence to the individual
source terms, since they should approximate (on the average) the totals
arrived at by summing the contributions to LLRW calculated using the
individual source terms.

Since the mid 1970s, reactor waste has accounted for at least half the
volume of LLRW shipped to commercial burial sites. Typical values for waste
shipped [normalized to net MW(e)-year] from a generic boiling-water reactor
(BWR) and pressurized-water reactor (PWR) are illustrated in Figures 4 and 5,
respectively. The flowsheets are taken from reference 2. The routine waste
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Figure 1. Annual commercial nuclear reactor electrical energy generation (historical
and EIA no-new-orders projection to 2020).
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TABLE 1 . AVERAGE CONCENTRATIONS FOR REPRESENTATIVE RADIONUCLIDES
IN LLRW BURIED AT COMMERCIAL SITESa

Radionuclide

3H

58Co
59Fe

65Zn

90y
95 Z r
95Nb

I25mje

106Ru

106Rh
131*Cs
137Cs

151Sm
152Eu

15-Eu

155Eu

232Th

238pu
239pu

Total

Half-life^

1.228E+1
5.730E+3
2.770E+1
3.127E+2
7.080E+1
4.463E+1
5.271E+0
2.444E+2
2.860E+1
6.110E+1
6.402E+1
3.506E+1
2.130E+5
2.770E+0
5.800E+1
3.682E+2
2.992E+2
2.062E+0
3.017E+1
2.552E+0
2.843E+2
1.728E+1
2.623E+0
9.000E+1
1.360E+1
8.800E+0
4.960E+0
1.600E+3

y
y
d
d
d
d
y
d
y
h
d
d
y
y
d
d
s
y
y
m
d
m
y
y
y
y
y
y

1.405E+10 y
7.038E+8
4.468E+9
8.775E+1
2.413E+4
4.322E+2

y
y
y
y
y

Concent ra t ion
(Ci/m3)

5.897E-2
2.900E-3
8.659E-2
9.932E-1
1.271E+O
8.571E-3
8.872E-1
3.323E-3
4.432E-1
4.432E-1
5.446E-3
1.214E-2
5.887E-3
1.257E-2
3.131E-3
2.740E-2
2.740E-2
6.773E-1
l.OOOE+O
9.460E-1
6.291E-2
6.291E-2
2.573E-4
4.717E-4
3.860E-4
3.860E-4
2.573E-4
1.156E-4
1.569E-5
1.817E-6
2.337E-3
7.094E-lc

1.915E-3C
3.603E-4

7.757E+0

a. Taken from reference 1.

b. y = years; d = days; h = hours; m = minutes; and s = seconds.

c. The commercial burial site at Barnwell, S.C. has not permitted burial of
Plutonium; thus, i t s isotopes are omitted when this l i s t is applied to waste
buried at Barnwell.
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values are based on operating data (waste shipped and net energy generated)
from 1975 through 1980. The nonroutine waste (which includes irradiated
control rods, fuel channels, shrouds, etc.) values are based on operating
data from 1961 through 1984. The energy generation data presented in Figure
1 and the reactor source terms depicted in Figures 4 and 5 were used to
calculate the volume, radioactivity, and thermal power of LLRW from reactors
from 1958 through 2020. The results for volume and radioactivity are pre-
sented in Figures 6 and 7. For 1962 through 1985, the volume and radioac-
tivity results are listed in Tables 2 and 3, respectively. Of the
fuel-cycle steps which support reactor operation, only two ship to commer-
cial burial sites, namely, UF5 conversion and fuel fabrication. The volume
of and radioactivity in these wastes are a minor part of fuel-cycle LLRW, as
shown in Tables 2 and 3. The values were calculated using the energy values
presented in Figure 1 and the source terms given in reference 1 (Sections 3
and 5).

Non-fuel-cycle LLRW, categorized as I/I, includes some non-DOE govern-
ment waste. Values for volume, radioactivity, and thermal power of I/I
waste were calculated using the source terms given in reference 1 (Section
8), modified to take into account recent (March 11, 1981) changes in regula-
tions (10 CFR 20.306). The amount of I/I waste was projected to increase at
3% per year from 1986 through 1990, at 2% per year from 1991 through 2000,
and at 1% per year from 2001 through 2020. The historical portion of these
results is listed in Tables 2 and 3 for volume and radioactivity, respec-
tively.

In Table 2, the reported volumes of LLRW added annually to burial sites
are compared with the volumes obtained by summing the individual contribu-
tions calculated using source terms. In Table 3, a similar comparison is
made of reported and calculated annual gross radioactivity additions. The
annual volumes agree except for slight differences in 1980 through 1985.
These differences are perturbations caused by efforts to modify predicted
volumes from various sources so that they would match the volume reductions
expected from changes in federal rules and regulations (viz., cessation of
DOE shipments in 1979 and implementation of 10 CFR 20.306 in 1981). The
apparent haphazard correspondence between the calculated and reported annual
additions of radioactivity to burial sites can be explained largely by the
fact that source terms assume uniform generation at an average radionuclide
composition. For example, reactor nonroutine waste is not shipped at an
average rate but periodically - sometimes shipments are several years apart.
The volume of such a shipment is almost insignificant when compared to the
total annual volume of LLRW from other sources of LLRW, but the radioac-
tivity may be several times that from all other sources combined that year.
Probably a more meaningful comparison of radioactivity is that presented in
Table 4, which shows side by side the accumulative radioactivity and asso-
ciated thermal power (taking into account decay) calculated using both an
average composition (Table 1) and source terms (references 1 and 2) for
individual (i.e., power reactors, UFg conversion, fuel fabrication, and I/I)
contributions. The modest amounts of D&D waste shipped to commercial burial
sites to date are included in the industrial part of the I/I waste category.
The results obtained via the two approaches (viz., average composition and
synthesis of source terms) are in close overall agreement, as demonstrated
in Table 4.
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ORNL DWG 86-574 R

1.0 MW(e)-year
NET PRODUCT

NUCLEAR
FUEL

ELEMENTS

BOILING WATER
REACTOR LLRW-ROUTINE

2.007 m3/MW(e)-year

NONROUTINE
WASTE

ROUTINE
WASTE

ISOTOPE Ci/MW(e)-year

Mn-54
Co-58
co-eo
Fe-55
Ni-83
Cs-134
C8-137
Ba-137m
OTHER

5.709E-1
5.9S0E-3
6.529E+0
1.680E+0
6.511E-1
1.212E-2
3.698E-1
3.497E-1
0.502E-1

TOTAL 1.082E+1

ISOTOPE

Mn-54
Co-58
Co-60
1-131
Cs-134
Cs-137
Ba-137m
OTHER

TOTAL

Ci/MW(e)-year

3.671E-1
1.530E-2
8.414E-1
1.530E-2
5.509E-1
1.209E+0
1.143E+0
6.120E-2

4.2O3E+0

LLRW-SPENT BEAD RESIN
7.414E-2 m3/MW(e)-year

LLRW-FILTER SLUDGE
5.470E-1 m3/MW(e)-ye«r

LLRW-EVAPORATOR BOTTOMS
3.347E-1 m3/MW(e)-year

LLRW-COMPACTIBLE TRASH
9.174E-1 m3/MW(e)-y«ar

LLRW-NONCOMPACTIBLE TRASH
1.334E-1 m3/MW(e)-y»«r

NOTE:

LLRW-IRRADIATED COMPONENTS
3.599E-2 m3/MW(«)-y«ar

NET PRODUCT IS THE ELECTRICAL ENERGY LEAVING THE PLANT FOR DISTRIBUTION.

OTHER ISOTOPES ARE THOSE RADIONUCLIDES (e.o., C-14. Tc-99, 1-129. C»-144. etc.)
WHICH SNDIVIDUALLY MAKE A SMALL CONTRIBUTION TO THE TOTAL RADIOACTIVITY
AND THERMAL POWER OF THE WASTE.

FRACTIONAL DISTRIBUTION OF ELEMENTS AMONG WASTE STREAMS
OF A BOILING-WATER REACTOR POWER PLANT:

ELEMENT

MANGANESE

COBALT

CESIUM

OTHER

SPENT
BASIN

2.63E-2

7.03E-2

7.50E-1

4.17E-2

FILTER
SLUDGE

9.39E-1

8.71E-1

1.60E-1

1.38E-1

WASTE STREAMS (LLRW)

EVAPORATOR
BOTTOMS

3.12E-2

5.61E-2

8.88E-2

8.12E-1

COMPACTIBLE
TRASH

2.23E-3

1.85E-3

3.50E-4

5.40E-3

NONCOMPACTIBLE
TRASH

1.06E-3

8.79E-4

1.66E-4

2.56E-3

Figure 4. Flow diagram for normal operation of a boiling-water reactor
nuclear power plant.
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ORNL DWG 86-584 ft

1.0 MW(e)-year
NET PRODUCT

NUCLEAR
FUEL

ELEMENTS

PRESSURIZED
WATER

REACTOR

NONROUTWE
WASTE

LLRW-ROUTWE
1.166 m3/MW(e)-year

ROUTINE
WASTE

ISOTOPE Ci/MW(e)-y«ar

Mn-54
Co-58
Co-60
Fe-55
C»-137
Ba-137m
OTHER

4.599E-1
1.712E+0
2.247E+0
1.128E+0
7.594E-5
7.106E-5
4.586E-1

TOTAL 6.006E+0

ISOTOPE

Mn-54
Co-58
Co-60
1-131
Cs-134
Cs-137
Ba-137m
OTHER

TOTAL

Ci/MW(e)-year

4.959E-2
1.212E-1
3.086E-1
4.859E-2
2.094E-1
2.370E-1
2.240E-1
1.267E-1

1.326E+0

LLRW-SPENT RESIN
3.225E-2 m3/MW(e)-yeaf

LLRW-FILTER SLUDGE
1.166E-3 m3/MW(o)-year

LLRW-FLTER CARTRIDGES
9.155E-3 m'VMW(e)-y«ar

LLRW-EVAPORATOR BOTTOMS
4.942E-1 m3/MW(e)-ye«r

LLRW-COMPACTBLE TRASH
5.590E-1 m3/MW(e)-y»ar

LLRW-NONCOMPACTBLE TRASH
7.043E-2 m3/MW(«)-y»ar

LLRW-IRRADIATEO COMPONENTS
6.945E-3 m3/MW<e)-year

NOTE:

NET PRODUCT IS THE ELECTRICAL ENERGY LEAVING THE PLANT FOR DISTRIBUTION.

OTHER ISOTOPES ARE THOSE RADKDNUCLIOES (e.fl.. C-14.TC-99. 1-129. Co-144, etc.)
WHICH INDIVIDUALLY MAKE A SMALL CONTRIBUTION TO THE TOTAL RADIOACTIVrTY
AND THERMAL POWER OF THE WASTE.

FRACTIONAL DISTRIBUTION OF ELEMENTS AMONG WASTE STREAMS OF A
PRESSURIZED-WATER REACTOR POWER PLANT:

WASTE STREAMS (LLRW)

ELEMENT
SPENT FILTER FILTER EVAPORATOR
RESIN SLUDGE CARTRIDGES BOTTOMS

COMPACTIBLE NONCOMPACTIBLE
TRASH TRASH

MANGANESE 6.25E-1 1.30E-2

COBALT 4.89E-1 1.83E-2

CESIUM 903E-1 3.19E-3

OTHER 4 5 3 E - 1 1.34E-3

3.39E-1

4 76E-1

8.30E-2

3.47E-2

2.03E-2

7.51E-3

4.88E-3

4.85E-1

2 0 2 E - 3

6.34E-3

4.12E-3

1.69E-2

1.04E-3

3 25E-3

2.12E-3

8.68E-3

Figure 5. Flow diagram for normal operation of a pressurized-water
reactor nuclear power plant.
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E

2000

1000-

1980 1990 2000
End of calendar year

Figure 6. Calculated past and projected (EIA no-new-orders pro ject ion to
2020) accumulative volumes of LLRW from LWR power p lants .

o

2500

2000

1500

o
o

.2 1000
-o
o

Q-

500

Past

Projected
TOTAL

BWR

PWR

1980 1990 ;000
I nd o' caie ica-" /ear

20J0

Figure 7. Calculated past and projected (EIA no-new-orders project ion to
2020) accumulative rad ioac t i v i t y of LLRW from LWR power p lants.
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TABLE 2. TOTAL VOLUME OF LLKW AUDEU ANNUALLY TU CUMMLKC1AL BURIAL S1TLS AS CALCULATtU
BY SUMMING INDIVIDUAL SOUKCE-TLKM RESULTS CUMPAKtU WITH THE REPUKTtU VALUE

to

00

End of
Calendar

Year

1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985

Reactors

Routine

0.3y
0.54
0.56
0.64
0.88
1.12
1.82
2.11
3.74
8.49
9.76

14.39
19.45
28.00
32.32
42.3/
46.28
42.25
41.81
43.44
45.52
45.72
48.43
46.54

(BWRs + PWRs)a

Nonroutine

0.005
0.007
0.007
0.008
0.010
0.011
0.018
0.023
U.050
0.123
0.138
0.192
0.254
0.382
0.417
0.545
0.588
0.533
0.535
0.543
0.559
0.550
0.562
0.679

Fuel Cycle
(UF6 Conversion
+ Fuel Fabri-

ca t ion) b

0.025
0.035
0.036
0.041
0.059
0.078
0.128
0.144
0.240
0.528
0.613
0.925
1.26
1.78
2.05
2.76
3.03
2.77
2.73
2.86
3.01
3.04
3.26
3.84

Volume (103 in3)

I / I c

Inst i tut ional

U.7U
1.4U
7.77
8.36
9.02
9.75

10.54
11.40
12.38
13.42
14.58
15.86
17.27
18.83
20.54
22.44
27.24
33.67
33.52
23.94
10.28
10.53
10.85
11.18

Industrial

0.74
3.86
4.28
4.54
5.4b

10.83
6.8U
7.74
9.42
8.71

14.19
15.7U
15.66
8.96

19.30
3.41
2.60
3.4b
b.88

10.84
16.4U
18. b7
15.26
17.98

Total

Summation of
Calculated

Numbers

1.86
5.84

12.65
13.58
15.42
21.79
19.31
21.42
25,83
31.27
39.28
47.07
53.9U
57.9b
74.63
71.52
79.74
82.68
86.47
81.54
75.79
7S.41
78.3b
80.2b

Reportedd

1.86
5.85

12.65
13.6U
15.44
21.80
19.32
21.43
25.83
31.28
39.29
47.08
53.90
57.97
74. b4
71.54
79.73
82.68
92.4U
83.73
7b.52
78.47
7b. 25
7b.72

a. Calculated using the energy values presented in Figure 1 and the source terms shown in Figures 4 and 5.

b. Calculated using the energy values presented in Figure 1 and the source terms given in reference 1
(Sections 3 and 5).

c. Calculated using the annual volume numbers presented in Figure 2 and the source terms given in reference 1
(Section 8 ) , modified to take into account recent (March 11, 1981) changes in regulations (10 CFR 20.306).

d. Sources of reported values are given in reference 2 (Section 4).



TABLL 3. TOTAL KADIUACTIVITY OF LLKW AUUtO ANNUALLY TO CUMMtKCIAL BUK1AL SITtS AS CALCULAltU
BY SUMMING 1NU1VIUUAL SUUKCt-TtKM KESULTS tOMPAHhU WITH THt KfcPOKTEU VALOL

00

hnd of
Calendar

Year

1962
19b3
iy64
196b
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
19B0
1981
1982
1983
1984
198b

Reactors

Routine

0.67
0.89
0.93
1.0b
1.30
1.51
2.4b
3.0b
6.22

lb.04
16.99
23.93
31.8b
47.43
b2.51
68.67
74.31
67.44
b7.48
68.90
71.29
70.52
72.77
87.42

(BWRs + PWHs)d

Nonroutine

2. 08
2.85
2.9b
J.35
4.58
5.81
9.4b

11.03
19.72
45.02
51.67
75.94

102.bl
147.98
170.24
Z23. l l
243.53
222.20
220.07
22«.3b
239.06
239.82
253.56
3UU.6U

Radioactivi ty (1U3 L i )

Fuel Cycle
(UF6 Conversion

*• Fuel Fabri-
ca t ion) b

U.OOU09
0.00013
U.00U13
0.00U15
0.00022
0.00029
0.00048
0.00054
0.00088
0.00194
0.00256
0.00342
0.00465
0.00658
U.00759

u.oioiy
0.01118
0.01024
0.01007
U.01056
U.01113
0.01126
0.01207
0.01421

I/It

Institutional

U.05
0.08
0.47
0.50
0.54
0.58
0.64
o.6y
0.7b
U.B1
0.89
0.97
1.0b
1.15
1.27
1.38
1.66
2.06
2.06
1.46
0.61
0.63
0.64
0.6b

Industr ial

b.68
2y.65

145.92
154.78
186.15
369.22
231.83
263.88
321.15
29b.95
483.77
53b.2b
b33.89
3U5.47
6b7.99
116.26
88.b4

117.96
230.95
181.yi
lbb.10
Ib9.17
139.01
lb3.B7

Total

Summation of
Calculated

Numbers

8.48
3J.47

1SU.27
159.68
192.57
377.12
244.37
27B.66
347.84
3b7.82
553.32
b3b.O9
b69.32
5U2.03
882.01
409.42
408.14
409.b7
320.56
480.57
477.07
48U.15
4bb.O4
552.71

Keuortedd

e
28.35

lb4.1U
y2.95

101.72
lbb.50
129.8U
134.94
2U9.42

1,197.12*
4U4.12
578.1b
203.72
4b6.43
419.31
7UO.51
8yb.bl
489.02
333.14
280.09
414.iy
5U5.6O
6U0.93
751.45

a. Calculated using the energy values presented in Figure 1- and the source terms shown in Figures 4 and 5.

b. Calculated using the energy values presented in Figure 1 and the source terms given in reference 1
(Sections 3 and b).

c. Calculated using the annual volume numbers presented in Figure 2 and the source terms given in reference 1
(Section 8 ) , modified to take into account recent (March 11, 1981) changes in regulations (10 CFK 20.30b).

d . Sources ot reported values are given in reference 2 (Section 4).

e. Not available.

f . Over half (645,000 Ci) of this amount is accounted for by a shipment of 3H to the burial s i te (now closed) at Haxey
Fla ts , Kentucky.



TABLE 4. COMPARISON OF CALCULATED^ ACCUMULATIVE RADIOACTIVITY
AND THERMAL POWER IN BURIED LLRW USING AN AVERAGE BURIAL GROUND

SOURCE TERMb WITH THE RESULTS OBTAINED BY SUMMING
INDIVIDUAL CONTRIBUTORYC SOURCE-TERM AMOUNTS

End of
Calendar

Year

1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985

Radioactivity
(103

Average
Source

d
28
183
224
283
402
462
531
670

1,771
1,775
2,103
2,016
2,280
2,452
2,902
3,450
3,493
3,475
3,467
3,623
3,839
4,114
4,497

Term

i.3
.7
.9
.7
.6
.7
.3
.6
.6
.5
.8
.2
.9
.7
.9
.3
.7
.8
.0
.1
.2
.4
.0

Ci)

Summation of
Source Terms

10.7
41.5
180.9
291.3
420.5
716.3
814.3
966.1

1,173.9
1,365.1
1,740.9
2,129.5
2,501.7
2,672.8
3,259.0
3,248.7
3,345.2
3,452.2
3,664.0
3,857.5
4,039.4
4,212.4
4,363.2
4,580.7

Thermal
(103

Average
Source Term

d
0.24
1.58
2.04
2.61
3.69
4.31
4.99
6.27
15.72
16.52
19.51
19.13
21.47
22.96
26.06
29.55
29.78
29.65
29.35
30.18
31.33
33.07
35.63

Power
W)

Summation of
Source Terms

0.10
0.36
1.56
2.60
3.80
6.44
7.53
9.00
10.96
12.84
16.28
19.96
23.58
25.56
30.89
31.45
32.57
33.66
33.68
34.00
34.33
34.66
35.07
35.98

a. Calculated taking into account decay of individual radionuclides with
time.

b. Representative average commercial LLRW burial ground source term given
in Table 1.

c. Contributory source-term amounts include those from power reactor opera-
tion (Figures 4 and 5), fuel cycle activities (UF6 conversion and fuel
fabrication as presented in reference 1), and I/I activities (medical,
biological, nonbiological, and industrial as described in reference 1).

d. Data needed for calculations are not available.
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In Table 5, reported and calculated historical (1978-1985) and
projected (1986—1992) volumes of LLRW shipped from "eactors are shown.
Since 1980 the reported volumes from BWRs have been consistently higher than
those calculated using the source term given in Figure 4. This is probably
due to contributions from several large BWRs which had extended outages
during this period and were shipping large volumes of waste while generating
little or no electricity. On the other hand, since 1981 the reported volumes
from PWRs have been consistently lower than those calculated using the
source term in Figure 5. This undoubtedly reflects the fact that reactor
operators have placed greater emphasis on enhanced volume reduction in
recent years. The total annual reactor (BWR + PWR) waste volumes reported
as shipped in 1978-1985 agree reasonably well with the calculated annual
totals. In a given year, the shortage in the BWR calculated value approxi-
mately compensates for the overage in the PWR calculated value. Table 5
includes also the projected volumes to be shipped by reactors through 1992.
These projected values are based on the modes of waste management depicted
in Figures 4 and 5 (i.e., no enhanced volume reduction). These totals are
compared with the reactor LLRW volume allocations presented in reference 4,
which were determined in accordance with the provisions of reference 5. The
time-frame 1986-1992 marks the transition period for shifting LLRW disposal
from the three currently operating burial sites to new sites to be created
by state compacts. The estimated volume reduction factors (1.87-2.34 as
shown in Table 5) needed to match the allocated volumes are considered to be
readily achievable with presently available state-of-the-art equipment that
has been, is being, and will be installed (e.g., see reference 6).

In Figure 8, the historical and projected accumulative volume and
decayed radioactivity of buried LLRW from all sectors are plotted from 1962
through 2020. The projected quantities do not include LLRW from future D&D
activities since well-defined source terms for them are not yet available.
These results show that the projected accumulative volume in 2020 is about
3.5 times larger than the 1985 accumulation. The projected accumulative
radioactivity in 2020 is approximately 2 times larger than the 1985 accumu-
lation. In reference 2, the estimated land utilized nationally for burial
of commercial LLRW through 1985 is ~66.4 ha (~164 acres). If present burial
practices (~1.7 x 101* m3/ha on average) are continued, -230 ha (~570 acres)
would be committed in 2020. The thermal power of buried waste is calculated
to be -540 W/ha (~220 W/acre) in 1985 and ~200 W/ha (-80 W/acre) in 2020.

SUMMARY

The source terms used in the DOE Integrated Data Base Program are
upgraded periodically to provide more reliable estimates of waste quantities
and characteristics. These estimates can serve to point out areas of poten-
tial impact upon the public weal and to pinpoint areas that need research
and development — especially in the long term. The reactor source terms
(Figures 4 and 5) are currently being modified to track more closely the
volume reductions in waste that are presently being achieved. The computer
program used in conjunction with these source terms is also being modified
so that the class of each waste (according to 10 CFR 61.55) can be calcu-
lated from its composition. The institutional and industrial waste source
terms (references 1 and 2) are being revised to reflect more nearly the
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TABLE 5. CALCULATED* ANNUAL VOLUMES OF LLRW SHIPPEU FROM REACTORS COMPARED TO (1) KEPUKTEDb VOLUMES
AND (2) VOLUMES THAT MAY BE ALLOCATED0 FOR BURIAL UURINU 1986-1992

U)
vO
c

End of
Calendar

Year

1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992

Reported

20.153
19.639
27.429
23.02b
25.558
21.881
24.534

e
d
d
d
d
d
d
d

BWR

Calculated

22.138
20.705
21.285
20.827
20.847
19.789
18.903
17.874
31.414
36.198
39.618
41.603
42.672
43.140
44.474

Reactor

PWR

Annual LLRW
(1O3 m3)

Reported Calculated

23.948
18.857
21.451
22.936
21.127
21.795
20.932

e
d
d
d
d
d
d
d

23.731
22.078
21.060
23.156
25.222
26.471
30.089
29.339
36.145
41.657
46.587
47.874
49.104
49.638
51.170

Volume

Reported

44.101
38.496
48.880
45.962
46.685
43.676
45.466
43.264

d
d
d
d
d
d
d

Total

Calculated

46.869
42.783
42.34b
43.983
46.079
46.260
48.992
47.213
67.569
77.8bb
85.215
89.477
91.776
92.778
9b.6b3

Al located

d
d
d
d
d
d
d
d

36.069
39.620
43.9b5
47.734
40.280
40.519
40.910

Ratio of
Calculated

Total to
Allocated

Total

1.87
1.97
1.94
1.87
2.27
2.28
2.34

a. Calculated using the energy values presented in Figure 1 and the source terms shown in Figures 4 and 5.

b. Sources of reported values are given in reference 2 (Section 4).

c. Volume allocations are taken from reference 4 (subject to the provisions in reference 5).

d. Not applicable.

e. Not available at present.
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volumes and radionuclide composition of the wastes making up this category
because of the changes in state and federal regulations over the past five
or so years.
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APPLICATION OF DECONTAMINATION SOLUTION PROCESS METHODS

Kevin W. Conroy
Chem-Nuclear Systems, Inc.

ABSTRACT

The processing of wastes f ron chemical decontamination
projects has become a rout ine service. The EPRI sponsored
Fuel Decontamination Project presented a challenge not
found in other chemical decontamination pro jects . The
Chem-Nuclear Systems, Inc . , ro le in th is project was to
s o l i d i f y and transport for disposal a l l wastes generated
as a resu l t of the decontamination of two spent fuel
bundles. In add i t i on , a formula fo r s o l i d i f i c a t i o n
meeting the c r i t e r i a of stable waste under 10 CFR Part 61
was developed. The planning that went into th is pro ject
as wel l as the actual project resu l ts w i l l be discussed in
d e t a i l .

INTRODUCTION

The chemical decontamination of BWR and PWR subsystems and components
has become r e l a t i v e l y common over the las t f i v e to six years. These
decontaminations have been e f fec t i ve in reducing rad ia t ion f i e l ds in the
immediate v i c i n i t y of the system or component being decontaminated, but
general area f i e l ds have not always been reduced s i g n i f i c a n t l y due to
shine from other systems and components that were not decontaminated.
Add i t iona l l y , the cleaned systems or components tend to recontaminate to
o r i g ina l levels in a r e l a t i v e l y short period of t^me due to migration of
radionuclides from these other areas. In pa r t i cu la r , the highly act ive
crud deposits on fuel surfaces are known to be major contr ibutors to
future transport of a c t i v i t y throughout the plant systems.

Decontamination of the en t i re primary system with the core removed
would p a r t i a l l y a l l ev ia te the problem, but to achieve the maximum
long-term benef i t , fuel assemblies cycled in and out of the core should be
cleaned, also.

The primary object ive of th is study is to determine whether or not
commercially avai lable chemical decontamination reagents have deleterious
ef fects on core materials in achieving the long-term bene f i t . A secondary
object ive is to show that these reagents can e f f e c t i v e l y remove crud
deposits from fue l assemblies. In th is way, nuclear plant owners w i l l be
provided with re l i ab le and competitive processes for fu ture system
decontaminations, including f u e l .
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PROJECT OVERVIEW

The Fuel Decontamination Project was performed at Commonwealth
Edison's Quad Ci t ies Station between Hay and August, 1986. The scope of
work for each par t ic ipant was as fo l lows.

Quad Ci t ies Station provided the fuel decontamination chamber and
four discharged fuel assemblies for the t es t . Each of the bundles was
wel l documented and had been sipped to ensure cladding i n t e g r i t y . Two
bundles were used for the actual decontamination. The t h i r d w i l l be used
as a baseline data assembly and the four th was an a l te rna te . Quad Ci t ies
also provided a l l necessary technical supports including health physics
coverage, laboratory support, and operator support on the refuel f l o o r .

London Nuclear Services performed the actual decontamination. Two
bundles were decontaminated, one at a t ime, in a pressurized, flow-through
canister b u i l t by General E lec t r i c . As an ex-core test of an i r rad iated
fuel assembly, both the canister and fuel were loaded and tested
underwater in the spent fuel pool.

The decontamination solut ions tested were LOMI™ and CAN-DE CON™.
To ensure that the object ives of the study were met, both processes were
applied in the upper range of aggressive conditions fo r an extended period
of t ime. In add i t ion , an alkaline-permanganate pre-treatment step was
performed pr ior to the appl icat ion of the decontamination so lu t i on .

Chem-Nuclear Systems provided equipment fo r the storage of spent
resins while isotopic analyses of samples were performed. Once the
resul ts were obtained the resins were t ransferred and s o l i d i f i e d with a
10 ere 61 c e r t i f i e d formula. The s o l i d i f i e d waste was then transported in
a Chem-Nuclear 8-120 cask for disposal at the Barnwell Disposal S i t e .

PROJECT PLANNING

Adequate planning is a necessity fo r any chemical decontamination
pro jec t . For a research project wi th several unknowns, such as the Fuel
Decontamination Pro ject , th is planning is even more c r i t i c a l .

The planning phase i n i t i a l l y began in March, 1985, wi th on-s i te work
i n i t i a l l y to begin in September, 1985. Due to contractual problems, the
project was postponed u n t i l 1986. Addit ional preparations caused by
changes in work scope were performed in the spring of 1986, wi th on-s i te
work f i n a l l y commencing in May, "986.

Several factors led to the smooth completion of t h i s phase. The
f i r s t was that Commonwealth Edison Corporate Management selected a Quad
Cit ies project coordinator. The coordinator interfaced between the
various plant departments and the contractors to ensure that a l l questions
were answered pr io r to equipment a r r i v i ng on -s i t e . The second factor was
a series of review meetings that were held by EPRI and London Nuclear.
The purpose of these reviews was to i den t i f y potent ia l problem areas and
the actions necessary to resolve them.
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TABLE 1 . PROJECT CHRONOLOGICAL SUMMARY

Day Date

Monday

Thursday

Fr i day

Tuesday

Wednesday

Thursday

Fr i day

Monday

Tuesday

A c t i v i t y

May 19

May 22

May 23

May 27

May 28

Hay 29

May 30

June 2

June 3

Wednesday June 4

Monday

Friday

July 21

August 8

Saturday August 9

Monday August 11

Wednesday August 13

CNSI equipment delivered to s i te

CNSI technician on-site

Begin CNSI equipment set-up

Equipment leak tested and ready for operation

London Nuclear equipment set-up

London Nuclear leak tested and ready for operation

CAN-DECON11 injected

Transfer 6 f t spent resin

LOMI™ injected
Transfer 6 f t ^ spent resin
Reload demineralizers

Complete LOMI™ clean-up
Transfer 3 f t 3 spent resin
Pull samples for isotopics

Isotopic results available

CNSI technicians on-site
8-120 cask and so l id i f ica t ion unit on-si te, begin
set-up

Set-up complete.
Perform transfers and complete so l i d i f i ca t i on .

Liner capped and equipment packed up

8-120 and so l id i f ica t ion unit shipped o f f - s i t e
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Specif ic tasks that were a part of the planning phase included the
fo l lowing.

o Procedure preparation and review;

o Process area inspection by contractors;

o Site health physics/security t r a i n i ng ;

o Ident i f i ca t ion of plant/contractor interfaces;

o Ident i f ica t ion and al locat ion of u t i l i t y support requirements;

o Ident i f i ca t ion of contingencies for possible abnormal or
emergency s i tuat ions.

PROJECT RESULTS

Chen-Nuclear performed four tasks in support of the Fuel
Decontamination Project. These tasks were:

1. Resin Storage/Transfer Equipment
2. Resin Solidification Services
3. Waste Form Certification
4. Transportation/Disposal Services.

Of these four, Task 3, Waste Form Cert i f icat ion, was performed prior
to on-site work. Tasks 1, 2, and 4 a l l involved work at Quad Cities
Station.

Task 1 Results

CNSI's resin transfer and storage equipment consisted of two 20 cubic
foot capacity pressure vessels, valve manifolds, and hoses. One vessel
was used for CAN-DECON™ resins and the other for LOMI™ resins. The
overall flow diagram is shown in Figure 1. The vessels were placed in
2-1/2 inch thick lead shields to reduce personnel exposure. Also, Quad
Cities supplied numerous lead blankets which were used for additional
shielding of the vessels. The manifolds were designed so that a l l valves
were outside of the shielding. Direct contact with the vessels was not
necessary during transfer operations.

The actual sequence of events is presented in Table 1. As can be
seen, Task 1 required approximately three months. Approximately half of
this was waiting for the results of the isotopics.

Dose rates on the two storage vessels were 150 R/hr and 400 R/hr for
CAN-DECON™ and LOMI™ respectively. General contact dose rates with
hoses during the transfers were 5-10 R/hr through two layers of lead
blankets. Total exposure received by the CNSI technician was about 170
mRem.

Once the resins were transferred, a remote sampler was used to obtain
a sample from each storage vessel. This procedure required that a hose be
disconnected from each vessel. Since the vessels were less than half
f u l l , there was 3-4 feet of water shielding over the resin. This helped
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minimize the technician's exposure. The samples were packaged and shipped
to Teledyne Isotopes for 10 CFR 61 analysis.

Once the Teledyne report was received, preparations were made for the
f inal transfer for so l id i f ica t ion. This transfer was of concern due to
i ts length. Transfer lines had to be run about 125 feet across the f loor
to a hatch. From the hatch there was a drop of approximately 100 feet to
the sol id i f icat ion l iner located in the shipping cask. To minimize
unnecessary exposure, a l l unnecessary personnel were cleared and the
reactor building closed off during the transfer. In addition, the
transfer was performed in the evening on a weekend when a minimum amount
of other work was being performed. The actual transfer and flushing took
approximately three hours. The maximum dose rate observed during the
transfer was 20 R/hr. Total exposure to CNSI personnel was about 250 mRem.

Task 2 Results

The method used to stabi l ize the waste for disposal was cement
so l id i f i ca t ion . To accomplish th is , CNSI used Mobile Demand
Sol idi f icat ion Unit C-221. This unit was developed specif ical ly for
projects such as a chemical decontamination. I t is a self-contained truck
mounted unit that is driven to and from the work s i te . A process flow
diagram for the unit is shown in Figure 2.

As previously described, 15 cubic feet of resin was transferred to a
L8-120 sol id i f icat ion l iner . The l iner was prepared by instal l ing
temperature detector leads and a level measurement tube which connects to
the f i l lhead. The f i l lhead assembly was then placed on the l iner . The
hydraulic motor shaft engages with the disposable mixer blade assembly to
provide agitat ion. The dewatering leg was then connected for dewatering
of waste slurry.

After preoperational testing of the system, the resin was transferred
through an automatic shutoff valve (WS-1) mounted on the f i l lhead. The
f i l lhead directs the flow of waste into the l iner . I t also incorporates a
bu i l t - i n camera and l ights so that the operator can monitor the entire
operation remotely. Dewatering of excess water was performed as
required. After a l l resins had been transferred, the hydraulic system was
started and waste agitation begun. The auger transfer system was then
used to transfer predetermined quantities of chemicals. The entire
transfer and sol id i f icat ion operation required less than eight hours.

After the so l id i f ied l iner had cured, a CNSI remote capping tool was
used to cap the l iner . Contact dose rate on the top of the l iner was 40
R/hr. The maximum contact dose rate on the cask i t se l f was 15 mRem/hr.

Task 3 Results

Due to the presence of chelating agents, as well as the expected
Curie content, the f ina l waste form at Quad Cities required s tab i l i t y per
10 CFR Part 61.
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The original contract scope included the use of NS-1 as well as
LOMI™ and CAN-DECON™. Samples of resin depleted with each solvent
were obtained. A mixture containing the same ratios expected at Quad
Cities was prepared and used for formula development.

The following test formula was developed. A f i rm set was achieved
after 24 hours at 140-150°F, and an additional 24 hour period at that
temperature was applied to assure f u l l cure.

Fluidized resin bead mixture 100 ml

(No l iquid above beads.)

CNSI Agent A-27 5 grams

CNSI Agent P-20 85 grams
Lime 10 grams

This formula was developed based on previous CNSI experience with the
cer t i f i ca t ion of decontamination waste forms. That experience had shown
that LOMI™ and CAN-DECON™ were readi ly so l id i f ied with lime and
Agent P-20. NS-1, however, needed the addition of the modifier A-27 to
assure an acceptable product. As can be seen, A-27 was required with the
mixture due to the presence of NS-1. The results of a l l the 10 CFR 61
tests are shown in Table 2.

After this formula was developed, a change in project work scope
deleted NS-1 from the program. Therefore, i t was necessary to revise the
formula for the mixture of LOMI™ and CAN-DECON™ only. Both of these
waste forms had been previously cer t i f ied by themselves. Furthermore,
both formulas were the same. Because of the cer t i f i ca t ion values on f i l e
for these related formulas, only a 7 day leach test and 90 day water soak
were in i t ia ted . These tests were run on a new mixture of resins depleted
with the decontamination solutions. The following formula was used.

Fluidized resin bead mixture 100 ml

(Slight excess water.)

CNSI Agent P-20 95 grams

Lime 5 grams

The results of the leach test and water soak are shown in Table 3.

This formula was used for the f ina l so l id i f i ca t ion at Quad Ci t ies.
Scaling this formula up indicated that 4700 pounds of P-20 and 250 pounds
of lime would be required. These were the amounts actually transferred.

Task 4 Results

The original plan for transportation was to use a CNSI 6-80-2
shipping cask. Shielding on the cask is 5 inches lead equivalent and up
to about 1000 R/hr (based on Co-60) material can be shipped. The contents
may contain greater than Type A quantit ies, but must meet the def in i t ion
of LSA.
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TABLE 2. SUMMARY OF 10 CFR TEST DATA

(LOMI™, CAN-DECON™, NS-1 Mixture)

Test

90-Day Water Soak

Freeze/Thaw

Leachability

Biodegradation

Irradiat ion

I n i t i a l Result

975 psi

975 psi

N/A

975 psi

975 psi

Final Result

1209 psi

1138 psi

LIX (Sr- 85) = 9.4 average
LIX (Cs-137) = 7.3 averag«
No measurable Co-60

950 psi

1569 psi

TABLE 3. SUMMARY OF 10 CFR DATA

(LOMI™, CAN-DECON™)

Test

90-Day Water Soak

Leachabi l i ty

Initial Result

650 psi

N/A

Final

1463

LIX (Sr- 85)
LIX (Cs-137)
No measurable

Result

psi

= 8.9
= 6.9
Co-60

avera
aver<
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As was discussed e a r l i e r , a CNSI 8-120 cask was ac tua l l y used. This
was due to the much higher Curie content than o r i g i n a l l y estimated.
Calculations showed that a 6-80 cask was r i g h t on the edge of meeting LSA
requirements. I f for some reason a l l of the cement could not be added
during s o l i d i f i c a t i o n , the LSA l i m i t could have been exceeded. Therefore,
the decision was made to use the 8-120.

Like the 6-80, the 8-120 may contain greater than Type A quant i t ies
but must be LSA. The extra volume in the 8-120 ensured that LSA
requirements would be met. Shielding on th i s cask is 4.5 inches lead
equivalent and up to about 550 R/hr (based on Co-60) can be shipped.

Once s o l i d i f i c a t i o n was complete, the waste was transported to the
Barnwel! Disposal Si te for b u r i a l . The shipment was inspected by CNSI and
the South Carolina Department of Health and Environmental Contro l . A l l
requirements for bur ia l were met and the shipment o f f - loaded.

CONCLUSIONS

This project showed how a complex research project wi th several
unknowns can be successful ly completed. The overa l l key to th i s success
was the extensive pre-planning. The per iodic review meetings, s i t e
v i s i t s , and phone ca l l s ensured that a l l problems were resolved pr io r to
a r r i va l on -s i te . The resu l t was that a very ambitious on-s i te schedule
was completed with a minimum of problems.

Although there were problems, th is project also showed the value of
having a s ingle plant pro ject coordinator to inter face and resolve issues
with the Project Team. This led to the e f f i c i e n t use of plant resources
as wel l as ensuring tha t a l l departments were aware of t h e i r duties and
responsibi l i t ies.

The f ina l conclusion that can be made is with regard to a f u l l system
decontamination. The high dose rates and ac t iv i ty concentrations observed
were caused by only two bundles. The total ac t iv i ty to be removed from an
entire core may be several orders of magnitude higher. The design of
waste processing equipment w i l l have to be well thought out. Remote
operation and sampling w i l l be required as well as extensive shielding.

Chem-Nuclear has always been a leader in solving d i f f i c u l t problems
such as th is . We welcome the challenge and believe that process systems
to handle a f u l l system decontamination can be developed.
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CEC RESEARCH PROGRAMME
FOR TREATMENT AND CONDITIONING OF SPENT FUEL HULLS

W. Hebel
CEC, Brussels (BELGIUM)

ABSTRACT

The management of the radioactive hulls of spent nuclear
fuel is part of the R&D activities which the Commission
of the European Communities is supporting in the scope of
its shared-cost programme on radioactive waste. The R&D
activities began in 1976 and have led to a comprehensive
characterization of such different fuel hulls as from
Light Water Reactors, Fast Breeder Reactors and, for
comparison reasons, also from CANDU (heavy water) react-
ors. With regard to the development of advanced condi-
tioning methods for the long-term storage of hulls1

waste, several alternative options were investigated,
namely the hulls' compaction and enclosure into a lead
containment, the embedment into a compacted graphite or
aluminium matrix, the embedment into anhydrous ceramic
cements and, on the other hand, the conversion of zirca-
loy hulls into chemically inert zirconia as well as the
conditioning of zircaloy hulls by melting.

INTRODUCTION

Research is being pursued in Member Countries of the European Communi-
ty with the purpose of studying and developing possible advanced methods
for the management of cladding scraps arising from the reprocessing of
nuclear fuel. This R&D effort has continued to be supported by the Communi-
ty programme on radioactive waste management and storage since 1976 (6).

The methods studied are considered as potential alternatives of the
straightforward embedment of the fuel hulls in ordinary Portland cement
which is used in practice at several places. The long-term stability of the
cement matrix may however not be sufficient under certain disposal condi-
tions, and improved waste immobilization matrices may therefore be requir-
ed. The alternatives studied with the Commissions' support concern:
- Enclosure into lead matrix
- Enclosure into graphite or aluminium compacts
- Enclosure into water-free cement
- Conditioning by melting
- Conditioning of Zircaloy hulls by conversion into Zirconia.

After a period of exploratory research, and this essentially under
cold, non-radioactive conditions, the effort was concentrated successively
on a reduced number of methods to be tested at technical scale and with
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real radioactive material.

Fig. 1 gives a general view on the subjects and volume of the Communi-
ty-sponsored development work in that field, which is conducted under con-
tract by specialised laboratories or organisations in the Member States.
The share of financing supported by the European Commission usually amounts
to 40% of the total expenses incurred by the contractors. Concerning the
R&D sub-programme on the conditioning of fuel claddings and dissolution
residues, the total expenses amount to about 10 million ECU (i.e. about 9
million US dollar) spent over 9 years, from 1976 to 1984. Almost half of it
was spent on the development of conditioning methods for fuel hulls,
followed by those for fuel dissolution residues (25%) and by the characte-
rization of the raw wastes to be treated (19%). About 10% were allocated to
various studies. Although those total expenses appear relatively modest,
they brought about a valuable understanding among the interested parties of
the technical problems involved in advanced hulls' immobilization methods.
So, for instance, the conversion of Zircaloy into Zirconia (Zirconium
oxide) was decided to be discontinued - after testing of the process in a
cold technical scale facility - because of (among other reasons) the
significant generation of secondary waste quantities (9).

A summary is presented hereafter, on the outcome of research into the
remaining methods mentioned above. But first, a more circumstantial des-
cription is given of the joint effort which was devoted to the extensive
characterization of the radioactivity associated with fuel hulls originat-
ing from different reactor types,.'

In a work done at KfK-Karlsruhe, also the pyr_phoricity of Zircaloy
fines generated during the fuel elements chopping, was studied in a syste-
matic approach, first under cold, non-radioactive conditions, and followed
thereafter by experiments with active material. The results however are not
discussed here because of the restriction of time and of their preliminary
nature at this stage (11).

CHARACTERISATION OF SPENT FUEL HULLS

An important part of the joint programme consisted, as mentioned
above, in the characterization of the spent fuel hulls and of the activi-
ties associated with them. Zircaloy hulls from LWR's were examined initial-
ly on laboratory scale (2) and more recently characterized by CEA (France)
through representative samples taken from an industrial reprocessing plant.
Here, measuring methods were also developed and tested for the non-destruc-
tive control of the remainder of fuel and alpha activity associated with
large quantities of discarded Zircalloy hulls (11). The stainless steel
hulls of fast breeder reactor spent fuel were characterized by UKAEA
through small genuine samples, along with the corresponding dissolver
residues, originating from prototype FBR fuel reprocessing (11). Finally,
and for comparison reasons mainly, also fuel hulls from an experimental
batch of reprocessed CANDU reactor fuel were characterized by ENEA in
Italy.
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The earlier work done by UKAEA, Harwell (2) on small samples of hulls
showed gross alpha activities of a few Ci/t of hulls and a corresponding
residual fuel content of about 0.1% of the initial amount of fuel contained
in the hulls. The tritium activity contained in the Zircaloy hulls was also
analysed in that earlier work and was found to correspond to roughly 60% of
the tritium generated in the fuel or to amount to about 1,000 Ci/t of hulls
(4). The recent more extensive and diversified characterization work
generally confirmed these basic results, but produced in addition many
valuable complementary information. Confidence in the technical relevance
of these findings was brought about, above all, by the important characte-
rization exercise - called "Coquenstock" (13) - recently performed by CEA,
France, on large industrial scale samples (100 kg batches) of LWR spent
fuel hulls recovered from the La Hague reprocessing plant. Two large
samplings were taken, one originating from the fuel of the nuclear power
station (PWR) at Obrigheim and the other from the one at Stade, also a PWR,
both situated in Western Germany.

A comparison of some major results of the characterization work done
under the Commission's programme is given in Table I. One can note that
fuel hulls of the different reactor types - namely LWR, FBR and CANDU -
show a remarkable uniformity with regard to the amount of residual fuel
which remains associated with the material after its recovery from the fuel
dissolution process. Some 0.05 to 0.1 w/o of the initial fuel content of
the hulls is found to stick consistently to the used clads. It appears
difficult to reduce this substantially even by intensified rinsing of the
material, although proper and improved rinsing is certainly useful to keep
the residual fuel content well below the 0.1 w/o level. In case of stain-
less steel hulls, intensified decontamination was found to give better
results in general than for Zircaloy material. Supposing a uniform distri-
bution of this fuel residue on the inner surface of the hulls, one may
calculate that it represents a layer of the order of a micro-meter thick-
ness. This thin theoretical covering may illustrate, in a way, the finding
that the residual fuel and with it the problematic alpha-activity of the
hulls constitute a component of the surface reaction zone of generally much
greater thickness, which strongly adheres to the inner wall of the hulls,
while being resistant to ordinary rinsing.

The total alpha-activity of the hulls depends on the spent fuel
isotopic composition and is mainly determined by the plutonium isotopes,
the Americium-241 and the Curium-244. It amounts to the order of 10 Ci-al-
pha/t of hulls in the case of LWR and CANDU hulls (both Zircaloy) and can
reach ten times higher values in the case of FBR (stainless steel) hulls
because of the higher actinide content of the fuel.

The spontaneous fission in Curium-244 could be used to approximately
determine the overall alpha-activity (in particular plutonium) contained in
gross quantities of hulls waste by means of neutron emission measurement.
Because of the above-mentioned concentration of long-lived alpha-activity
strongly bound to the different kinds of fuel hulls, this waste is normally
considered to be destined for deep underground disposal if an upper limit
of 0.1 Ci-alpha/t is observed for shallow burial.
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Table I: Summary data of fuel hulls1 characterization done under the CEC
programme.

! Reactor type

! Fuel Can

! Fuel Burn-up (Gwd/t)

! Cooling time (years)

! Total Alpha-Activity
! (Ci/t hulls)
! Corresponding amount of
! Residual Fuel
! (w/o of initial content)
! Tritium content !
! (Ci/t hulls) !
! TotaLf , y -Activity !
r (Ci/t hulls) !

! LWR

! Zircaloy

! 33

! 5

' 6 - 9

0.04 - 0.08

700 - 1000 .

5000 - 6000 !
!

! ! !
! FBR ! CANDU !
! ! !
! Stainless ! Zircaloy !
! Steel ! !

50 - 70 ! 9 !

! 2 - 3 ! 9 !
t ;

4 - 200 ! 9 !
1 !

0.01 - 0.1 ! 0.05 - 0.09 !
I i

! !
- ! p.m. !

t t

10.000-100.000! p.m. !
! !

The recent large-scale characterization work further confirmed the
earlier found tritium content of the LWR Zircaloy hulls of somewhat less
than 1000 Ci/t in the average after 5 years cooling time.

As to the total beta/gamma activity of these hulls, it was found that
next to the fission product activities - predominantly Ruthenium-106 (la),
Cesium-134 (2a), Cesium-137 (30a), and Strontium-90 (28a) -, the activities
of activation products, such as Manganese-54 (0.9a), Antimony-125 (2.8a)
and Cobalt-60 (5.3a), make a significant contribution. The latter activi-
ties are mainly contributed from structural parts of the fuel rod assembly
like springs and spacers. After five years' cooling time, the gamma-activi-
ty of Cobalt-60 predominates but is rather heterogeneously distributed in
the mass of hulls.

The heterogeneity of the bits and pieces of typical LWR hulls' waste
can be noticed from Fig. 2. The industrial scale chopping of the fuel
elements before dissolution, together with the strong embrittlement of the
material caused by the irradiation, make a great variety of forms and
sizes, which are completely different from those of specimens prepared
earlier for lab-scale experiments.

As to the two other types of fuel hulls, namely stainless steel from
the Prototype Fast Reactor at Dounreay (UK) and Zircaloy from the CANDU
reactor at Pickering, only relatively small samples were examined in this
comparison exercise. The measurements from PFR stainless steel hulls were
taken from particularly small and heterogeneous samples (from the core as
well as breeder region, from fuel with different burn-up and different
cooling time) and showed great variations. Through typical, representative
samples of industrial lots of FBR hulls, the findings therefore would need
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to be confirmed. Similarly, the measurements done on the CANDU hulls may
not be regarded as fully representative but as preliminary data rather,
which have been brought together here for comparison.

TABLE II; Prominent radionuclides associated with spent fuel hulls in Ci/t
of hulls (cf. Table I for complementary data)

! Actinides (ot-activity)
! Pu 239 (24000 a)
! Pu 240 ( 6550 a)
! Pu 238 ( 88 a)
! Am 241 ( 433 a)
! Cm 244 ( 18 a)
! Fission Products
! (/J/Jf-activity)
! Ru 106 ( 1 a)
! Cs 134 ( 2 a)
! Sr 90 ( 28 a) !
! Cs 137 ( 30 a) !
! Activation Products !
! (fi If*-activity) !
! Mn 54 ( 0.9 a) !
! Sb 125 ( 2.8 a) !
! Co 60 ( 5.3 a) J

! LWR

! 3
! 1 - 2
1 1.5 - 2.5

500
200
400
700 !

10 !
2000 !
200 !

! FBR !

20 ;

' 8 1
! 10 !

0.5 !

5000 - 50000 !
p .m. !

10 - 100 I
500 !

5000 - 50000 !
500 - 2000 !
1000 - 4000 !

As can be seen on Tables I and II, the major differences in the
activities associated with the three types of hulls appear in the fission
products and activation products activities whereas the residual fuel or
alpha-activities show a remarkable conformity. It may be interesting also
to mention here that the deposition of alpha-activity from the dissolver
liquor on new, non-irradiated stainless steel hulls was found to account
for significant proportions in comparison with the activities bound to used
hulls. These comparisons were made in the UKAEA characterization exercise
(PFR hulls) where it was also found that the alpha-activity content of
stainless steel hulls could be reduced to the order of 0.5 Ci/t by means of
intensified decontamination treatment. Whether the benefit of such intensi-
fied treatment would compensate - also in the case of Zircaloy hulls -
obvious drawbacks on the process side would need to be clarified.

CONDITIONING OF FUEL HULLS

Ordinary Portland cement, as immobilisation matrix for fuel hulls, was
found not to behave completely satisfactory under certain circumstances, in
particular with regard to its stability in a rock salt environment. Work
done at KfK Karlsruhe showed that a cement matrix is destroyed following
the exposure to quinary salt solution after about one year. Also the
resistance of cemented active hulls against the leaching of activity in
aqueous media was tested here as well as the gas release from the matrix
due to radiolytic effects. Next to sizeable hydrogen liberation, a relati-
vely low tritium release rate of the order of 10 per year was observed,
but also quite a noticeable release of krypton gas was found (8). The
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above-mentioned CEA-"Coquenstock" characterization exercise revealed
Krypton-85 contents of up to 55 Ci/t in LWR Zircaloy hulls (i.e. about 0.1%
of the quantity generated in the fuel).

Alternatives to the cementation method were therefore investigated
with the Commission's support. The outcome and actual state of this R&D
effort is summarized hereafter.

Enclosure into Lead Matrix

The nuclear research centre at Mol (Belgium) has been conducting an
extensive experimental programme on the incorporation of fuel hulls into
lead alloys. Molten lead is poured under vacuum on a pre-compacted cladding
lump. The feasibility of the process could be demonstrated in laboratory
scale tests (5), but the lead alloys used were not completely adhesive to
the zircaloy surface. Small interstices or shrinkage gaps are left open,
from where increased activity release can occur. Tests with radioactive
zircaloy samples have shown good leach resistance of the lead compounds,
especially in a clay environment considered for final storage, but only in
so far as an inactive lead layer of sufficient thickness covered the core
of cladding waste. The treatment of compacted hulls at an elevated tempera-
ture, around 450°C, necessary for the melt, seems to mobilize part of the
associated activity, in particular cesium (10). A different technical
approach of the method has recently been employed which will avoid the
negative effect of the liquid metal on the compacted hulls, while maintain-
ing anyhow the good corrosion resistant containment provided by the chosen
lead alloy. The reference alloy is Pb with 1.5% Sb; it showed a remarkably
low corrosion rate of about 1 pm per year in clay environment and only
slightly higher values in salt brine.

Under a compaction pressure of 3000 bar, it is possible to reduce the
bulk volume of Zircaloy hulls by a factor of 4 to 5, yielding thus a
compact of about 2/3 of theoretical density. A remotely controlled press of
300 t is going to be used for this purpose at Mol.

Enclosure into Graphite or Aluminium Matrix

A different process for the encapsulation of cladding scraps is being
studied by the NUKEM Company, Germany (7). It aims at the enclosure of the
waste material in a compacted compound of graphite and aluminium powder.
The press compaction of the compound is realised at elevated temperatures.
So far, technical scale testing of different matrix compositions has been
made with inactive, simulated hulls only. Good results were obtained till
now with a matrix composed of graphite (80%) and sulphur (20%) which is
pressed by 200 bar at 130°C. The compound contained about 20 w/o of simula-
ted stainless steel hulls and was compacted to about 98% of its theoretical
density. A waste-free outer shell of 30mm thickness serves as corrosion
barrier. The corrosion rate tested in saturated brine at 90°C was quite
low, namely of the order of 10 pm per year. Also good mechanical properties
are observed for this compacted matrix. A drawback of the graphite/sulphur
matrix is, however, the relatively low melting point of the sulphur compo-
nent (120°C). Other matrix variants were therefore investigated in paral-
lel, such as graphite compounds containing nickel sulphide and, on the
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other hand, compounds composed of compacted aluminium powder. Those com-
pounds need, however, higher compaction temperatures, i.e. around 450°C.

After the variants have been tested first under cold, technical scale
conditions, testing of the most promising one with real, radioactive hulls
would need to follow now.

Enclosure into water-free Cements

The ordinary Portland cement is composed of hydrous matter which is
subject to radiolysis and the formation of hydrogen during storage of the
radioactive waste packages. So-called ceramic cements, consisting mainly of
reactive sodium and potassium silicates, are largely anhydrous and should
thus be less affected by radiolysis. Investigations on those matrix mate-
rials were therefore initiated by the nuclear research centre at Karlsruhe,
Germany, in 1983 (12). From the different commercially available basic
materials, a suitable mixture was selected and tested as to its processing
abilities and product properties. It was found by laboratory experiments
that an initial water content of the mixture of about 12-15% is necessary
for processing purposes. It is eliminated later from the matrix material by
drying the product around 100°C, which leaves little residual water con-
tent, but a considerable percentage of open porosity. Preliminary corrosion
tests in salt brine showed, however, no signs of attack, whereas Portlant
cement speciments are decomposed under similar conditions. Further evalua-
tion of the ceramic cement material is under way.

Conditioning by Melting

In a different project conducted by CEA at Marcoule (France), the
melting of Zircaloy and stainless steel hulls continues to be investigated.
Earlier studies involving non-radioactive materials have shown the feasibi-
lity of the method (1). The melting process used metal additives to the raw
hulls in order to lower the fusion temperature. With 20% copper, the
Zircaloy melts below 1200cC to be compared with its proper melting point of
1820°C.

First hot tests were done using genuine Zircaloy hulls from the La
Hague reprocessing plant (12). They showed that a non-oxidizing atmosphere
is necessary in the crucible to produce a metallic ingot of good surface
quality. Satisfying results were obtained with hydrogenated argon. A
non-negligible quantity of activity associated with the hulls is volatili-
zed by the melting process, as expected. Almost half of the Cs-134 and
Cs-137 activities were found in the off-gas filtering system of the cruci-
ble, followed by Ce-144, Ru-106 and Sr-90 in the range of a few percent.
The tritium content of the Zircaloy hulls was probably completely released
and trapped from the off-gas to an extent of about 400 Ci/t of hulls.

In order to bind part of the activities adherent to the raw waste, in
particular the alpha-activity, melting tests were also performed by using
fluoride slag as an additive to the Zircaloy hulls. Although satisfactory
results could be observed at first with inactive waste material, the
decontamination effect of the flux on genuine active hulls was insuffi-
cient, because only 70 to 90% of the alpha-activity were removed by the
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slag and much lower percentages even of the fission products.

In comparison with bare hulls however, the ingots obtained by melting
represent an important volume reduction of the waste material - by a factor
of approximately 5- and the release rate of alpha-activity by leaching is
substantially (in the order of 100 times) lower than that of the raw waste,
essentially due to the reduction in surface area. On the other hand, the
eutectic alloy was not found to be particularly corrosion-resistant,
probably because of galvanic effects caused by the copper component.

The research work on the melting process is under further progress
with certain improvements brought to it. Figure 3 shows a metallic ingot
specimen produced at CEA-Marcoule.
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Fig. 2: Loose Zircaloy hulls
recovered from La Hague
reprocessing plant
(CEA, Fontenay-aux-Roses)
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Fig. 3: Ingot of Zircaloy hulls obtained by melting with fluoride
slag additive (CEA, Marcoule)
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THE MANAGEMENT OF CLADDING HULLS AND FUEL HARDWARE

R. Kraemer, H. Frotscher, H. Grabner, H. Kapulla
Kernforschungszentrum Karlsruhe

and

W. Bahr
International Atomic Energy Agency, Vienna

ABSTRACT

Cladding hulls and fuel hardware represent solid head end
waste at the reprocessing plant. The paper describes
current practices for conditioning this waste category
with cement. A new waste form by cold axial pressing of
the material is presented, which may be disposed in a
saltmine repository using the same boreholes as used for
disposal of HLW-containers. Comparison of the cemented
waste form versus the press compacted waste form is
evaluated.

INTRODUCTION

With the chop-leach method for reprocessing irradiated fuel assemblies
the cladding remains in the form of leached hulls which are contaminated
with fuel residues and which contain neutron-induced activation products.
Fuel hardware consists of top and bottom endpieces of the fuel assemblies
which are normaly removed by sawing and which bypass the dissolver. Other
hardware components such as grid spacers, guide tubes and miscellaneous
structural material are not segregated from the fuel but run through the
dissolver, in the case where shearing of fuel assemblies rather than fuel
pins is done.

Fuel hardware consists mainly of stainless steel and is therefore
subject to increased neutron activation resulting in an enrichment of Co 60,
with its characteristic gamma energies of 1,17 and 1,33 MeV.

Hulls and fuel hardware from LWR can be categorized as solid TRU-waste
which produces decay heat in the range of 100-200 Watts per ton of heavy
metal reprocessed depending on the cooling time. New design criteria led to
an advanced conditioning process of this waste category; that process is the
subject of this paper /1/. The relevant properties of this waste form are
evaluated and compared with the cemented waste form currently in practice.
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PRESENT STATUS OF CONDITIONING FUEL ELEMENT HULLS
AND HARDWARE IN THE FRG

Process developed at the Karlsruhe Reprocessing Plant (WAK)

The head end operations in the mechanical cell of the WAK separate the
top and bottom parts of the spent fuel assemblies by sawing. The fuel pins
are removed from the structural material and afterwards individually fed
into the pin chopper, which cuts pieces of 50 mm length. These are directly
loaded into the dissolver. After fuel dissolution and proper rinsing opera-
tions the leached hulls are removed with the help of a basket and loaded
into a 120 1 steel drum, painted with epoxy resin and lined with poly-
ethylene bags in order to prevent direct contact of hulls and painting.

Cement grouting is carried out intermittently in batches of 15-20
drums. The drums receive not only hulls but also all kinds of fuel hardware,
including feed clarification sludge in filter sacks.

After proper setting time the 120 1 drums are inserted into 200 1
standard steel drums which are presently stored in engineered above-ground
storage facilities on the premises of KfK.

Reference Concept for a Projected Reprocessing Plant

The proposed process for conditioning hulls and fuel hardware of an
industrial reprocessing plant with 2 MgU/d or 500 MgU/a- max. capacity, which
is presently planned in the FRG, is based on the WAK-process but the
chopping will be carried out with fuel assemblies rather than with pins.
Therefore chopped structural materials run through the dissolver and are
loaded after fuel dissolution together with the hulls into 330 1 drums where
they are overcementated. After proper setting time the 330 1 drum is inser-
ted through a double lid system into a 400 1 standard steel drum, which can
be kept free of surface contamination. These waste packages are to be dis-
posed in vertical boreholes of 300 m depth which will be drilled down from
the - 800 m level in the projected Gorleben saltmine. Considerable inter-
mediate above ground storage capacity has to be provided until the geologi-
cal disposal is available.

The reference reprocessing plant is designed to process irradiated LWR-
fuel with an average burn-up of 40 MWd/kg and a 7-year cooling time after
discharge from the reactor. The annual waste accumulation of hulls and fuel
hardware is shown in table 1.

TABLE 1. HULLS AND FUEL HARDWARE ARISING
AT MAX. CAPACITY OF 500 MgU/a

Spent fuel from: PWR BWR
Portion 70 % 30 %
Fuel 350 MgU/a 150 MgU/a
Fuel assemblies 657 units/a 811 units/a
Hulls and structural 130 Mg/a 48 Mg/a

1 SottofiT endpieces 18.4 Mg/a 4.9 Mg/a
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As a result of table 1, the max. capacity of the waste treatment
facility for hulls and fuel hardware is:

- hulls and structural materials =178 Mg/a
- top and bottom endpieces = 23 Mg/a

Top and bottom endpieces of stainless steel are listed separately,
since the proposed R+D-concept provides separate conditioning due to the
lack of contamination with TRU-elements and relative small heat generation.
These characteristics lead themselves to a conditioning process which uses
melting, and consequently the highest degree of volume reduction can be
achieved. Blending with other scrap waste may be useful.

ADVANCED CONCEPT FOR CONDITIONING HULLS AND STRUCTURAL MATERIAL

New design criteria which result from a systems analysis of the final
disposal, transportation and the engineered storage led to an advanced con-
cept for conditioning hulls and structural material which is presently
developed in KfK.

The relevant criteria, which are discussed in this paragraph, are as
follows.

(1) Combined disposal strategy of HLW-containers with other waste packages
significant decay heat producing

The German disposal concept for vitrified HLW-containers consists of
refilling 300 m deep boreholes drilled from tunnels at a level of - 800 m
from the surface. As the host rock temperature must not exceed 200°C, the
maximum average heat input in the boreholes is limited to a specific power
of 4-5 W/l. This value can only be realized with reasonable above-ground
storage times if one is operating a "diluted" disposal concept which pro-
vides dummy-containers to decrease the heat input in the bore-holes.

Our proposal is to replace dummy-containers with real waste packages,
releasing less heat than HLW-containers. Of course the waste form will be
exposed to 200cC and must withstand this temperature level. Cemented waste
products can be excluded for this purpose.

The waste package has to be scaled up to HLW-container geometry in
order to be able to handle it with the same borehole loading device.

(2) Volume reduction

Since considerable above-ground storage time of the waste is required
until the final geological disposal is available, major efforts are being
made to reduce the waste volume even if it requires considerable invest-
ments. The condensed waste volume is also of benefit in the fields of
transport and final disposal due to the reduced volume of required
shielding.
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(3) Tritium content in Zry

Because Zry-hulls from LWR contain about 60 % of the total Tritium
inventory produced during irradiation in the form of a stable Zry-hydride,
our R+D efforts are focussed on low temperature processes which provide a
minimum release of Tritium during conditioning the material.

(4) Quality of the Waste Form

A condensed waste form may be packaged in higher quality containers for
the same price as the present concept. The elevated temperature level at
final disposal increases corrosion of the container when in contact with
brine. Therefore the increased quality of the container as well as the waste
form is justified.

When applying these criteria to the hulls and structural materials, we
arrived at the conclusion that cold axial pressing is an adequate process
for conditioning and fits well with the requirement to use waste containers
of the same size as vitrified HLW-containers.

Top and bottom endpieces of fuel assemblies will
another line and will not be discussed in this paper.

be conditioned in

TABLE 2.

H+S Waste
Components

1) - Hulls

2) - Hull End-
pieces

- Springs,
Bolts

- Miscellaneous
Small Parts

- Pressure
Springs

- Pellets

HULLS AND STRUCTURAL MATERIALS
ASSEMBLIES* (TYPE BIBLIS)

Mass
kg/MgU

275.5

17.0

8.3

2.4

9.2

2.0

Materials

Zircaloy-4

Zircaloy-4

Inconel X-750

Stainless Steel

dto.

AI.O3

Bulk
kg/1

0.81

1.36

OF PWR-FUEL

Density Th.
kg/1

6.55

6.65

Density
%

12.4

20.5

3)

4)

5)

*

- Guide Tubes
- Support Tubes

- Spacers

- Total

Without top and

28.7
11.7

16.4

371.2

bottom

Stainless
dto.

Inconel 71

endpieces of

Steel 1.04
dto.

8 0.39

0.82

assembly.

7.90
dto.

8.30

6.71

13.2
dto.

4.7

12.2
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Basic Considerations on Conditioning Hulls and Structural Material (H+S)
by Cold Pressing

The different components of typical H+S are characterized in table 2.
All listed items are discharged from the dissolver in a basket. Their bulk
density is 820 kg/m , which represents only 12 % of the theoretical density.

This H+S was the subject of experiments with nonradioactive materials
on cold pressing using a 50 MN press. The material was fed into the mould
which contained an insert container 300 mm in diameter, 500 mm high and 8 mm
in wall thickness. The densification was carried out stepwise by applying a
maximum compaction pressure of 400 MPa. After removing the press die the
mould was refilled with H+S and the procedure was repeated. All together
eight refillings could be carried out until the densified product (pellet)
was removed from the mould.

Figure 1 shows a vertical cut through the resulting pellet with eight
layers, which were indicated in order to visualize the individual surfaces.
The compaction arrived at 80 % of the theoretical density, or at a volume
reduction factor of 6.3, when a pressure of 400 MPa was applied.

Figure 1. Vertical cut through a pressed section
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Figure 2 shows the experimental relation between volume reduction and
compaction pressure. One may recognize that the application of a compaction
pressure beyond 400 MPa is not more effective.

e
ma

100 ZOO 300
Compaction pressure [MPa]

400

Figure 2. Densification of irradiated hulls and fuel-hardware

Two further parameters have been investigated.

(1) The speed of the press die must be limited to about 10 mm/min in
order to avoid cold hardening of the metal.

(2) The press stroke must be optimised with respect to effective use of
the press force.

Design of a Reference Facility for Cold Press Compaction of Hulls
and Structural Materials (H+S)

The proposed press compaction facility for H+S has to be installed in a
shielded cell complex comprising the following functional steps, which are
partly illustrated on Figure 3.

(1) - Transport and unloading of the dissolver basket into the waste silo
(feed hopper).

(2) - Loading of H+S in compaction cans (i.e. thin walled insert cans for
handling reasons).

(3) - Transfer of the compaction can into the mould (see figure 3 in
waiting position).

(4) - Positioning of the mould below the press die.
(5) - Pressing by hydraulic lifting of the mould onto the fixed press die.
(6) - Lowering the mould into the loading position.
(7) - Removing the mould, including the pressed pellets, horizontal to the

unloading table. Repeat step (3) till step (7) once more.

4 19



TABLE 3. COMPARISON OF WASTE PACKAGE CONCEPTS FOR H 6. S

waste packages

design

(true to scale) Ir
I «7Q II

— ssn '

cross volume (1)

net volume (1)

bulk density (kg/1)

pay load (kg H & S)

thermal power (W)

activity2(Bq)

annual waste packages

disposal volume (m /a)

cost relation

08
0 

(

11

BTTCJTn xssz.su

430

200

120

0.82

100

20

1.1E14

1856

371

100

400

330

0.82

270

55

2.9E14

687

275

60

180

150

5.33

800

164

8.8E14

232

42

50

1 Reprocessing capacity: 500 MgU/a

2 Burn-up: 40 GWd/MgU, cooling time: 7 a

Figure 3. Preliminary design of the compaction facility
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(8) - Removing the two pressed pellets from the mould with the help of a
hydraulic die and charging directly into the storage container below
the table.

(9) - After having received 18 pressed pellets the container is positioned
in the welding machine and closed.

(10) - Decontamination of the outer surface and transfer to the interim
storage.

Figure 3 shows the preliminary design of the compaction facility which
may perform the above mentioned functions (3) thru (9). The gear ratio of
the hydraulic lift cylinder versus press die is 11.4:1; thus a maximum
hydraulic pressure of 35 MPa produces a maximum pressure on the pressed
pellet of 400 MPa.

Table 3 shows the characteristic data of the waste packages which are
produced with the different concepts discussed in the paper. The preliminary
cost evaluation, which covers the additional investments as well as trans-
portation and disposal costs, has not yet caused modification of the pro-
posed management system. We see the advantage in the following points:

- Improved quality of the waste package
- No gas release due to radiolysis
- Feasibility of disposing the H+S containers together with HLW containers

in the same borehole.

CHARACTERIZATION OF CONDITIONED H+S WASTE PACKAGES

In the FRG, waste packages with significant decay heat production such
as from H+S, have to be disposed in the proposed disposal mine located in
the salt dome of Gorleben in Lower Saxony. Proof that radioactive waste
packages comply with waste acceptance requirements is provided by a quality
assurance programme.

Relevant data on waste packages with respect to final disposal are
listed below.

- Density, porosity and compressive strength of waste forms
- Specific heat capacity and thermal conductivity of waste forms and pack-
aging material

- Softening, melting and flash points
- Leach and corrosion rates of waste forms and packaging materials
- Gas formation due to radiolysis
- Release rates of volatile and aerosol-bound radionuclides from waste

packages.

The H+S waste packages which are discussed in this paper were subject
to an extensive characterization programme using, on the one hand, active
waste packages from WAK as specified in table 3 (left column) and samples,
on the other hand, such as bare active hulls or candidate material of active
hulls embedded in cement. A single bare hull is considered as a sample of
the H+S in compacted pellets, as proposed in this paper.
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Experimental Determination of the Nuclear Heat Generation
of Active WAK H+S Waste Packages

The thermal power of active H+S from WAK which are embedded in a
cemented waste form and packed in a 200 1 drum as specified in table 3
amounts to 10-20 W per drum.

Special drums filled with well defined H+S were subjected to measure-
ments with the help of a drum calorimeter developed at KfK /2/.

The candidate material orginates from KWO-fuel assemblies and is segre-
gated into

- Hulls, including structural material as defined in table 2 section 2)
- Guide tubes and spacers as defined in table 2 section 3) and 4), as well
as

- Top and bottom endpieces of the same fuel assembly.

The actual measurements were compared with computed values of the heat
power using the so-called KORIGEN-code /3/, which represents an improved
version of the ORIGEN-code.

The results are summerized in table 4.

TABLE 4. SUMMARY OF COMPUTED AND MEASURED RESULTS ON
NUCLEAR HEAT GENERATION OF HULLS AND FUEL
HARDWARE ORIGINATING FROM KWO FUEL ASSEMBLIES

KWO-Fuel-
Assembly No.

193
131
250
250
250

23 7
154

Structural
Parts

Burn-up

(MWd/MgU)

hulls
hulls
hulls

endpieces
spacers,
guide-tubes
hulls
hulls

24.600
28.080
29.400
29.400
29.400

31.300
39.050

Post-irrad.
Time
(years)

7.17
7.92
7.67
7.67
7.67

7.75
7.91

Calorimetric
Heat Power
(W/MgU)

6.6
5.8
11.1
5.2

28.9

7.7
8.66

Computed
Heat Power
(W/MgU)

8.0
8.22
8.8
5.9
39.7

9.45
11.3

Since about 20 % of the Gamma-energy may escape without being absorbed
in the waste package, the measured value is always lower than the calculated
value, with one exception. As expected, the biggest amount of heat genera-
tion orignates from spacers and guide tubes due to the high Co 60 content.

Release of volatile fission products from active hulls

Due to the relativly high Tritium inventory of Zry-hulls in the form of
Zirconium hydride, one expects Tritium release rates at elevated storage
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temperatures which may be relevant in the safety analysis of the mined
repository at normal operation as well as at accident conditions.

The reference temperature at the disposal position was specified to be
in the range of 90-100°C.

Airborne Tritium release from bare hulls as well as cement embedded
hulls was measured in the carrier gas (Ar) at a temperature level of 100°C
as follows:

Bare Zry-hulls ^y. 8 E-4 7»/a
. Zry-hulls in cement : 1 E-3 %/a
(PZ-450 F, W/C = 0,44, 1 7. TRICOSAL 181)

which leads to the conclusion that the release of Tritium is independent of
the waste form.

Leaching experiments with active hull waste forms

The leaching experiments are relevant for the determination of the
source term under accidental conditions. In a salt repository, special brine
solutions (Q-brine) at 90°C may leach a number of relevant radionuclides out
of the waste form. The measurements thereof can be summarized as follows:

TABLE 5. RELATIVE LEACH RATES FROM BARE AND CEMENTED
ZRY-HULLS USING QUINARY BRINE AT 90°C

Radionuclides bare hulls cemented hulls

Pu, Am, Cm 46 7./a 0.05 %/a
Tritium as HTO 0.08 7»/a 0.001 7./a
Cesium 18 7«/a 0.2 7./a
Fission Products 34 7»/a 0.07 7./a

The results show a remarkable barrier function of the cemented waste
form versus bare hulls against exposure of hot Q-brine. The reason for this
is the alkaline reaction of cement water (pH=12) with the radionuclides,
which favours formation of quasi insoluble oxides or hydroxides.

Alpha spectroscopic determinations have shown that Am und Cm isotopes
have higher leaching rates than Pu-isotopes in the case of exposed bare
hulls.

We are presently investigating a concept which provides a chemical
reaction with the hot Q-brine in order to increase the pH value in case bare
hulls are exposed at the final disposal site. By adding Calcium oxide in the
container, one would expect a similar effect as observed at the cemented
waste form.
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CONCLUSIONS

The conditioning of hulls and structural material by embedding in
cement (present practice) was compared with a waste form consisting of cold
pressed pellets of bare H+S. Advantages were noted for combined disposal
with vitrified HLW-containers in bore holes in a salt mine using the same
container dimensions. The H+S container material should have similar speci-
fications as HLW containers in ordor to compensate the relatively poor
barrier function of this waste form.

Reduced leachability can also be achieved by adding Calcium oxide to
the container, providing elevated pH-values in case of leaching attacks with
hot Q-brine.

Significant cost reduction could not yet be evaluated due to relatively
high investments for the pressing facility and to the container costs.

The costs for providing interim storage capacity until the final dispo-
sal is available have not yet been considered. It is assumed that there is
considerable benefit in this field due to substantial volume reduction of
the cold pressed waste form versus the cemented waste form.

Gas release measurements of active waste drums under elevated tempera-
tures are underway, which will quantify the release of radiolysis-induced
gases and volatile fission products.
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MOBILE SUPERCOMPACTION SERVICE FOR DAW

E. R. McKeehan
C. W. Dillmann
T. T. Fallas
E. L. Kuerner

GENERAL ELECTRIC COMPANY

ABSTRACT

A mobile compaction service for processing dry active
waste (DAW) using a high force supercompactor called
"Superpack" (a trademark of INET Corporation) was
started up in the last quarter 1985. The 2200 ton press
makes it possible to compact many types of waste
previously considered uncompactible (i.e., wood, pipe,
valve bodies, and other metallic items). With this
capability, it is not necessary to segregate waste, thus
reducing the need for procedural controls on packaging.
The high volume reduction factor achieved by
Supercompaction will result in reduction in burial costs
and savings in valuable burial site allocation space or
site storage needs.

This paper addresses recent changes in regulations, the
need for clearly cost effective methods of volume
reduction and the need to minimize burial site allocation
needs. In addition, the design of the press and the
hydraulic control system are covered along with the
startup experience.

INTRODUCTION

The recent changes in regulations, Low-Level Radioactive Waste Policy
Amendments Act of 1985, which requires burial site allocations for each
generator, establishes surcharges on waste disposal and mandates a time
table for the development of additional disposal sites, have provided a
strong incentive for nuclear plant operators to use volume reduction
methods to reduce their burial volume. The Supercompaction service
covered here provides the plant operator a method of saving money by
reducing the burial volume and helping him to stay within his allocation.

The General Electric Supercompaction Service utilizes a "Superpack"^^
manufactured by Hansa Projekt in Hamburg, Germany.
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The press design has been proven in a stationary unit at the Nuclear
Power Station Brunsbuttel, West Germany. The experience with the
stationary unit shows a VRF of 3.6 on over 4000 drums.

The GE Supercompactor has a 2200 ton press force and is adjusted
between 2200 tons and 1500 tons depending on the size of drum being
compacted and the type of waste. Generally, on 52 gallon input drums it
is set at 2200 tons, and for 55 gallon input drums it is set at 1750 tons.

DESCRIPTION OF SUPERCOMPACTOR

This mobile supercompaction service is provided by a hydraulic press
mounted on a lowboy trailer. The unit consists of a hydraulic/control
module and a compactor module as shown in Figure 1. For ease of
transporting, the hydraulic/control module is removed from the lowboy and
transported separately.

The front portion of the hydraulic/control module is the control room
where the operator performs the operating functions as shown in Figure 2a.
Behind the control room is the hydraulic pump room which contains an oil
reservoir with press pumps and auxiliary system pump. The auxiliary pump
provides the hydraulic power for all items except the main press, i.e.,
loader, unloader, clamshell opening and closing along with the clamshell
latch.

The compactor module contains the 2200 ton force press. As shown in
Figure 2a, drums are lifted onto the input rolls with a jib crane and then
loaded into the clamshells when ready. When the system is ready to
receive a drum, the air lock doors raise, the clamshells open and the
loader moves the drum into the clamshells. After completing the loading
function, the loader withdraws to its starting position, the clamshells
close and lock, the air lock doors close. The system is now ready to
compact the drum. As the press starts, it moves rapidly at a hydraulic
pressure of 875 psi and then the pressure increases to 3800 psi and
continues to the end of stroke. During this time, the air from the
compactor is drawn through a filter system consisting of a roughing filter
and a HEPA filter, then it is vented outside. Even in compacting DAW,
some liquid is quite often present. Liquid that is extracted during the
pressing of the drum Is collected below the clamshells in a drain trough
that drains Into a liquid collection drum. Any liquid that goes above the
press plate is pumped off into the liquid collection drum. After
compacting is completed, the clamshells open, the air lock doors open and
the unloader moves into the compactor and pulls the "puck" out onto the
unloading rolls where it is lifted by a jib crane as shown in Figure 2b
and placed in an overpack. The spread of contamination due to liquids is
minimized with the liquid collection trough and strategically located
plastic sheeting that catches any dripping residual liquid from compressed
drums. The amount of dripping liquid is generally very small.

Some of the special design features are:

• Process rate of 15 to 20 drums per hour.
• Liquid handling system for waste drums having up to 40% liquid.
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Figure 2a. Input Side and Control Room

Figure 2b. Output
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• Hydraulically operated drum piercers located inside the compactor
chamber as part of liquid handling system.

• Can be operated remotely fron 30 feet away for high activity waste
using closed circuit TV and additional temporary shielding as needed.
Figures 2a and 2b show normal operation with low level waste, i.e.,
less than 50 mr/hr drums.

• Compactor is controlled by microprocessors and requires very limited
action by the operator.

• Interlock safety system to prevent inadvertent operation.

EXPERIENCE

This Supercompaction service started operating in November 1985 and
four campaigns were completed by the end of June 1986 with the results
shown in Table 1.

The first campaign was done on non-radioactive waste to conduct
operator training and initial start-up of the Supercompactor. The drums
were prepared by an independent third party and contained known amounts by
percent of each material, for instance 20% fire brick, 10% steel bars, 20%
electric motors, 25% light metal parts and 25% other metal, and the final
density was 137 lbs./cu. ft., which showed the effect of the 1750 ton
press force.

The second campaign was on radioactive dry active waste (DAW) from
the GE Morris Operation and were loaded with paper, cloth, plastic, rubber
and some metal with a final density of 85 lbs./cu. ft., which is lower due
to a smaller amount of metal and non-compactibles.

The third campaign was on DAW at a mid-West nuclear power plant and
resulted in a final density of 62 lbs./cu. ft. due to the high amount of
plastic, 75% to 90%, with the balance of rubber and cloth.

The fourth campaign was on institutional waste (DAW) for a broker.
The drums weighed from 100 pounds to over 500 pounds. The lightweight
drums were loaded with plastic, glass and cloth, and the heavier drums had
concrete, divt and some metal.

CONCLUSION

The results to date show that the best volume reduction can be
obtained with nonsegregated DAW, which should result in better than 3:1
VRF.

In cases where the DAW is segregated and the material sent to the
compactor is over 75% plastic, you can expect to get a VRF of 2:1 when
actual burial volume is considered. The actual average volume reduction
of the pressed drums (pucks) on the last two campaigns was 2.8 and 3.3.
The difference in the burial volume reduction and the puck volume
reduction is due to the lack of efficient packing of overpacks. It is
clear that an overpack optimization can further enhance volume reduction.
The optimum overpacking involves being able to distribute the pucks in such
a way as to completely fill the overpack drum, which in some cases may
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TABLE 1
SUPERCOMPACTOR RESULTS

Average Average
Input Density Average Density

No. of Drums Start Weight Final VRF VRF Over-Pack
Campaign Drums (Gals.) (Lb/Ft3) (Pounds) (Lb/Ft3) Pucks Burial (Gals)

CO

o

1

2

3

4

23

40

552

637

55

55

52

55

28

20

24

36

207

144

194

262

137

85

62

115

6.7:1

5.6:1

2.8:1

3.3:1

3.7:1

3.4:1

2:1

2.2:1

83

83

55&46

89

60299Q PH348.01



mean waiting until a 2-3 inch puck is produced. A new material handling
system has been added to the Supercompactor so that more overpacks, i.e.,
9-15 can be in the process of being filled.

The distribution on the third campaign is shown in Figure 3, the
number of drums versus the VRF of the compactor.

In compacting 52 gallon drums, the overpacks used can be 55 gallon
drums, but to improve the overall burial volume (VRF), some 46 gallon
drums are also used.

In compacting 55 gallon drums, the overpacks used will be 89 gallon
drums as compared to 83 gallon drums that we used on our initial campaign.
The 89 gallon drum has a greater internal height, 41 versus 34.
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CEGB EXPERIENCE IN IMMOBILISING RADIOACTIVE RESINS,
SLUDGES AND RELATED WASTES

C.P. Haigh, A.S.D. Willis
Central Electricity Generating Board

Generation, Development and Construction Division

and

W. Martin, J. Vibrans, J.E. Williams,
A. Curry and A.P. Haighton

Central Electricity Generating Board
North Western Region

ABSTRACT

The Central Electricity Generating Board (CEGB) is
carrying out a programme of work with the objective of
developing processes and plant for the conditioning of
radioactive solid wastes arising at its gas cooled
nuclear power stations. The varied nature of the
wastes, which include various pond sludges and organic
and inorganic ion exchange resins of specific activity
up to 40 TBq/m (1000 Ci/fn' of Csl37), meant that it
was an essential requirement that the plant be
designed to use both cementitious and polymeric
matrices.

This paper outlines development work and the design
and operational features of a fixed plant. Some of
the important design features are highlighted
including the choice of all steel construction, in-
drum disposable mixing blade and the use of
shielded waste containers. The first plant has
been built and operated at Trawsfynydd Power
Station and the operational experience gained is
summarised. Further development work and
applications are outlined.

INTRODUCTION

Solid and semi-solid radioactive wastes arise at the CEGB's
gas-cooled Magnox and Advanced Gas-Cooled Reactor (AGR) power stations
from a number of sources associated with liquid waste management and
effluent treatment. Ion exchange resins arise principally from the
irradiated fuel storage pond water treatment plant. Filtration of
various liquid waste streams and pond water gives rise to sludges,
filter backwashings, filter aid materials and sand.
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On Magnox power stations the pond sludges arise from the corrosion
of the fuel element cladding, a magnesium/aluminium alloy, during
storage prior to off site shipment. The corrosion may also lead to
the release of fission products into the pond water which may become
associated with particulate material and be removed by filtration.
Soluble fission products, principally Csl37, are removed by ion
exchange. During station operation considerable effort has been put
into identifying the most appropriate and efficient ion exchangers and
this has resulted in a wide range of organic and inorganic materials
being used and subsequently mixed together in the spent resin storage
vaults. One station has more than ten different types of spent resin
in stratified layers within one storage vault.

On AGR power stations the storage of spent fuel in storage ponds
gives rise to sludges which consist primarily of oxide film which can
spall from the stainless steel fuel pin cladding. The principle
radioisotopes are thus associated with the activation products from
irradiated stainless steel such as C06O. Ion exchange of the
pondwater is necessary in addition to filtration in order to reduce
the soluble activity and control doses to pond operators. The
filtration processes also produce semi-solid arisings in the form of
filter pre-coat materials such as diatomaceous earth, sand and
anthracite.

Representative rates of arising of wastes at U.K. power stations
are given in Table 1 which also indicates those wastes which are
anticipated for the U.K. design of PWR being considered for Sizewell
'B1.

TABLE 1. REPRESENTATIVE ARISINGS AT UK POWER STATIONS

Waste
Type

Magnox 1. Sludge

ii. I/X
Resin

AGR ]. Sludge

li. I/tt
Resin

PWR 1. I/X
Resin

Typical
Annual
Arisings
m /GWe/yr.

5

5

3

2

10

(primary)
i i. Evapo-

rator
up to 3

concentrate

Specific
Activity

3 3
TBq/m (Ci/m )

2 (50)

1-10
(20-300)

<40 (<1000)

2 (50)

7 (180)

0.01
(0.25)

Principal
Radionuci ides

Csl37, Sr90,
Pu241, Cel44
Csl34, Csl37,
Sr90

Fe55, Co60,
Ni63, Mn54
Co60, Fe55,
Csl34

Co58, Co60,
Csl37, Fe55

Csl37, Co60

414



For many years all new U.K. power stations have been provided with
storage tanks for unprocessed sludges and resins sized so as to be
adequate for anticipated station lifetime arisings. Wastes are
transferred hydraulically into the tanks and are stored underwater.
Some stations have found it necessary to construct additional storage
facilities because waste arisings have been greater than originally
anticipated, discharge authorisations have been reduced and planned
station lifetimes have been extended. As an alternative to additional
storage tanks, conditioning for off site disposal has been considered
where an appropriate disposal route was available. In the late 1970's
the CEGB built and operated Magnox pond sludge conditioning plants at
two of its power stations. These plants solidified the sludges in
cement inside concrete and cast iron shielded drums which were
subsequently sea dumped. The operation of these plants removed
accumulations of pond sludge and their re-use in recent years has not
been required. It is however unlikely that they will operate again as
the package designs are not suitable for land disposal and sea dumping
is not currently an option.

In 1978 the CEGB commenced an intensive programme of work to
develop the means to condition for off site disposal all of its stored
accumulations of waste. New power stations would be provided with
storage facilities for relatively small amounts of unprocessed waste
and stations would be provided with waste conditioning provisions from
the start of operation so that the wastes could routinely be
conditioned for storage and disposal. In either case the waste must
be in solid monolithic form in appropriately shielded packages.

A generic design of a solidification plant has been produced which
could be used at all the CEGB's power stations as appropriate. The
first fixed plant to be built to this design is at the Trawsfynydd
power station in North Wales. This particular station is unique
within the UK in that it takes its cooling water from a man-made
freshwater lake. Stringent limits on liquid effluent discharge
imposed due to this particular location have resulted in relatively
large usage of ion exchange material and additional spent resin
storage vaults had been provided. The generic waste conditioning
plant design was modified so that only a polymeric matrix, in this
case the Dow WSB101 system, could be used. This was m-- ;jered
appropriate because of known physical and chemical incompatibilities
between Ordinary Portland Cement and the types of ion exchange resins
which had been used for several years.

Researrh work undertaken in support of process development is
summarised below together with details of plant design and experience
gained during plant operation in 1985.
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RESEARCH AND DEVELOPMENT

The purpose of immobilisation is to convert the wet waste into
dry, solid, monolithic blocks prior to interim storage, transport and
final disposal. A range of polymeric and cementitious matrices have
been considered and a comparison of some of the properties of
waste/binder test samples has been presented in earlier reported work
(1, 2). The results showed that there :s a range of binders giving
immobilised waste forms of good strength and stability. An important
consideration in the choice of matrix for power station wastes is its
ability to immobilise water. All the wastes are stored under water
and will be transferred hydraulically to the processing plant.
Complete removal of the water prior to immobilisation is difficult and
introduces different process considerations such as the risk of
additional airborne contamination and other dry solids handling
constraints.

Cement is an attractive option for this reason and, for much of
the CEGB's waste it produces a good waste form. However, in the case
of some of the organic ion exchange resins which had been used at
Trawsfynydd the properties of the waste form were unacceptable and the
superior properties of thermosetting polymers were necessary. Since
water extendable polymers are capable of dealing with high
concentrations of water, attention was focussed primarily on these as
candidate binder materials. The data contained in Table 2 illustrates
the properties of a phenolformaldehyde based ion exchange material
immobilised in vinyl ester at 55% waste loading. For comparison
purposes a typical concrete used for building purposes might have a
compressive strength of 25 MN/m (3700 psi). Unlike the U.S, the U.K.
does not lay down a minimum acceptable strength. It remains the
responsibility of the waste producer to demonstrate the acceptability
of the wasteform.

SUPERNATENT WATER

SETTLED RESIN

MIXER MOTOR

CHEMICALS IN
GROUT IN

METERING
PUMP/AUGER

[o«««Hiirw>i)

BREAK TANK

-EJECTOR DRIVE
PUMP

(Fig. 1) PROCESS FLOW DIAGRAM AT TRAWSFYNYDD
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TABLE 2. SOME PROPERTIES OF IMMOBILISED WASTE (a)

Compressive Strength

as cured
after 20 freeze/thaw cycles
after heating to constant weight at 110.C
after immersion in water for 60 days
after external irradiation

(1400 Mrad)

Gas evolution

volume, per gm per 100 Mrad

Leach rate (b)

For Csl37 in demineralised water
after 130 days

Peak exotherm

Based on test at 180 litre scale

Ignition temperature

Binder only, no waste included

Notes

33 MN/m (5000psi)
29 MN/m (4200psi)
48 MN/m (7000psi)
32 MN/m (4500psi)

25 MN/m (3700ps]

0.61 cm

6x10 cm/day

70°C

>600°C

(a) Dow WSB101 binder and Lewatit DN ion exchange
resin (55% used).

(b) Leach tests based on Hespe tent (Ref. 3 ) .

Full scale inactive test facilities were set up to investigate the
waste flow characteristics, waste handling system and the
immobilisation process. The waste transport system was specifically
developed to minimise the risk of pipeline blockage whilst taking
account of the batchwise nature of the process. Resins are
transported at high pipeline velocities, typically 3 m/s, in very
dilute suspension, typically less than 10% by settled volume.
Automatic flushing procedures during start up and shutdown showed that
the risk of pipeline blockage could be avoided. A full description of
the development of the waste transport, delivery and batching system
is given in reference 4.

The test facility was used to develop speciJ IC plant components
and to demonstrate the performance of the total system. Particular
attention was paid to the performance and reliability of pumps, valves
and instrumentation. The uniformity of waste distribution through the
matrix is considered to be an important parameter and full sized
inactive blocks mixed on the facility have been cored to demonstrate
that the mixing configuration achieves a uniform distribution of waste
in the matrix. Tests have been carried out with 100% water and 100%
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dry waste which show uniform distribution of the waste throughout the
block although the mechanical performance of the waste is somewhat

DESCRIPTION OF IMMOBILISATION PROCESS

The solidification process was defined as a result of the research
and development work outlined above and the major components necessary
to carry out the process were readily identified. In designing a
generic plant it was considered desirable to facilitate the use on the
plant of both polymeric and cement 1tious binders with a minimum of
modification necessary to change from one binder to another. It was
not envisaged that a change of matrix would be made during a campaign
and the plant would need to be refurbished and relicensed for
operation on each change of matrix. However, since the first plant
was purpose built for the treatment of ion exchange resins in the Dow
WSB101 polymer the process description will concentrate on this
system. Development work intended to demonstrate and underwrite the
use of cement in the generic plant design is now in progress.

A process flow diagram is shown in Figure 1 and this system could
be used ior any ion exchange resins or similar rapidly settling solid
wastes. The waste is retrieved from underwater storage using a water
driven ejector and is carried in dilute suspension through a booster
pump to a hydrocyclone. The concentrated solids in the cyclone
underflow are collected in a batching hopper whilst the motive water
in the overflow is passed to a break tank. The ejector drive pump
takes water from the break tank and minimal additional water supply is
required, other than for cleaning purposes.

Prior to commencing the solidification process a shielded drum,
fitted with a sacrificial mixing blade, is charged with the bulk of
the solidification chemicals at a non active chemicals dispense and
mixing station. -In the Trawsfynydd plant design these include a
densifying grit to ensure adequate density of the final waste form
which was originally designed against sea disposal criteria. The drum
is conveyed to the active mixing station and the waste is added and
the contents mixed. A further chemical addition is made to cause the
mixture to solidify. After gelling a quality assurance probe is
lowered to confirm that the waste form is solid and that the expected
peak temperature has been attained. The anticipated temperature rise
is known from laboratary based trials. The package is then lidded and
at this stage the package is fully shielded and can be removed from
the plant to permit a locking rin^ to be positioned and the drum to be
weighed. Provision has been made for the residual void volume within
the package to be filled with a cement grout which has the dual role
of making the package monolithic and absorbing any condensation
generated during the exotherm transient. Grout injection is carried
out through the lid with the package rotated on to its side. This
orrentation allows the displaced air to be vented through a small hole
in the side of the package and residual voids of the order of only
15cm have been detected in test packages. The package is monitored
for rodiation level and possible contamination before being
transferred to storage.
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PLANT DESCRIPTION
A schematic of the plant is seen in Figure 2.

Shotted ppe duct
tor waster**

ttbsie addition/
mix station Cure

station

Emptydrumsm •

(Fig 2) WASTE CONDITIONING PLANT FOR ION EXCHANGE RESINS

A disposable mixer blade is employed to minimise the spread of
contamination and the process is carried out within shielded drums
which reduce plant shielding requirements. The structure consists of
a lightweight inner hermetically sealed stainless steel box
containment system which is surrounded by an outer heavy mild steel
biological shield. The modular demountable shield is adequate to
permit processing of wastes of up to 40 TBq/m (lOOOCi/m of Cs 137)
specific activity. Solidifying the wastes directly in a shielded drum
reduced the plant side shield thickness to 75mm whilst the top
shielding is up to 220mm thick. Plant surface dose rates should be
less than 5(jSv/hr.

The adoption of an all steel construction offers the following
advantages:

l) the plant can be erected and tested in the manufacturers
works prior to disassembly, transfer to and construction on

11) the reduced shield thickness compared with concrete makes it
easier to mount all drive motors outside the containment
ooxes in clean areas;

lii) Waste quantities arising from decommissioning the plant will
be minimised. Of the 25Ote total plant weight only 1.5te
will potentially be contaminated.
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Separate containment boxes are provided for the airlock, active
mixing station, waste batching and metering equipment and curing and
quality checking station. Those boxes which together form the process
tunnel are separated from each other by sliding shield doors fitted
with dual inflatable seals. Drum transport within the plant is
effected by powered roller conveyors designed for a 5te rolling load
and with motors fitted outside the shielding such that all components
including rollers can be changed without gaining access to the
containment boxes. Drum positioning is by means of photoelectric
sensors and a programmable controller affords sequence control. A
ventilation system provides for progressive atmospheric depression in
the containment to ensure air flow inwards towards the potentially
more contaminated areas. A separate ventilation system is provided at
the chemicals dispensing station. Water sparging for decontamination
of the containment boxes is also provided.

The hydrocyclone and batching hopper are positioned above the
active mixing station. The waste metering pump comprises a modified
wide throat progressive cavity pump with an additional screw feeder
section. In the event of a breakdown requiring access to the
containment the hopper contents can be flushed to the break tank and
returned to the waste vaults using the ejector drive pump.

At the active mixing station the drum is raised and a seal is
effected between the package splash plate and a mixing hood. The
waste is dispensed with the stirrer in motion and after the mix has
gelled the package is lowered and moved forward through the plant
where quality assurance checks are made before a pre-cast concrete lid
is f1tted.

The solidification plant is housed in its own building which
includes provision for storage of solidification materials and the
completed packages.

PACKAGE DESIGN

The packages used in the plant have
been designed to take account of the
requirements imposed by storage,
transport and disposal systems. For
the first campaign at Trawsfynydd
the packages were designed to comply
with U.K. requirements for sea
disposal (ref. 5). It is recognised
that future campaigns will need to
use packages which meet the
requirements of U.K. NIREX Ltd., the
organisation responsible for the
development and management of waste
disposal facilities in the U.K. The
design of packages as used at
Trawsfynydd is seen in Fig. 3 and is
more fully described in Ref. 6.

(Fig. 3) DESIGN OF SEA DISPOSAL
CONTAINER (TYPE 1803) USING
IRON SHOT CONCRETE
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Outer dimensions are approximately 0.9 metres diameter and 1.2 metres
high to; i_h a full weight not exceeding 3Te. Wall thickness is variable
and can be selected to be appropriate to the specific activity of the
waste to be processed such that surface dose rates should be below
about 350 pSv/hr. Although a range of package materials has been
evaluated, including grey and spheroidal graphite cast iron, the
material of construction of the packages used at Trawsfynydd was iron
shot concrete with a density of 5.6 gm/cm . A pre-cast iron shot
concrete lid is provided and a water/cement grout is used to fill the
ullage space.

OPERATING EXPERIENCE

As indicated earlier the first plant based on the generic design
has been built at Trawsfynydd in North Wales. After construction
plant commissioning took place in four phases:

I) pre-commissioning checks followed by function testing of all
sections of the plant;

ii) integrated testing in which all items of plant were brought
together under the control of the programmable controller;

iii) non-active commissioning in which a number of packages were
produced using non-active ion exchange resins;

iv) active commissioning in which a limited number of packages
ere produced using active resins to the satisfaction of the
Authorising Departments.

During non-active commissioning a problem was identified relating
to the entrainment of air when mixing waste and polymer. This was
resolved by carrying out further trials on the laboratory test rig and
was found to be clue to a combination of polymer temperature and mixing
speed. This served to demonstrate the advantage of the programmable
controller over hard wired control systems in that a modification to
the mixing procedure was effected simply and quickly by reprogramming
the controller with no changes to the hardware being required.

During active commissioning six packages were produced and a full
radiological survey was carried out which confirmed the shielding
design was adequate and that environmental limits were being met.

A production run of a further 388 packages was completed and all
packages fully satisfied the quality assurance requirements. An
average of 5 packages per day was maintained.

During the production run some difficulty with spent resin
transfer was experienced, which manifested itself in protracted resin
transfer times. Initially this was thought to be an ejector suction
blockage, but the problem was subsequently identified as the inability
of the ion exchange resin in the vault to migrate into the suction
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nozzle at a rate to match the extraction rate of the ejector which
resulted in water being preferentially extracted. The problem tended
to arise when a stratified layer of one of the heavier ion exchange
resins present in the vault, for example AW500, was encountered. The
solution proved to lie in manually controlling the bleed-off of return
ejector motive water from the break tank, in conjunction with
observations of the dose level readings downstream of the ejector.
The monitor readout gave an indication of the resin burden of the
water being transferred. Some difficulties with spent resin transfer
were also experienced towards the end of the campaign when the resin
level in the vault fell to the bottom half metre. The time taken for
transfer increased from approximately 10 mins up to 90 tnins with
consequential adverse effects on motive water management. This
problem was overcome by the introduction into the vault of a
mechanical agitator to supplement the installed hydraulic agitation.

As a result of the operating experience gained on the first
production run, some minor changes will be made to the sequence logic
provided by the programmable controller.

At the end of the first packaging campaign the plant was cleaned,
decontaminated and decommissioned to previously agreed and authorised
arrangements.

FURTHER DEVELOPMENTS

Although the plant described in this paper has been designed,
built and operated specifically for the immobilisation of ion exchange
resins in polymers, the generic design is capable of handling other
wastes and matrices. Of particular interest would be the treatment of
pond sludges and similar wastes, as identified in Table 1, which could
be described as 'slow settling solids'. Although the Dow Matrix is
capable of producing acceptable waste formswith high water content
this would be an -inefficient use of disposal package volume. For
cement matrices the water content of the waste would have to be more
rigidly controlled. The waste dewatering system provided in the plant
as described is probably inappropriate for application to sludges.
One possible approach might be to retrieve the sludge from storage at
as high a solids concentration as practicable and to accept the
packaged waste loading that results from this without attempting
dewatering. This might be acceptable if cement can be used as the
matrix and if waste and associated water volumes are small.
Alternatively, the modular construction of the plant would make it
relatively straightforward to provide an additional shielded
containment box incorporating appropriate dewatering devices. In drum
dewatering could be considered but is unlikely to be attractive with
slow settling materials.

Cement is becoming the preferred matrix for immobilising
intermediate level waste in the UK because of enhanced steel package
longevity in the alkaline conditions provided by the cement
environment and the perceived desirability of minimising the amount of
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organic material that is sent for land burial. When solidifying
wastes in cement it is proposed to add the waste to the drum first and
then to add the cement powder whilst stirring. Pneumatic transfer of
the cement powder and power requirements for efficient mixing are
being examined on the inactive test facilities whilst the
physico/chemical properties of a range of cement/blast furnace slag
mixtures are being investigated as potential immobilisation matrices.

The Trawsfynydd plant operated in 1985 producing packages which
were originally designed for sea disposal. It might be possible to
reduce disposal costs to a land burial facility by using shielded
overpacks for processing and transport.

The most recent of UK nuclear power stations have been provided
with only limited storage capacity for untreated active waste. The
Heysham 2 Advanced Gas-Cooled Reactor has on site capacity for five
years' arisings of most unconditioned wastes. The proposed Sizewell
'B' PWR has provision for one year's arisings of unprocessed waste
plus storage for one year's arisings of packaged waste. Some
processing of wastes will be required during early operation if the
building of additional unconditioned waste storage vaults is to be
avoided. Consideration is being given to fixed waste processing plant
based on the generic design and also to mobile plants which could use
the same basic process. Mobile plants are in common use in the US,
and experience is now being gained in Europe, particularly in Germany
and France with cement matrices (the MOWA plant) and.polymer matrices
(the PEC plant). It is now seen as likely that most of the CEGB's
intermediate level waste will be stored in unconditioned form until a
mobile plant can be brought into use. The timing of conditioning will
need to be agreed with the UK Regulators.
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DEVELOPMENT AND EVALUATION OF POLYETHYLENE AS SOLIDIFICATION AGENT FOR
LOW-LEVEL WASTE

E.M. Franz and P. Colombo
Department of Nuclear Energy

Brookhaven National Laboratory
Upton, New York 11973

ABSTRACT

A polyethylene solidification process, using an extrusion
system, has been developed for the immobilization of dry
wastes resulting from volume reduction technologies. Ease
of processibility and high packing efficiencies were ob-
tained through the use of low-density polyethylene (0.917
to 0.924 g/cm3) with melt indices from 2.0 to 55.0 g/10
min. Maximum waste loadings of 70 wt % sodium sulfate, 50
wt% boric acid, 40 wt% incinerator ash and 65 wt% ion ex-
change were obtained. A series of tests were conducted to
assess the acceptability of polyethylene waste forms to
meet the requirements of 10 CFR 61. Based on test results
and process control considerations, optimal waste loadings
of 70 wt% sodium sulfate, 50 wt% boric acid, 40 wt% incin-
erator ash and 30 wt% ion exchange resins are recommended.

INTRODUCTION

Low-level radioactive waste at nuclear facilities is presently being
solidified using portland cements, bitumen and thermosetting polymers. Op-
erational difficulties have been observed with each of these solidification
agents. Such difficulties include incompatibility with waste constituents,
low packing efficiencies, premature setting or the formation of solidified
products with poor performance properties. Similar problems are anticipated
for the solidification of wastes resulting from advanced volume reduction
technologies, including evaporator concentrates with high solids content,
dry solids and incinerator ash.

The development of polyethylene as an improved solidification agent was
based on such considerations as compatibility with waste, solidification ef-
ficiency, material properties, availability of materials, economic feasibil-
ity and ease of processibility. Since the solidification process is not de-
pendent upon complex chemical reactions as it is in the case of hydraulic
cements and thermosetting polymers, the processing is simplified and solidi-
fication of the waste is assured. Polyethylene is heated above its melt
temperature before it is combined with waste to form a homogeneous mixture.
Therefore, it is especially well suited for incorporation of dry wastes
resulting from advanced volume reduction systems. The data generated in

4 4 5



this study substantiate the results obtained in Japan* for the solidifica-
tion of wastes such as sodium sulfate, boric acid, incinerator ash and spent
ion exchange resins.

MATERIALS

Polyethylene

Polyethylene is an organic polymer material of crystalline-amorphous
structure, formed through the polymerization of ethylene gas. A variety of
polyethylenes is commercially available, ranging from soft waxes to very
tough plastics. The American Society for Testing and Materials (ASTM)
grades polyethylene into three types based on density: low, medium and high
with respective density ranges of 0.910 to 0.925, 0.926 to 0.940, and 0.941
to 0.965 g/cm3.

In addition to density, other factors which affect polyethylene proper-
ties include molecular weight, molecular weight distribution and melt in-
dex. The melt index is probably the most important consideration since it
determines the ease with which the molten polyethylene flows under prescrib-
ed conditions of temperature and pressure. The melt index, as specified by
ASTM D-1238, is a measure of the viscosity of the melt at 190°C and is ex-
pressed in units of grams/10 minutes. Low-density polyethylene is preferred
for the solidification of low-level radioactive waste since the processing
temperatures and pressures are appreciably lower than those required for
high-density polyethylene.*»2»3 A low processing temperature is more de-
sirable not only for economic reasons, but also for ease of processibility
and prevention of volatilization and/or decomposition of the waste compo-
nents.

Process development studies were conducted with a variety of low-densi-
ty polyethylenes having densities between 0.917 to 0.924 g/cm3, melt indices
between 2.0 to 55.0 g/10 min, and molecular weights between 19,000 to
70,000.1»2 Property evaluation studies were conducted for solidified
waste forms to determine the relative effects of material properties on
waste form product performance. The selection of polyethylene best suited
for the solidification of specific wastes was based on a balance between
achievable waste loadings, process control requirements and the results of
waste form performance tests.^

Preparation of Simulated Wastes

Laboratory scale waste forms were fabricated for both process develop-
ment and property evaluation studies using non-radioactive, simulated
wastes. Radioactive tracers were added to those simulated wastes which were
incorporated into waste forms for leach testing. Materials were selected
which closely resemble actual wastes in both physical and chemical composi-
tion.

Dried evaporator concentrates were simulated using anhydrous sodium
sulfate (Na2S0[f)and orthoboric acid (H3BO3). The actual form of boric acid
produced through volume reduction is dependent upon treatment conditions.
When processed at temperatures in excess of 170°C metaboric acid results.
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I t should also be noted that compositional variations in specific waste feed
streams may alter the chemical form of the volumed-reduced wastes. Since
polyethylene does not chemically react with these waste products, such var i-
ations are not expected to significantly affect the f inal product. Both
Na2S0i;t and H3BO3 simulated waste were employed as a f ine, dry powder with
bulk densities of 1.46 and 1.44 g/cm3 respectively. In contrast to chemical
form, variations in the physical form of the waste may affect such process-
ing parameters as feed rates, screw speed and melt temperatures.

Incinerator ash generated at the Rockwell International Rocky Flats
Plant rotary ki ln incinerator was employed as a typical volume reduction ash
product. This ash was produced by burning simulated waste, with constitu-
ents equivalent to those present in actual combustible LLW from this f ac i l -
i t y .

Unloaded mixed-bed ion exchange resin beads manufactured by Rohm and
Haas Corp., Philadelphia, PA, were used tc simulate reactor resins. Al-
though actual reactor resin waste is chemically loaded, the use of unloaded
resins is not expected to alter results since no free ions are available to
interact within the polyethylene matrix. A ratio of two parts cation resin
(IRN-77) to one part anion resin (IRN-78) was selected as representative of
a typical reactor demineralizer system. Resin bead particle sizes range be-
tween 0.5 to 1.0 mm in diameter. As-received resins (2:1 mixed-bed) have a
density of approximately 1.21 g/cm3 and contained approximately 58 percent
moisture by weight. Typically ion exchange resins at reactors are maintain-
ed in a slurry (containing about 80 weight percent moisture) to fac i l i ta te
transfer operations. Prior to processing with polyethylene, the resins were
oven dried overnight at 110°C. This step was necessitated by design con-
straints of the bench scale extruder, which preclude presence of moisture.

PROCESS DEVELOPMENT

A number of processing techniques were considered fo r incorporat ion of
wastes in to low-density polyethylene. These included batch heating vessels,
wiped f i l m evaporators and screw-type extruders.1*3,4,5 Based on such
considerat ions as ease of p r o c e s s i b i l i t y , qua l i t y c o n t r o l , and the use of a
proven and avai lab le technology, the extrusion method was se lected. This
process employs a simultaneous mixing and heating of the waste-binder mix-
t u r e . A s imp l i f i ed schematic of the sect ional view of a screw extruder i s
shown in Figure 1 .

For the production of laboratory-scale polyethylene waste forms, a com-
merc ia l ly ava i lab le 1 1/4 inch single-screw extruder, manufactured by K i l -
l i o n Extruders, I nc . , Verona, NJ, was used. The extruder was modified t o
accommodate a dynamic feed system with two hoppers to e l iminate s t a t i c
premixing and grav i ty feeding of waste and binder materials in to the ex t rud-
er . These feeders improved the homogeneity of the product by closely regu-
l a t i n g the rate at which both waste and binder are introduced in to the ex-
t ruder . Since the laboratory scale extruder was not equipped wi th vents to
allow water vapor to escape, a l l waste materials were dried to f a c i l i t a t e
mixing with polyethylene, which is not miscible wi th water.
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The extrusion process for so l id i f i ca t ion of radioactive waste in poly-
ethylene involves the heating, mixing and extruding of materials in one
basic operation. The process is broken down into the following steps:

1. The polyethylene binder and dry waste materials are transferred
from either a single hopper or individual hoppers in which they are
stored to the extruder feed throat. Metering of waste-to-binder
ratios is accomplished at th is step.

2. The mixture is conveyed through a heated cylinder by the motion of
the rotating screw. The i n i t i a l portion of the cylinder is con-
t ro l led at a temperature below the polyethylene melting point.
This serves to gradually pre-heat the materials but at the same
time assures proper transport of the mixture.

3. As the waste-binder mixture moves forward past the i n i t i a l pre-
heating zone, i t is masticated under pressure due to the compres-
sive effects of a gradual reduction in the channel area between the
screw and cyl inder. Screw rotation also assists in the mixing of
the materials to a homogeneous state.

4. The gradual transfer of thermal energy by the combined effects
of the barrel heaters and fract ional heat serves to melt the poly-
ethylene. The fract ional heat input is d i f f i c u l t to control and
must be compensated for by the regulation of the resistance band
heaters. In some cases i t is necessary to remove excessive heat by
the use of external blowers.

5. The melted thermoplastic-waste mixture is forced through an out-
put die into a mold and is allowed to cool and so l i d i f y .

Process development studies were conducted with low-density polyethyl-
enes varying pr incipal ly in density and melt index. The important process
parameters investigated included temperature, pressure, mixing kinetics and
volumetric ef f ic iency. In general, polyethylenes with a density of 0.924
and melt indices of 35.0 to 55.0 g/10 min, were able to incorporate greater
quantit ies of waste. Results of these studies are given in Table 1 . The
maximum waste loadings are: 70 wt% sodium sul fa te, 50 wt% boric acid, 40
wt% incinerator ash and 65 wt% ion exchange resins. Waste loadings are pre-
sented in terms of dry weight percent and represent the maximum amount of
waste which can be incorporated to form a monolithic so l id , based solely on
process constraints.

WASTE FORM STABILITY EVALUATION

Sample Fabrication

Laboratory-size samples of varying waste/binder ratios were prepared
using the extrusion method as described previously. Waste loadings ranged
from 20 wt% to 65 wt% ion exchange resins, 10 wt% to 70 wt% Na2S04, 20 wt%
to 50 wt% H3BO3, and 20 wt% to 40 wt% incinerator ash. The homogeneous ex-
truded mixtures were so l id i f ied in cyl indr ical molds, y ie ld ing samples of
approximately 4.8 cm diameter x 9 cm high.
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TABLE 1. MAXIMUM WASTE LOADINGS OBTAINED FOR POLYETHYLENE WASTE FORMS BY
THE EXTRUSION METHOD

Density (g/cm3)

0.924
0.924
0.924
0.917-0.925

Polyethylene

Melt Index

35.0 -
55.0
55.0
20.0 -

(g/10 min)

55.0

55.0

Waste Type

Sodium Sulfate
Boric Acid
Ion-Exchange Resin
Incinerator Ash

Waste Loading
(wt X)

70
50
65
40

Those samples which were prepared for leach testing had radioactive
tracers incorporated into the wastes. The radioisotopes used were Co-60,
Sr-85 (in place of Sr-90) and Cs-137, since these are the radionuclides usu-
al ly of greatest concern in low-level wastes. Waste form act iv i ty source
terms were calculated based upon the waste loading (wt%) and the f inal
weight of each specimen.

Testing

The tests used in these studies are those recommended in the NRC's
Branch Technical Position paper on Waste Form" and are listed in Table 2.
NRC's recommended test methods and criteria by which waste form stability is
determined are also included in Table 2.

TABLE 2. WASTE FORM TEST METHODS

Test

Compressive strength

90-Day immersion in water

Method

ASTM C-39
or D-1074

Thermal cycle ASTM B-553

Leach testing (90 days) ANS 16.1

Irradiation - 108 Gamma Irradiator
or equivalent

Biodegradation
Fungus attack

Bacterial attack

ASTM G21

ASTM G22

Test Criteria

Compressive strength _> 50 psi

Compressive strength _> 50 psi

Compressive strength ̂  50 psi

Leachability index > 6.0 for
each isotope
Compressive strength _> 50 psi

Fungal growth < 10%
Compressive strength >_ 50 psi

No observed bacterial growth
Compressive strength > 50 psi
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In general, increased waste loadings for polyethylene specimens contain-
ing sodium sulfate, boric acid or incinerator ash had little effect on the
results of such tests as thermal cycling, water immersion, biodegradation and
irradiation. Only specimens containing ion exchange resins showed a correla-
tion between waste loadings and waste form failure during the water immersion
test. Specimens containing 50 wt% resin swelled approximately 9% while those
containing 60 wt% or more resin suffered severe cracking. Based on this test
a waste loading of 30 wt% dry ion exchange resin is recommended for solidifi-
cation in polyethylene. Test results for polyethylene waste forms at optimal
waste loadings are summarized in Table 3. The results of the tests indicate
compressive strengths which are well above the minimum 50 psi requirement
(see Table 2).

In contrast, a clear dependence of Teachability upon increased waste
loadings of 10, 30 and 50 wt% for all three isotopes was established for
polyethylene/sodium sulfate specimens. An example is given in Figure 2 where
cumulative fraction leached of Co-60 is plotted as a function of time. The
cumulative fraction of Sr-85, Cs-137 and Co-60 leached from 50 wt% waste
loaded samples after 91 days of leaching is similar (~3xlO~2) for all three
isotopes.

A dependence of leachability upon increased waste loadings was also de-
monstrated for all three isotopes in the leaching of polyethylene specimens
containing incinerator ash at waste loadings of 25 wt% and 35 wt%. An exam-
ple of this can be seen in Figure 3 where the cumulative fraction leached of
Co-60 is plotted as a function of time. At both loadings the cumulative
fraction leached for Cs-137 after 91 days of leaching was higher (7 x 10" 3 at
35 wt% loading) than that for Co-60 and Sr-85 (-1.3 x 10" 3 at 35 wt% load-
ing).

No significant dependence of leachability was observed for polyethylene
waste forms containing 10, 20 and 30 wt% of ion exchange resins loaded with
Co-60, Sr-85 and Cs-137. The data shown in Figure 4 is typical and reflects
sample variation at these low leach rates-. The low leach rates are attribut-
ed to the inert characteristics of the polyethylene and the ability of the
ion exchange resins to retain radionuclides under processing and leach test
conditions.

TABLE 3. COMPRESSIVE STRENGTHS OF POLYETHYLENE WASTE FORMS

Waste
Type

Sodium
Sulfate

Waste
Loading

Wt%

70

Boric Acid 50

Incin.

Ion Ex.

Ash 40

Res. 30

Initial

1600

1600

2000

2000

Compressive

Immersior

700

500

1140

1580

Thermal
i Cycling

1900

1800

2200

2000

Strength (psi)

Irradiation

1800

1700

1500

1600

Biodegradation
Bacteria Fungi

900

1300

2200

1700

1200

1300

2800

2000
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KEY
(T) Feed Material
@ Feed Hopper
(D Heating Unit
(4) Mechanical Screw
(5) Strainer
© Extruded Product
© Die

Figure 1. Sectional view of a simplified screw extruder. The sketch de-
picts flow of material from the hopper to the output die, where
it is extruded in a molten state.

Co-60 release from polyethylene: sodium sulfate waste
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Figure 2. Cumulative fraction leached of Co-60 as a function of time from
polyethylene waste forms containing 10, 30 and 50 wt% of sodium
sulfate waste.
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Co-60 release from polyethylena: incinerator ash

35wt£ ash a 25wt% ash +

icr-2

10--5

20 40

Time(d)

60 80 100

Figure 3. Cumulative fraction leached of Co-60 as a function of time from
polyethylene waste forms containing 25 and 35 wt% of incinerator
ash.

Co-60 release from polyethylene: ion exchange resin

30wtZ resin a 20wtX resin +

10wt% resin *
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Figure 4. Cumulative fraction leached of Co-60 as a function of time from
polyethylene waste forms containing 10, 20 and 30 wt% ion ex-
change resins.
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CONCLUSIONS

Laboratory-scale process development studies and waste form stability
tests demonstrate the feasibility of using low-density polyethylene as an
improved solidification agent for low-level waste.

The results of waste form stability testing indicate compliance with NRC
criteria.

A comparison of recommended waste loadings for polyethylene and
hydraulic cement, as shown in Table 4, demonstrates economic feasibility^
of the polyethylene system based on packing efficiencies.

TABLE 4. COMPARISON OF OPTIMAL WASTE LOADINGS FOR POLYETHYLENE AND HYDRAULIC
CEMENT BASED ON PROCESSING AND WASTE FORM STABILITY CONSIDERATIONS

Solidification in
Polyethylene:

Wt% Wastea

Drum Wt., kgb

(lbs)

Waste /Drum, kgc

(lbs)

Solidification in
Hydraulic Cement:d

Waste Wt%

Drum Wt., kg
(lbs)

Waste/Drum, kg
(lbs)

Sodium
Sulfate

70

358
(789)

250
(552)

9

307
(678)

28
(61)

Boric
Acid

50

225
(496)

133
(248)

15

296
(653)

44
(98)

Waste Type

Incinerator
Ash

40

270
(595)

108
(238)

40

318
(700)

127
(280)

Ion Exchange
Resins

30

210
(463)

63
(139)

13

318
(700)

41
(91)

a. Based on dry solid weight.

b. 55 gallon drum size waste form.

c. Equivalent quantity of waste which can be incorporated in 55 gallon drum
size waste form.

d. Based on previous BNL waste form development studies for waste forms
which satisfied free-standing monolithic solid and two-week immersion
criteria. 7 8 9
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A PLANT FOR IMMOBILIZING LOW-LEVEL AQUEOUS WASTE IN WATER EXTENDIBLE POLYMER

A.S. Williamson and A. Husain
Ontario Hydro Research Division

Toronto, Canada

ABSTRACT

A semi-automated prototype plant for immobilizing low-
level decontamination wastes in water extendible polymer
is described. The plant can process aqueous wastes at the
rate of 4 L/min. Immobilization experience with a variety
of simulated decontamination wastes is described. In
general, conditions of neutral or close to neutral pH, a
waste/resin volume ratio of unity and catalyst
concentrations up to 3% led to a uniformly cured solid
waste form.

INTRODUCTION

Aqueous low-level radioactive wastes at Ontario Hydro nuclear stations
arise from routine decontaminations of equipment. Liquid wastes, resulting
from decontaminations with detergent or by water jetting, contain activity
principally in the form of suspended particles and are processed through an
Active Liquid Waste Treatment System (ALWTS) for activity removal by filtra-
tion and ion-exchange. A separate dedicated collection, treatment and immo-
bilizing system iss however, required for the non-detergent type chemical
decontamination solutions because of their high concentration (up to
130 g/L) of dissolved solids.

The solidification of aqueous radioactive wastes with water extendible
resins has been proposed as an alternative to treatment with cement or
urea-formaldehyde and the technique is the subject of a US patent (1).
In general, the immobilization process involves formation of an emulsion
between the aqueous waste and organic polymer and its subsequent solidifica-
tion by addition of a suitable catalyst/promoter combination. Waste concen-
trations as high as 700 g/kg product can be obtained with the liquid waste
being sealed in the closed cell structure of the cured composite.

Previous investigations at Ontario Hydro using water extendible poly-
ester (WEP) as an immobilization agent have demonstrated that a satisfactory
waste form with good leaching resistance is obtained (2-4). This immobili-
zation technique will be the basis for solidifying low level aqueous wastes
at the Darlington Nuclear Station, the solid waste form would thereafter be
transported to a centralized nuclear waste storage site.
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The annual volume of chemical waste arising at the 4 x 850 MW(e)
Darlington 'A' Nuclear Generating Station is expected to be about 10 m3 with
an activity level in the range of 37-370 MBq/m3 (10"3 - 10"2 Ci/m3) (5). A
full scale prototype aqueous waste solidification system designed to meet
this waste handling requirement has recently been commissioned at the
Ontario Hydro Research Division. The plant can process aqueous wastes at a
rate of 4 L/min. The system is semi-automated and operated from a local
control panel.

In contrast to the large mixing equipment required in conventional
batch immobilization processes, the plant described here uses a small high
speed mixing-emulsifying chamber and a separate small line blender for
catalyst addition to the emulsion. The compactness of the equipment means a
mobile processing unit could be housed in a relatively small trailer.

This paper describes the immobilization system and experience gathered
to date using inactive service water and simulated decontamination wastes.

WEP SYSTEM - FLOWSHEET AND EQUIPMENT DESCRIPTION

The flowsheet for the WEP system is shown in Figure 1. Conditioned
waste solution from tank TK2 and the WEP resin (Ashland Chemical Co., Aropol
WEP 661-P containing cobalt promoter) from a drum are metered at 1 to
4.5 L/min to a high speed (3450 rpm) mixing-emulsifying chamber to produce a
water-in-resin emulsion containing >50 wt % waste. The methyl-ethyl-ketone
peroxide catalyst (Lucidol Lupersol DSW-9) is metered at 10-200 mL/min (>0.5
wt % resin) and mixed with the emulsion in a mechanical line blender
operating at 1750 rpm. The addition of the catalyst at this stage rather
than into the emulsifying chamber permits greater operating flexibility and
minimises equipment clean-up and hence secondary waste generation in the
event of a temporary shutdown. The catalysed emulsion continuously
discharges from the line blender into a product container where it gels (gel
times are typically in the order of a few minutes) and cures (within a few
hours) to a hard solid. Service water is provided in tank T'Kl to permit
immobilization of the residual activity in the system after batch
processing. As well, a provision has been made to flush the equipment after
use with methylene chloride solvent. Pressurized solvent delivery ensures
availability of flushing action following a power failure.

The metering pumps used for all the three liquid streams deliver pulse-
free flows which are crucial in ensuring a uniform distribution of catalyst
in the WEP emulsion. In contrast to the modest requirements for metering
the waste (a meter tube and float type flowmeter is used) and catalyst
(using a magnetic flowmeter) streams, the variability in resin viscosity
(between resin batches and due to temperature variations, viscosities may
range from 100-300 cp) coupled with the resin's low electrical conductivity
(a minimum conductivity of 5yS/cm is required to enable the use of a mag-
netic flow meter) necessitated the use of an oval gear meter for the resin
service.

Photographs of the emulsifying chamber and line blender are shown in
Figures 2 and 3. These and other major process equipment are made from 316
stainless steel. Figure 4 is an overall view of the WEP plant showing the
control panel on the left.
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Figure 1. Flowsheet of WEP Immobilization Plant.

Figure 2a. The mixing emulsifying
chamber - overall view.

Figure 2b. The mixing emulsifying
chamber - internal view
showing the impellers.
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Figure 3. The line blender in operation
showing the emulsion pouring
out from i t .

Figure H. Overall view of the WEP
Immobilization Plant.
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WEP IMMOBILIZATION SYSTEM CONTROL

The main control system is depicted in Figure 5. Briefly, the 4 to
20 mA signals from the three fiowmeters are added in accordance with
appropriate scaling factors to obtain the composite 4 to 20 mA signal
corresponding to the total flow rate entering the product container. When
this signal converted to a pulse frequency and accumulated over time
corresponds to the product container volume, control action occurs shutting
off the metering pumps. Following replacement of the filled container,
operations are resumed by activating a reset switch. A manually set tinier
with time-out alarm is used as a back-up to the above.

The metering pumps are interlocked to start and stop together.
Shutdown occurs when: 1) a low level is detected in tank TK2; 2) a zero
flow condition occurs in any one process stream; 3) the blender or/and
emulsifying chamber are not operating.

System flushing is manually controlled from the control panel. Fill up
of tank TK? with liquid waste from drums is controlled by a non-intrusive
high liquid level sensor while liquid starvation of mixing pump P4 during
tank recirculation is prevented using a similar low level sensor.

Flow
Element

F3

Flow
Element

Fl

Waste
Flowrate

Catalyst Flow Rate
1-20 mA Integrator

H-20 mA

Adder/
Subtractor

Total
Flowrate

Resin F'owrate
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I
Frequency-

Analog
Converted

Resii; Fiowrate
Pulse Frequency

i
Flow

Element
F2

mA

Analog-
Frequency
Converter

p Total
Flowrate
Pulse

Frequency
Totalizer

I Accumulated
1 — * •
I Pulse

Figure 5. Block diagram of the main control system.

WEP SYSTEM - IMMOBILIZATION EXPERIENCE

Several immobilization t r i a l s were i n i t i a l l y conducted using service
water. Generally a 1:1 resin-water emulsion was produced with the catalyst
content varying between 1/2 to 1 wt % of the resin. The resin and water
flow rates were varied between 1 and 4 L/min. In al l cases, the emulsion
gelled within a few minutes; an overnight cure yielded a satisfactory waste
form, i e , a solid with smooth surfaces and no associated free l i qu id . The
maximum temperature increase at the centre of the curing waste form did not
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exceed 70°C. To minimize resin usage, the largest product container f i l l e d
was restricted to about 15 L. Figure 6 shows in cross-section a typical
waste form produced.

Figure 6. Cross-section of the solidified waste
form produced by the WEP
immobilization Plant.

The line blender can handle a flow rate of about 6 L/min of materials
up to a viscosity of 1000 cp. At 8 L/min emulsion (resin and water flow
rate each 4 L/min) flow rate, the handling capacity of the blender is
exceeded. However, sufficient residence time is still available to permit a
homogeneous distribution of the catalyst in the emulsion as judged by the
uniform cure of the product. Increasing the emulsion flow rate much above
8 L/min would be limited by insufficient catalyst blending. Further, since
the emulsion viscosity increases dramatically with water content (2), the
limiting water to resin ratio was found to be about 1.5; a higher ratio
would likely lead to overload of the motors driving the blender and
emulsifying chamber.

Preliminary estimates of flush volumes were obtained as follows: the
blender was initially flushed with water at 0.? L/min until the effluent was
clear. This was followed by solvent flush at a flow rate of 0.1 L/min
(solvent pot pressurized to 3 psi). The total effluent collected was 1.5 L
consisting 1 L water and 0.5 L solvent. In the next stage, the emulsion
head was successively flushed with water at 1 L/min and solvent at 0.5 L/min
(solvent pot pressurized to 5 psi) generating an additional 4 L effluent
consisting 2 L each of water and solvent. It should be possible with
additional experimentation to further reduce the total flush volumes
generated in the two stages.

The flushing sequence described above, while repetitious in-so-far as
the blender is concerned, ensures that the catalyzed emulsion is displaced
from the blender expeditiously. The delay in the opening of the motorized
valve in the solvent line led to thickening of the emulsion in the blender
with consequent motor overload when this sequence was not practised.
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Incorporation of the secondary waste generated in the start-up and
finishing stages with the emulsion in the product container is desirable.
In fact, no significant deterioration in appearance of products containing
up to 30 g/kg methylene chloride has been observed previously (6) in bench
scale immobilizations. However, the concentration of solvent in the
flushing waste as described above is considerably higher than the above
limit. Rather than imperil the adequate curing of a large batch of product,
it would be preferable to process the secondary waste separately, small as
it is relative to the total volume of primary waste solidified.

The types of decontamination wastes that arise at Ontario Hydro nuclear
plants are shown in Table 1. While these decontamination wastes are
compatible with the stainless steel construction of the plant, the extreme
pH of some of the waste solutions could lead to difficulties in forming
stable emulsions and in some cases, where stable emulsions may be formed, in
their subsequent cure. Earlier laboratory scale experiments in which the
intensity of agitation was much less than in the emulsification chamber on
the WEP plant suggested that, in general, conditioning of the wastes to
pH 7-9 (2) was required to obtain a satisfactory solid waste form.

TABLE 1. CHARACTERISTICS OF DECONTAMINATION SOLUTIONS

Name

Turco 4512

Turco 4521A

Turco 4306

Calgon

Nacconal

Pickering
solution

STPP

Peroxide
bicarbonate

Alkaline
permanganate

Composition
(wt %)

Phosphoric acid

Ammonium citrate
Oxalic acid

Sulphamic acid

Sodium hexametaphosphate

Detergent

Sodium hexairetaphosphate
Detergent
EDTA

Sodium tripolyphosphate

Sodium carbonate
Sodium bicarbonate
Hydrogen peroxide

Sodium hydroxide
Potassium permanganate

66%
34%

50%
25%
25%

57%
27%
16%

77%
23%

Concentration
(g/kg)

50

50

50

10

10

10

10

127

130

PH

1.4

4.0

0.5

7.1

7.7

7.1

8.5

9.6

13.0

Simulated decontamination wastes were prepared in accordance with the
compositions specified in Table 1. The inclusion of detergent containing
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wastes in this study is due to the possibility that these also may require
immobilized storage as a result of unacceptably high activity levels for
treatment through the ALWTS. Immobilization of these wastes was performed
at varying aqueous phase pH (in the range 4 to 10), waste to resin volume
ratios (1.0 and 1.5) and catalyst concentrations (1 and 3%). Conditioning
of the waste involved addition of an appropriate acid or base. While the
acid used varied, the base, in all cases, was sodium hydroxide; the latter
was added principally in the solid form to minimize the •ncrease in waste
volumes. Wastes may alternately be conditioned by combining an acid waste
with a suitable alkaline waste (7). In this approach, pH conditioning is
effected without an increase in the total volume of wastes. Conditions
under which a satisfactory waste form was obtained within a cure time of
24 h are summarized in Table 2 for each waste type. These results were
obtained for wastes conditioned by the acid/base addition Method.
Experiments with wastes conditioned by the alternate method are still in
progress.

TABLE 2. IMMOBILIZATION OF SIMULATED DECONTAMINATION WASTES

Name

Turco 4512

Turco 4521A

Turco 4306

Calgon

Nacconal

Pickering
solution

STPP

Alkaline
Permanganate

PH

7.0

7.0

7.0

7.1

7.7

7.1

8.5
7.0

7.0
10.0
7.0

10.0

Conditions
Waste/
Resin
Ratio %

1

1

1, 1.5

1

1

1

1
1

1, 1.5
1, 1.5
1, 1.5
1, 1.5

Catalyst

3

1-3

1-3

1-3

1-3

1-3

1-3
3

1-3
1-3
3
3

Acid/Base per L of
Waste Required for

pH Conditioning

28 g NaOH

10 g NaOH

20 g NaOH

-

-

-

1.3 mL cone. HNO3

86 mL cone. H3P0i+
70 mL cone. H^PO^
212 g sulpharmc acid
204 g sulphamic acid

The results indicate that for all waste types, conditions of neutral or
close to neutral pH, a waste to resin volume ratio of unity and catalyst
concentrations up to 3% led to a uniformly cured solid waste form. These
conditions are similar to those established in earlier laboratory studies
(2-4) indicating an insensitivity of the immobilization process to the
intensity of agitation in the emulsification step. In general, an increase
of waste to resin volume ratio from 1 to 1.5 led to unstable emulsions or
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inadequate waste forms. This may be due to insufficient resin and/or
catalyst. An exception was the H3P0i+ conditioned alkaline permanganate (AP)
waste form which was generally of poorer quality (evidence of bubbles,
cracks, pin holes on surface, skin formation etc.) than other waste forms
although a waste/resin ratio of 1.5 gave a slightly better product than a
ratio of unity.

Unstable emulsions were obtained at the higher waste/resin volume ratio
of 1.5 in the cases of Calgon, Nacconal and Pickering solution. This
implies that a waste/resin ratio of less than 1.5 but greater than unity
would be appropriate for immobilizing these waste types. In the cases of
Turco 4512, Turco 4521A and STPP, stable emulsions were obtained but did not
cure adequately using 3% catalyst indicating that, subject to viscosity
considerations, a ratio larger than 1.5 may be practical if catalyst
concentrations greater than 3% are used.

Conditioning of AP solutions was also attempted using oxalic acid (7).
However, the reaction was rather violent and accompanied with considerable
precipitate formation. In contrast, conditioning with phosphoric and
sulphamic acids was readily accomplished with no adverse effects. Since
these acids are the principal ingredients of Turco 4512 and Turco 4306,
respectively, immobilization of combined Turco and AP wastes should be
feasible. Based on the conditioning requirements stated in Table 2, and
solution concentrations in Table 1, 3-4 parts of Turco 4512 or 4306 waste
could be combined with 1 part of AP waste.

Peroxide bicarbonate solutions formed extremely viscous emulsions at
waste/resin ratios of 1 and 1.5. Immobilization of such emulsions using the
WEP plant was impractical due to severe strain on the equipment, poor
distribution of catalyst in the emulsion and inadequate heat dissipation in
the solidifying waste form. Only a waste/resin ratio of less than unity
would be practical for this waste type. Viscosity measurements suggest that
an emulsion containing 40% waste conditioned to pH 8.5 (17 mL cone. h^PO^
per L waste) can be immobilized using the WEP plant.

CONCLUDING REMARKS

The WEP immobilization plant, built at an equipment cost of $50 K, has
performed satisfactorily to date. Simulated decontamination solutions of
varied compositions have successfully been immobilized using the plant.
Further work is planned to gain additional operating experience and to
define optimum parameters for immobilization of each solution type. It is
expected that an improved compact version of the equipment with appropriate
shielding provisions will be installed at Darlington. Also the equipment
could be mounted on a mobile skid for use at any plant.
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IMMOBILIZATION OF MEDIUM-LEVEL WASTE AT TOKAI
REPROCESSING PLANT

T. Yamanouchi, M. Yamamoto,
H. Miyao, H. Takeda

Power Reactor and Nuclear Fuel
Development Corporation

Akasaka, Minatoku, Tokyo, Japan

ABSTRACT

Medium-level liquid wastes generated at the Tokai Reprocessing
Plant have been immobilized by a bituminization process for
evaporator concentrates and by a plastic solidification process
for TBP. The Bituminization Demonstration Facility (B.D.F) and
the Solvent Waste Treatment Demonstration Facility (S.W.T.D.F)
both of which are located at the Tokai Reprocessing Plant site.
The B.D.F adopted the Extruder Solidification Process and has
operated with active liquid waste since October 1982. The
S.W.T.D.F adopted the Phosphoric acid Extraction method (KfK
method) for separate TBP and, PVC and Epoxy solidification
process. Construction of this facility was completed at the
beginning of 1984. Cold tests were carried out from May 1984 to
October 1985 and hot test began in December 1985.

INTRODUCTION

The Power Reactor and Nuclear Fuel Development Corporation (PNC) con-
structed the Tokai reprocessing Plant with a reprocessing capacity of 0.7
tons per day for Light Water Reactor Fuel, the plant has processed 253
tons of heavy metal uranium since the hot operation started in September
1977.

The main process of the plant consists of a combination of the chop-
leach process and the purex process. Spent fuel assemblies are first
chopped into short lengths by the shearing machine, then introduced into
the dissolvers to dissolve with nitric acid. The dissolver solution, con-
taining uranium, plutonium and most of the fission products, treated with
the solvent extraction process, which consists of three-cycle purex pro-
cess using 30% TBP in n-dodecane, to separate uranium and plutonium from
fission products.

Low and Medium level aqueous wastes from above mentioned process are
concentrated by evaporators. The condensate is discharged to the sea
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after monitored the radioactivity level, and the concentrates are stored
in the concentrated waste storage vessels. These concentrated aqueous
wastes are transferred to the B.D.F and immobilized. On the other hand,
the waste solvent has been stored in the waste solvent storage vessels
since the operation of the Tokai Reprocessing Plant started, and the deve-
lopment project of the plastic solidification is now proceeding.

BITUMINIZATION DEMONSTRATION FACILITY (B.D.F)1'2

The B.D.F was constructed to immobilize low and medium level aqueous
wastes arising from the Tokai Reprocessing Plant and to store solidified
product as a stable form.

Engineering design of this facility was carried out from 1975 to 1978.
Construction work was completed at the beginning of 1982.

Process

This process consists of the following 4 steps (see Figure 1);

(a) Receiving and Pretreatment
(b) Mixing and Dehydration
(c) Filling and Capping

(d) Transfer and Storage

Table 1 gives details of the wastes treated in the B.D.F.

(1) Receiving and Pretreatment
In this facility, radioactive liquid waste from the Reprocessing Plant

is received in two receiving vessels according to whether its radio-
activity is low or medium level. The liquid wastes containing phosphate
from the S.W.T.D.F. are treated by mixing with other liquid wastes in order
to prevent a swelling phenomenon of bituminized product.

Received wastes are transferred batch-wise to the reaction vessel.
Medium-level waste is pretreated to insolubilize Sr and Cs. Insolubili-
zation is performed by coprecipitation of a barium sulphate for Sr and by
a nickel ferrocyanide for Cs. The pH of the liquid waste is adjusted
between 8 and 10. Avoidance of the thermogenic reaction is confirmed by
differential thermal analysis (DTA) to make sure safety operation before
feed to the extruder. The pretreated waste is transferred from the feed-
ing vessel to the extruder at a constant flowrate (about 200 1/hr).
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Reaction Vessel
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LA : 50m3
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Drum
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Receiving and Pretreatment Mixing and Dehydration Transfer and Storage

Figure 1. Flow Diagram of Bituminization Process

TABLE 1. LIQUID WASTE TO BE BITUMINIZED

Wastes

Medium-Level Waste (MA)

Low-Level Waste (LA)

Phosphate Waste

Radioactivity
(Ci/m3)

1-20

10 2~1

10 -*~1

Salt Cone.

(g/«)

400

400

400

Composition

NaN03,NaN02,Na2C03

NaN03lNaN02,Na2C03

NaH2P04

Remarks

mix with
(MA) or (LA)

(2) Mixing and Dehydration

In the mixing and dehydration step, a four-screw horizontal type ex-
truder-evaporator is used. This extruder consists of four screw shafts
(120 mm diameter), seven barrels (heated with about 20 kg/cm? steam), a
discharge pipe and driving equipments. The screw shafts are arranged in a
V shape and the two pairs of screws rotate in the opposite direction to
each other in order to mix the salt contained in the liquid waste with
bitumen and to evaporate the contained water.
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Figure 2. Extruder

(3) Filling and Capping

Bituminized product discharged from the extruder is poured into 200 1
steel drums, and allowed to naturally cool down in the filling cell. A
final filling with pure bitumen on the top of the bituminized product is
made before capping the drum. In the filling cell, the drum handling is
carried out remotely in order to reduce radiation exposure of the
operators.

(4) Transfer and Storage

The bituminized product drums are put into a steel frame and are sent
to the storage facility by truck with specially-designed shielded trans-
port cask. At the storage facility (shown in Figure 3), the medium level
drums are stored in two under-ground red cells, and the low level drums
are stored in two ground-level cells. The drums are stacked in six layers
by means of an over-head crane which is remotely operated. These opera-
tions are observed by a TV system. Storage capacity of this facility
space is 15,000 drums.
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Bunker
O.H Crane

Unloading
O.H Crane

Drum Transfer Cart

Drum Storage

Figure 3. Storage Facility

A second storage facility under construction has a storage capacity of
30,000 drums. The drums are stored at three layers, using an automatic
fork-lift system.
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Tests and Operation

Construction and blank tests of the B.D.F were completed by March
1982. Cold tests were carried out for half a year following the blank
tests. The purpose of the cold tests was to make sure that the extruder
was operating satisfactorily and to evaluate the qualities of the
products. As a result of the test, the treatment capacity of the extruder
and the operating conditions almost satisfied the design values. The
qualities of the bituminized product were also satisfactory.

Hot operation started in October 1982. At the initial stage, the pro-
cess equipments were operated with low-level wastes and then the radio-
activity of waste was increased step-by-step. The decontamination factor
of the extruder and amount of radioactive nuclides in ventilation air were
measured, and radioactive nuclides behavior was evaluated. The results of
these tests satisfied the design values.

Until June 1986, about 1,600 m3 of liquid waste was solidified into
about 7,300 drums.

The properties of bituminimized products produced from the B.D.F are
shown Table-2.

TABLE 2. PROPERTIES OF BITUMINIZED PRODUCT

Characteristics

Salt/Bitumen Ratio

Specific Gravity

Surface Radiation

Radioactive Cone.

(wt%)

(R/h)

t"Ci/g)

40/60

' LA
MA
LA
MA

-50/50

1.3-1.4

:av
: av
" av
av

10 2

1
10 z

10

Conclusion

The Bituminization Process is one of most established immobilization
technologies for low and medium-level radioactive wastes. The B.D.F used
an extruder system and satisfactory results were obtained. However, there
are still some unknowns in operation at plant scale. R and D topics being
studied are as follows;
(a) Additives to make the bitumen incombustible.
(b) Improvement of solidified product taking into consideration on long

term storage and final disposal.
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SOLVENT WASTE TREATMENT DEMONSTRATION FACILITY (S.W.T.D.F)1

Solvent waste arising from the Tokai Reprocessing Plant have been
stored at the solvent waste storage vessels. The S.W.T.D.F was con-
structed in order to immobilize these waste solutions.

PNC adopted the Phosphoric acid Extraction method developed at KfK in
West Germany and only had experience in solvent treatment at the pilot
plant scale before this project began.

The engineering design of this facility was carried out from 1979 to
1981, and construction was completed at beginning of 1984. After con-
struction, cold tests were carried out from May 1984 to November 1985 and
hot tests were started in December 1985.

The facility (plant area is 520m2, floor space is 2,400m2 and consists
of 3 floors above and 2 floors under the ground) have a capacity of
solvent waste treatment of 1 m3/batch.

Process

This process consists of the following 5 steps (see Figure 4);
(a) Washing
(b) Extraction Separation
(c) Dodecane Purification
(d) Solidification of TBP
(e) Phosphate Waste Treatment

Solvant Watt*

3rd \ / I N«OH Sol
Ext V M M I I

Waita Sol
I Racaivtng V M M I
| 1 4m'

Wute Sol Wain Sol
Bacaiving Vaiml Faading VatMl

CondanMta
Racatvmg
VaMtl 55m'

Evaporator

4 2m' 0 5ma

|Pho»prnl«"waita Traitmeot | Concantrala
Racaiving V M M I

r—*S R«cycl« or
<f IncinwMion

t—v> Slor«g« F«cHity

VLAW TrMtmwil
S

BHuminizHKm
I ^ Damonttration

FacH*y

Figure 4. Flow Diagram of Solvent Waste Treatment Demonstration Facility
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(1) Washing

Solvent waste is transferred batch-wise to the washing vessel where it
washed with sodium carbonate solution to reduce its radioactivity. Washed
solvent waste is transferred to the next extraction step while the waste
solution goes to the B.D.F.

(2) Extraction Separation

Washed solvent waste is transferred to the 1st extraction vessel and
mixed with 85% phosphoric acid prereceived from the 2nd extraction vessel
and settled. Consequently, the mixture separates into three phases of
dodecane, adduct (i.e. associated complex: xTBP*yH3PO4*zH2O) and phos-
phoric acid. The upper dedecane phase is transferred to the 2nd extrac-
tion vessel and then to a dodecane purification step after extraction of
the remaining TBP with 85% phosphoric acid. The adduct and phosphoric
acid phases are transferred to the 3rd extraction vessel where water is
added to give a water/adduct volume ratio of 4. Under these conditions,
the adduct is hydrolyzed and TBP is separated. After this separation, the
lower phase is transferred to the waste solution treatment step and
separated TBP is neutralized to pH 7.0 with sodium hydroxide solution.

(3) Dedecane Purification

Dodecane from the 2nd extraction vessels is purified by removal of
TBP, H3PO4, H2O and radioactivity via silica gel adsorption columns. Two
silica gel adsorption columns are installed in series. When the effi-
ciency of the first adsorption column is decreased, the flow is reversed
after the spent silica gel is exchanged for new silica gel in the first
adsoption column. Purified dodecane is recycled to the Reprocessing Plant
or incinerated.

(4) Solidification of TBP

Separated TBP is fed to the metering vessel in the solidification room
(red cell) and fed into a 100 1 steel drum and mixed with the binder of
Poly Vinyl Chloride (PVC) or Epoxy resin by the in-drum mixer. In PVC
solidification, the mixture is solidified using an electromagnetic induc-
tion heater. On the other hand, Epoxy solidification does not need the
heater because of its spontaneous reaction heat. After solidification,
this 100 1 drum is put into a 200 1 drum (for storage) and stored with the
bitumen product drums at the storage facility. Operations in this red
cell are remote in order to reduce radiation exposure of the operators.
And in this cell, two inner televisions (ITV) and a surface hardness meter
are installed.

Figure 5 is a profile of solidification step.

(5) Phosphate Waste Treatment

Waste phosphoric acid solution from extraction separation step is
adjusted to pH 4.5 with sodium hydroxide solution and concentrated to 1/4
-1/5 of its original volume. This concentrated waste solution is trans-
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ferred to the B.D.F. with the waste washing solution. The pH adjustment
is carried out because NaH2P04 has a higher solubility than either

N P 0or

PVC or Additive

Container
Epoxy Resin

Electromagnetic
Induction Heater

) ( ) i ) i ) i H ) i u j i ) i )

Figure 5. Profile of Solidification Step

Tests and Future Works

In cold tests; using fresh solvent containing a TBP concentration 10 •
30 vol%, 35 m3 of fresh solvent was separated to TBP 8 nw and dodecane 27
m3. After processing, the separated TBP contained 10 wt% dodecane and 5
wt% H2O while the purified dodecane was almost as same as fresh dodecane.
At solidification step, resulting of improvement of PVC solidification,
obtained PVC form was satisfactory. On the other hand, Epoxy solidifica-
tion was worked and obtained Epoxy form was not less than PVC form.
Testing of mechanical equipment indicated no problems.

Table 3 compares some physical properties of the PVC and Epoxy
products.

In December 1985, real solvent waste was received from the Reporcess-
ing Plant and hot tests were started. R and D topics under investigation
are as follows;

(a) Improvement of waste forms.
(b) Solidification of waste silica gel.
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TABLE 3. PHYSICAL PROPERTIES OF PVC AND EPOXY PRODUCTS

Compressive Strength
(Kg/cm2)

Surface Hardness
(H A D)

Specific Gravity

Leaching Rate of TBP
(cm3/cm2-day, at 20° C Water)

Separated TBP/binder Ratio
(wt %)

PVC Form j Epoxy Form
1 - —

15 i 35—40

30-40 | 60-65

1.17 ! 1.29

10 * 10 *
i

50/50 | 50/50
i
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D E V E L O P M E N T A N D A C T I V E D E M O N S T R A T I O N O F A C I D D I G E S T I O N O F P L U T O N I U M - B E A R I N G
W A S T E

H . W i e c z o r e k , B . O s e r
I n s t i t u t f l i r N u k l e a r e E n t s o r g u n g s t e c h n i k

K e r n f o r s c h u n g s z e n t r u m K a r l s r u h e
F e d e r a l R e p u b l i c o f G e r m a n y

A B S T R A C T
A t t h e E u r o c h e m i c s i t e , 8 0 0 k g o f c o m b u s t i b l e a l p h a
w a s t e c o n t a i n i n g a b o u t 7 k g o f p l u t o n i u m w e r e t r e a t e d
f r o m M a r c h 1 9 8 3 u n t i l J u l y 1 9 8 5 w i t h t h e a i m t o
c o n c e n t r a t e t h e p l u t o n i u m b y o x i d a t i o n o f t h e w a s t e
a n d c o n v e r t i t i n t o a s o l u b l e f o r m s o t h a t t h e
e s t a b l i s h e d p u r i f i c a t i o n p r o c e s s e s c a n b e a p p l i e d .
T h e p a p e r d e s c r i b e s t h e p r o c e s s a n d t h e e q u i p m e n t
u s e d ; t h e r e s u l t s o b t a i n e d a n d e x p e r i e n c e g a t h e r e d
a r e p r e s e n t e d .

I N T R O D U C T I O N

B u r n a b l e p l u t o n i u m - b e a r i n g s o l i d w a s t e s a r e p r o d u c e d m a i n l y d u r i n g
f a b r i c a t i o n o f M O X f u e l e l e m e n t s * ) i n a m o u n t s o f a p p r o x . 1 5 t e p e r t o n n e o f
p l u t o n i u m p r o c e s s e d . T h e a v e r a g e p l u t o n i u m c o n t e n t i s a b o u t 1 k g p l u t o n i u m
p e r t o n n e o f w a s t e .

U n t i l t h i s d a y r e l a t i v e l y s m a l l a m o u n t s o f b u r n a b l e p l u t o n i u m - b e a r i n g
s o l i d w a s t e s h a v e b e e n p r o d u c e d i n t h e F e d e r a l R e p u b l i c o f G e r m a n y ; a f t e r
s h r e d d i n g t h e y h a v e b e e n i n c o r p o r a t e d i n t o a c e m e n t m a t r i x / 1 / w i t h t h e
o b j e c t i v e o f i m m o b i l i z i n g t h e p l u t o n i u m a n d r e d u c i n g t h e v o l u m e .

O n t h e o t h e r h a n d , w h e n t h e p l u t o n i u m p r o d u c e d i n t h e r e p r o c e s s i n g
p l a n t , w h i c h i s p l a n r ^ d t o b e e r e c t e d i n t h e F e d e r a l R e p u b l i c o f G e r m a n y ,
i s t o b e f a b r i c a t e d i n t o f u e l e l e m e n t s , 9 0 t e / a o f w a s t e a n d a b o u t 5 0 k g
p l u t o n i u m c a n b e e x p e c t e d t o a r i s e .

C o n s i d e r i n g t h a t 8 0 % o f t h e p l u t o n i u m a r e s p r e a d a m o n g 2 0 % o f t h e
w a s t e / 1 / a n d s e p a r a t i o n o f t h e w a s t e f r a c t i o n m o r e r i c h i n p l u t o n i u m i s
r e a d i l y a c h i e v e d , i t s e e m s t o b e r e a s o n a b l e f o r e c o n o m i c a n d e c o l o g i c
r e a s o n s t o r e c o v e r t h e p l u t o n i u m f r o m t h e f r a c t i o n w i t h t h e h i g h e r p l u t c n i u m
c o n t e n t a n d r e t u r n i t i n t o t h e f u e l c y c l e .

i
m i x e d o x i d e f u e l : a b o u t 2 5 w t . % P u a n d 7 5 w t . % U .
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S U R V E Y O F T E C H N I Q U E S

R e c o v e r y a n d r e c y c l i n g o f p l u t o n i u m f r o m w a s t e s h a s b e e n p r a c t i c e d
o n l y b y t h o s e p r o c e s s i n g w e a p o n s g r a d e p l u t o n i u m a n d p i u t o n i u m - 2 3 8 , w h i c h
h a s b e e n u s e d a s a n e n e r g y s o u r c e i n a r t i f i c i a l e a r t h s a t e l l i t e s . Q u i t e a
n u m b e r o f i n c i n e r a t i o n p r o c e s s e s h a v e b e e n u s e d / 2 / . P l u t o n i u m i s p r o d u c e d
a s a n o x i d e t h a t i s d i f f i c u l t t o d i s s o l v e / 3 / .

F o r w a s t e s a r i s i n g d u r i n g t h e f a b r i c a t i o n o f p l u t o n i u m - b e a r i n g n u c l e a r
f u e l f o r t h e f a s t b r e e d e r r e a c t o r s ( M O X f u e l ) a n d s t - c a l l e d c o n v e r t e r
r e a c t o r s C P u - 2 3 9 i s s u b s t i t u t e d f o r U - 2 3 5 ) , e x p e r i m e n t s h a v e b e e n c a r r i e d
o u t r e c e n t l y w h i c h a r e g e a r e d t o s e p a r a t e t h e p l u t o n i u m f r o m t h e w a s t e b y
w a s h i n g a n d t o r e p r o c e s s i t i n t h e s a m e w a y a s b y t h e i n c i n e r a t i o n t e c h -
n i q u e s /h I.

I n a c i d d i g e s t i o n t h e w a s t e s a r e o x i d i z e d a n d , a t t h e s a m e t i m e , t h e
p l u t o n i u m o x i d e f r o m t h e w a s t e s i s c o n v e r t e d t o a s o l u b l e p r o d u c t f r o m
w h i c h i t c a n b e b r o u g h t r e l a t i v e l y e a s i l y i n t o t h e f o r m n e e d e d f o r r e -
c y c l i n g / 5 - 6 / .

O B J E C T I V E O F D E V E L O P M E N T W O R K

T h e o b j e c t i v e o f t h i s w o r k w a s t o d e v e l o p t h e p r o c e s s o f a c i d d i g e s t i o n
a n d t h e c o m p o n e n t s r e q u i r e d f o r h a n d l i n g w a s t e s w i t h h i g h p l u t o n i u m
c o n t e n t s a n d t o d e m o n s t r a t e t h e i r p e r f o r m a n c e b y o p e r a t i o n u n d e r a c t i v e
c o n d i t i o n s .

A c t i v e d e m o n s t r a t i o n w a s c a r r i e d o u t f r o m M a r c h 1 9 8 3 u n t i l J u l y 1 9 8 5
u n d e r a j o i n t p r o j e c t b y K f K a n d E u r o c h e m i c , M o l / B e l g i u m , w h e n a b o u t 8 0 0 k g
w a s t e c o n t a i n i n g a b o u t 7 k g p l u t o n i u m w e r e s u b j e c t e d t o a c i d d i g e s t i o n . T h e
p r o j e c t w a s p r o m o t e d b y t h e C o m m i s s i o n o f t h e E u r o p e a n C o m m u n i t y .

F U N D A M E N T A L S O F T H E P R O C E S S E S

T h e p r o c e s s r e l i e s o n t h e o x i d a t i v e d e c o m p o s i t i o n o f t h e w a s t e
( m i x t u r e c o n s i s t i n g o f 6 0 % P V C , 2 5 % n e o p r e n e , 1 5 % p o l y e t h y l e n e a n d c e l l u -
l o s e ; t o t a l c h l o r i n e c o n t e n t 2 0 - 3 0 w t . % ) w i t h c o n c e n t r a t e d s u l f u r i c a c i d
a n d n i t r i c a c i d a t 2 5 0 ° C . S t r i c t l y s p e a k i n g , t h e s u b s t a n c e s a r e f i r s t
c h a r r e d b y t h e s u l f u r i c a c i d a n d t h e n o x i d i z e d b y t h e n i t r i c a c i d w i t h i n
5 m i n . U n d e r t h e s e c o n d i t i o n s , a l s o c o m p l e t e c o n v e r s i o n o f p l u t o n i u m o x i d e
t o t h e e a s i l y d i s s o l v a b l e s u l f a t e o c c u r s i n a b o u t 8 h o u r s w i t h o u t a d d i t i o n
o f f u r t h e r a g e n t s / 6 / . T h e c h e m i c a l r e a c t i o n s w h i c h t a k e p l a c e a r e m a n i f o l d
a n d c o m p l e x llI. I n a s i m p l i f i e d m a n n e r t h e y c a n b e d e s c r i b e d b y t h e
f o l l o w i n g e q u a t i o n s :

C H + n / 2 H , S O , - m C + n / 2 S 0 o + n H o 0
m n L *f Z 2

3 C + h HNO - h NO + 3 CO + 2 H O
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G a s e o u s a n d s o l i d r e a c t i o n p r o d u c t s a r e f o r m e d . T h e g a s e s S O . , N O a n d
H C 1 ( f r o m t h e d e c o m p o s i t i o n o f c h l o r i n a t e d m a t e r i a l s u c h a s P V C a n d
n e o p r e n e ) a r e e n t r a i n e d t o g e t h e r w i t h t h e o t h e r g a s e o u s o x i d a t i o n p r o d u c t s
f r o m t h e d i g e s t e r a n d c l e a n e d .

T h e s o l i d p r o d u c t s t o g e t h e r w i t h t h e r e a c t i o n a c i d a r e r e t a i n e d i n t h e
d i g e s t e r u n t i l t h e p l u t o n i u m o x i d e h a s b e e n c o n v e r t e d t o p l u t o n i u m s u l f a t e .
A s t h e s o l u b i l i t y o f t h e p l u t o n i u m s u l f a t e i n t h e r e a c t i o n a c i d ( 9 1 $
s u l f u r i c a c i d ) i s o n l y 0 . 2 g / l / 6 / , t h e p l u t o n i u m , a f t e r h a v i n g e x c e e d e d
t h e s o l u b i l i t y p r o d u c t , a c c u m u l a t e s a s s u l f a t e i n t h e s o l i d r e s i d u e .

T h e s o l i d s a r e s e p a r a t e d f r o m t h e r e a c t i o n a c i d t h r o u g h f i l t r a t i o n .
T h e a c i d i s r e t u r n e d i n t o t h e p r o c e s s . T h e p l u t o n i u m c a n b e s e p a r a r t e d b y
a p p r o p r i a t e t e c h n i q u e s f r o m t h e f i l t e r c a k e a n d s u b s e q u e n t l y p u r i f i e d / 5 - 6 / ,

C O N C E P T O F T H E P R O C E S S

Q u i t e a n u m b e r o f v a r i a n t s f o r t h e a c i d d i g e s t i o n p r o c e s s h a v e b e e n
d e v e l o p e d o r a r e i n t h e p r o c e s s o f d e v e l o p m e n t / 8 / . T h e y d i f f e r d e p e n d i n g
o n t h e a p p l i c a t i o n ( w a s t e t y p e ) a n d t h e o b j e c t i v e p u r s u e d .

T h e K f K m e t h o d / 9 / i s b a s e d o n t h e f o l l o w i n g c o n c e p t s :
a ) I n o r d e r t o i n c r e a s e s a f e t y , t h e m a i n r e a c t i o n o f t h e p r o c e s s , i . e .

o x i d a t i o n o f t h e w a s t e , h a s b e e n s p l i t i n t o t w o s t a g e s w h i c h a r e
s e p a r a t e d f r o m e a c h o t h e r i n t i m e a n d s p a c e , v i z . ,
- s t i r r i n g t h e w a s t e i n t o c o l d c o n c e n t r a t e d s u l f u r i c a c i d s o a s t o c h a r

t h e o r g a n i c s t r u c t u r e , a n d
- s u b s e q u e n t o x i d a t i o n o f t h e p r o d u c t s i n s u l f u r i c a c i d a t 2 5 0 ° C u s i n g

n i t r i c a c i d .

b ) I n o r d e r t o a c h i e v e a h i g h t h r o u g h p u t , t h e w a s t e w a s s h r e d d e d i n t o
p a r t i c l e s o f 3 m m s i z e a n d s u p p l i e d t o t h e d i g e s t e r b e l o w t h e l i q u i d
s u r f a c e .

c ) B a t c h w i s e o p e r a t i o n h a s b e e n c a r r i e d o u t f o r s a f e t y r e a s o n s ( e a s y
c o n t r o l o f p l u t o n i u m i n v e n t o r y i n t h e s y s t e m ) a n d f o r c o s t r e a s o n s
( d i g e s t e r v o l u m e ) ; i t i m p l i e s r e a c t i o n i n a d i g e s t e r w i t h a d u r a t i o n
w h i c h i s s u f f i c i e n t f o r a l l d e s i r e d r e a c t i o n s t o t a k e p l a c e .

d ) I n o r d e r t o r e d u c e t h e p r o d u c t i o n o f s e c o n d a r y w a s t e a n d o b s e r v e t h e
o f f g a s l i m i t s , t h e a c i d c o n s t i t u e n t s o f t h e o f f g a s , n a m e l y s u l f u r i c
a c i d , n i t r i c a c i d a n d h y d r o c h l o r i c a c i d , h a v e b e e n c o m p l e t e l y s e p a r a t e d ,
a n d s u l f u r i c a c i d a n d n i t r i c a c i d h a v e b e e n r e c y c l e d i n t o t h e p r o c e s s .

C o m p a r e d w i t h t h e o t h e r t e c h n i q u e s / 8 / , t h e K f K m e t h o d d i f f e r s i n t h e
p r e c o n d i t i o n i n g o f t h e w a s t e ( f i n e s h r e d d i n g a n d p r o d u c t i o r o f a s l u r r y o f
w a s t e a n d c o l d s u l f u r i c a c i d ) , c o m p l e t e r e t e n t i o n o f h y d r o c h l o r i c a c i d , a n d
s e p a r a t i o n o f t h e p l u t o n i u m b e a r i n g r e s i d u e w i t h a v i e w t o p l u t o n i u m
r e c o v e r y .
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A L O N A A C T I V E D E M O N S T R A T I O N F A C I L I T Y

T h e c o n c e p t , t h e d e s i g n d a t a a n d t h e e q u i p m e n t d e s i g n h a v e b e e n b a s e d
o n o p e r a t i n g r e s u l t s a n d e x p e r i e n c e o b t a i n e d d u r i n g c o l d o p e r a t i o n o f a
t e s t f a c i l i t y .

T h e f a c i l i t y w a s d e s i g n e d f o r a d a i l y t h r o u g h p u t o f 1 0 k g w a s t e . T h i s
c a p a c i t y w a s i m p o s e d b y t h e s p a c e a v a i l a b l e t o a c c o m m o d a t e t h e s y s t e m a n d
b y t h e a m o u n t o f w a s t e t o b e p r o c e s s e d . T h e c r i t i c a l s a f e t y o f t h e e q u i p -
m e n t a l o n g t h e p l u t o n i u m p a t h w a s e n s u r e d b y t h e g e o m e t r i c c o n f i g u r a t i o n .
T h e c o m p o n e n t s o f t h e f a c i l i t y a r e a c c o m m o d a t e d i n s e v e n a l p h a - t i g h t b o x e s
o f 6 0 m s t o t a l v o l u m e . T h e b o x e s a r e l o c a t e d i n a r o o m o f 8 0 m 2 s u r f a c e
a r e a a n d 3 . 8 0 m h e i g h t .

F l o w s h e e t

F i g u r e l i s a s i m p l i f i e d e q u i p m e n t f l o w s h e e t f o r t h e p l a n t . T h e
p r o c e s s i n v o l v e s t h e f o l l o w i n g s t a g e s :
- p r o d u c t i o n o f a s l u r r y o f w a s t e a n d c o l d c o n c e n t r a t e d s u l f u r i c a c i d ;
- d i g e s t i o n o f t h e w a s t e i n t h e r i n g d i g e s t e r ;
- r e m o v a l o f s u l f u r i c a c i d d r o p l e t s i n t h e c o n d e n s e r ;
- o x i d a t i o n o f N O a n d S O a n d s e p a r a t i o n o f t h e a c i d s H N O , , H

? S 0 , a n d
H C 1 ( t w o s t a g e s ) ;

- r e m o v a l o f r e s i d u a l a c i d g a s e s i n t h e a l k a l i n e s c r u b b e r ;
- t r e a t m e n t b y d i s t i l l a t i o n o f t h e c o n d e n s a t e f r o m t h e H S O , m i s t e l i m i n a t o r

a n d t h e s c r u b b i n g s o l u t i o n s o f t h e t w o s c r u b b i n g c o l u m n s t o r e c o v e r
s u l f u r i c a c i d a n d n i t r i c a c i d ;

- s e p a r a t i o n o f t h e p i u t o n i u m - b e a r i n g r e s i d u e f r o m t h e r e a c t i o n a c i d b y
p r e s s u r e f i l t r a t i o n .

M a t e r i a l s o f C o n s t r u c t i o n

C o n s i d e r i n g t h e c o m b i n e d a c t i o n o f s u l f u r i c a c i d , n i t r i c a c i d a n d
h y d r o c h l o r i c a c i d a t 2 5 0 ° C , o n l y t a n t a l u m , g l a s s a n d e n a m e l e d s t e e l a r e
c a n d i d a t e m a t e r i a l s f o r d i g e s t e r c o n s t r u c t i o n . T h e f a c i l i t y h a s b e e n m a d e
f r o m g l a s s , t h e f i l t e r i n g u n i t ( w h i c h h a n d l e s c h l o r i d e - f r e e l i q u i d ) f r o m
s t a i n l e s s s t e e l . T e f l o n ( P T F E ) h a s b e e n u s e d f o r s e a l s . S m a l l c o m p o n e n t s
s u c h a s c l a d d i n g t u b e s f o r t h e r m o c o u p l e s h a v e b e e n f a b r i c a t e d f r o m t a n t a l u m .
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sulphuric acid
85%
4 Itr/ batch

grgund wut i
1.5 k| bitcF"

stack

slurry pump
nitric acid 5 5 X
6 Itr/ bitch

condenstr
rini disaster

oxidation-
absorption

alkaline
scrubber

residue filtration acid-recovery sec. waste
F i g u r e 1 : A L O N A a c t i v e d e m o n s t r a t i o n f a c i l i t y ; e q u i p m e n t f l o w s h e e t .

R i n g D i g e s t e r

G i v e n t h e d i f f e r e n c e s i n t h e r e a c t i o n k i n e t i c s a n d s e d i m e n t a t i o n
b e h a v i o r o f w a s t e a n d p l u t o n i u m b e a r i n g r e s i d u e , a d i g e s t e r w a s d e s i g n e d
w h i c h a l l o w s t h e r e a c t i o n i n v o l v i n g w a s t e o x i d a t i o n a n d c o n v e r s i o n o f
P l u t o n i u m o x i d e i n t o p l u t o n i u m s u l f a t e t o p r o c e e d q u i c k l y ( a v o i d i n g t h e
d e p o s i t i o n o f p l u t o n i u m ) . T h e d i g e s t e r c o n s i s t s o f p i p e s o f 4 0 t o 1 5 0 m m
d i a m e t e r w h i c h f o r m a r i n g o f 1 x 1 m l e g l e n g t h s . I t s c a p a c i t y i s 1 5 1 .

T h e d i g e s t e r i n c l u d e s t h r e e z o n e s o f o p e r a t i o n : t h e z o n e o f w a s t e a n d
n i t r i c a c i d s u p p l y i n t h e b o t t o m p a r t o f o n e o f t h e v e r t i c a l a r m s , t h e
h e a t i n g z o n e ( i n f r a r e d r a d i a t i o n h e a t i n g ) a b o v e t h e w a s t e f e e d p o i n t , a n d
t h e d e g a s i n g z o n e i n t h e u p p e r h o r i z o n t a l l e g .

T h e c o n t e n t s o f t h e d i g e s t e r a r e d i s c h a r g e d t h r o u g h a v a l v e i n s t a l l e d
i n t h e b o t t o m p a r t o f t h e d i g e s t e r .

O f f g a s

U n d e r o x i d i z i n g c o n d i t i o n s t h e c a r b o n s t r u c t u r e o f t h e w a s t e r e a c t s
m a i n l y t o f o r m c a r b o n d i o x i d e . T h e c a r b o n m o n o x i d e c o n t e n t i s s m a l l e r t h a n
Z v o 1 . % . P e r k g o f w e t i n c i n e r a t e d w a s t e a b o u t 1 N m 3 o f f g a s ( p u r i f i e d ) i s
p r o d u c e d . F r o m c h l o r i n e b e a r i n g w a s t e s , s u c h a s P V C a n d n e o p r e n e , h y d r o g e n
c h l o r i n e a n d p r o b a b l y traces o f c h l o r i n e a r e f o r m e d .

D i s t r i b u t i o n o f A c i d s a m o n g t h e C o m p o n e n t s U s e d f o r O f f g a s P u r i f i c a t i o n

T a b l e 1 s h o w s t h e d i s t r i b u t i o n o f t h e a c i d s c o l l e c t e d i n t h e o f f g a s
p u r i f i c a t i o n s t a g e s .
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T A B L E 1 : D I S T R I B U T I O N O F A C I D S I N O F F G A S T R E A T M E N T

\ \ j Condenser

HNO3

HCI31

36
13
47

1. Scrubber

8
55

Z

2. Scrubber

1
Z
3

Alkaline
scrubber

Z
30

Loss

5"
28Z)

'i in Pu-containing residue
21 as NzO to the oil-gas
31 9B.5 kg in total waste treated ~ 13 wt.-% of waste

T h e h e a t e x c h a n g e r i n t e g r a t e d i n t h e c o n d e n s e r c o o l s t h e o f f g a s f r o m
2 5 0 ° C t o a b o u t * t 5 ° C . D u r i n g t h i s p r o c e s s a m i x e d a c i d c o n d e n s e s w i t h a n
H + - i o n c o n c e n t r a t i o n o f 1 0 . 3 M / l w h i c h i s m a d e u p m a i n l y o f s u l f u r i c a c i d
a n d h y d r o c h l o r i c a c i d .

I n t h e f i r s t s c r u b b e r t h e o f f g a s i s o x i d i z e d b y a d d i t i o n o f h y d r o g e n
p e r o x i d e s o l u t i o n . D u e t o t h e t e n d e n c y t o e n t r a i n o f n i t r i c a c i d a n d
h y d r o c h l o r i c a c i d , t h e a c i d c o n c e n t r a t i o n o f t h e s c r u b b i n g s o l u t i o n w a s
l i m i t e d t o 6 M / l . I n t h e f i r s t s c r u b b e r m o s t o f t h e n i t r i c a c i d a n d t h e
r e s t o f s u l f u r i c a c i d w e r e r e m o v e d .

I n t h e s e c o n d s c r u b b e r ( H + < h M / l ) o n l y a s m a l l a m o u n t o f a c i d i s
r e m o v e d a s c o m p a r e d w i t h t h e r e m o v a l i n t h e p r e c e d i n g c o m p o n e n t s .

A n a l k a l i n e s c r u b b e r i s i n s t a l l e d a s t h e l a s t o f f g a s c l e a n i n g u n i t
b e f o r e t h e o f f g a s i s r e l e a s e d i n t o t h e a t m o s p h e r e . T h e o c c u r r e n c e o f
s u b s t a n t i a l a m o u n t s o f c h l o r i d e a n d n i t r a t e i n t h e a l k a l i n e s c r u b b e r w a s
s u r p r i s i n g . O b v i o u s l y , H O d o e s n o t o n l y o x i d i z e N O b u t a l s o c h l o r i d e ,
w i t h t h e c h l o r i n e f o r m e d r e a c t i n g w i t h h y d r o g e n c h l o r i d e t o b e c o m e n i t r o s y l
c h l o r i d e . T h i s c o m p o u n d i s d e c o m p o s e d i n t o c h l o r i d e a n d n i t r i t e i n t h e
a l k a l i n e m e d i u m . T h e s e t y p e s o f r e a c t i o n s a r e f a v o r e d u n d e r t h e p r e v a i l i n g
c o n d i t i o n s / 1 2 / . I f a i r i s u s e d t o p r o m o t e t h e o x i d a t i o n o f t h e o f f g a s e s ,
c h l o r i d e c o u l d b e p r e v e n t e d f r o m r e a c h i n g t h e a l k a l i n e s c r u b b e r .

S o l i d s

T h e s o l i d s c o n s i s t o f t h e i n o r g a n i c c o n s t i t u e n t s o f t h e w a s t e w h i c h ,
d e p e n d i n g o n t h e c h e m i c a l p r o p e r t y , m i g h t h a v e r e a c t e d t o b e c o m e s u l f a t e s .

D u r i n g a c i d d i g e s t i o n o f t h e p i u t o n i u m - b e a r i n g w a s t e , 3 2 0 g r e s i d u e
p e r k g w a s t e w e r e p r o d u c e d a t E u r o c h e m i c . T h e c o r r e s p o n d i n g c h l o r i n e
c o n t e n t o f t h e w a s t e w a s a b o u t 1 2 w t . % ( w i t h 3 0 % c h l o r i n e i n t h e w a s t e ,
T t O g s o l i d w e r e o b t a i n e d ) . T h e r e s i d u e p r o d u c e d b y p r e s s u r e f i l t r a t i o n a t
h b a r h a s a d r y a p p e a r a n c e , b u t i t c o n t a i n s 6 0 t o 7 0 vt.% s u l f u r i c a c i d .
T h e i n s o l u b l e s o l i d f r a c t i o n i s 1 5 t o 3 0 vt.%.

C o n v e r s i o n o f P l u t o n i u m O x i d e i n t o P l u t o n i u m S u l f a t e

T h e s o l u b i l i t y o f p l u t o n i u m o x i d e i n m i n e r a l a c i d s d e p e n d s d e c i s i v e l y
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o n t h e t e m p e r a t u r e a t w h i c h
a t t e m p e r a t u r e s h i g h e r t h a n
n i t r i c a c i d ( 1 1 0 ° C ) / 1 0 / .

i t h a d b e e n p r o d u c e d . P l u t o n i u m o x i d e s s i n t e r e d
8 5 0 ° C a r e p r a c t i c a l l y i n s o l u b l e i n b o i l i n g

T h e p l u t o n i u m o x i d e i n t h e E u r o c h e m i c w a s t e s w a s c a l c i n e d a t ^ 5 0 ° C .
A f t e r 8 h o u r s e x p o s u r e t o a c i d d i g e s t i o n , b u t w i t h n o n i t r i c a c i d a d d e d , i t
h a d b e e n a l m o s t c o m p l e t e l y c o n v e r t e d i n t o p l u t o n i u m s u l f a t e ( p l u t o n i u m
c o n t e n t i n t h e i n s o l u b l e r e s i d u e 0 . 1 % ) .

I n a n a d d i t i o n a l c a m p a i g n 1 0 k g o f i n c i n e r a t o r a s h e s o f E u r o c h e m i c
w a s t e c o n t a i n i n g 7 0 5 g o f p l u t o n i u m w e r e t r e a t e d u n d e r c o m p a r a b l e c o n -
d i t i o n s . T h e a s h e s w e r e h e a t e d u p t o 8 0 0 ° C . A f t e r 1 2 h o u r s 99% o f p l u t o n i u m
o x i d e w a s c o n v e r t e d i n t o p l u t o n i u m s u l f a t e / 1 1 / .

S e c o n d a r y W a s t e s

D u r i n g o p e r a t i o n o f t h e s y s t e m , s o l i d a n d l i q u i d s e c o n d a r y w a s t e s w e r e
p r o d u c e d . B u t s i n c e e x c e p t i o n a l c o n d i t i o n s a p p l y t o t h i s d e m o n s t r a t i o n
p l a n t , o n l y t h e l i q u i d s e c o n d a r y w a s t e i s o f i n t e r e s t i n e v a l u a t i n g t h e
p e r f o r m a n c e o f t h e p r o c e s s .

A s t h e c h l o r i n e r e l e a s e d f r o m t h e w a s t e s i s s e p a r a t e d a s h y d r o c h l o r i c
a c i d i n t h e o f f g a s p u r i f i c a t i o n s y s t e m , i t s c o n t e n t i n t h e w a s t e l a r g e ' 1 y
d e t e r m i n e s t h e a m o u n t o f s e c o n d a r y w a s t e . T h e s e c o n d a r y w a s t ° c o n t a i n s i n
a d d i t i o n a n a m o u n t o f n i t r i c a c i d w h i c h i s e q u i v a l e n t t o t h e a m o u n t o f
h y d r o c h l o r i c a c i d p r e s e n t .

T a b l e 2 s h o w s t h e a m o u n t s o f s e c o n d a r y w a s t e p r o d u c e d . F o r e a c h k g o f
d i g e s t e d w a s t e , 2 . 3 k g o f s e c o n d a r y w a s t e n e u t r a l i z e d w i t h N a O H a n d
d i s s o l v e d i n 1 2 1 w a t e r w a s o b t a i n e d , 8 0 % o r i g i n a t i n g i n a c i d r e c o v e r y .
D u r i n g p l u t o n i u m p u r i f i c a t i o n 0 . 7 k g s a l t , d i s s o l v e d i n 't 1 w a t e r , w e r e
p r o d u c e d p e r k g o f w a s t e .

T A B L E 2 : S E C O N D A R Y W A S T E P R O D U C E D P E R 1 K G W A S T E D I G E S T E D

Acid recovery
2. scrubber
Alkaline scrubber

Pu-recovery

Volume
I/kg

8.0
0.5
3.5

Z 1 2 . 0

4.0

salt*)
Kg/kg

1.85 (80 %)
0.20 [9 X)
0.25 (11 %)

1 2 . 3 0

0.7

*) as sodium salt
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T h e s e s e c o n d a r y w a s t e s c a n b e r e d u c e d i n v o l u m e b y t w o t h i r d s w h i c h
h a s b e e n s h o w n i n i n a c t i v e t e s t s p e r f o r m e d o n a t e c h n i c a l s c a l e a n d o n a n
a c t i v e l a b o r a t o r y s c a l e . T h e m a i n e f f e c t i s a c h i e v e d b y t h e d e n i t r a t i o n
w i t h f o r m i c a c i d o f t h e n i t r i c a c i d / h y d r o c h l o r i c a c i d m i x t u r e f r o m a c i d
r e c o v e r y . I t w a s p o s s i b l e t o d e s t r o y t h e n i t r i c a c i d a l m o s t c o m p l e t e l y .
B e s i d e s t h i s , r e p l a c e m e n t o f h y d r o g e n p e r o x i d e s o l u t i o n b y a i r i n t h e
o x i d a t i o n - a b s o r p t i o n c o l u m n s i n c r e a s e s t h e i r a b s o r p t i o n e f f i c i e n c y f o r
h y d r o c h l o r i c a c i d . T h e r e s u l t i s a r e d u c t i o n i n t h e v o l u m e o f a l k a l i n e
s c r u b b e r s o l u t i o n r e q u i r e d .

D I S T R I B U T I O N O F T H E A C T I V I T Y I N T H E S Y S T E M

T a b l e 3 s h o w s t h e s p e c i f i c a l p h a a c t i v i t y o f t h e i n d i v i d u a l p r o c e s s
s t r e a m s a s w e l l a s t h e d e c o n t a m i n a t i o n f a c t o r s c a l c u l a t e d f o r e a c h c o m -
p o n e n t .

T A B L E 3 : D E C O N T A M I N A T I O N F A C T O R S A N D D I S T R I B U T I O N O F T H E A L P H A A C T I V I T Y
I N T H E S Y S T E M

Oigtsttr

7 3 Bq/I

0.7*
10*
Bq/I

CinJiutr
3.7x |Q»— DFZ.5x103

1. ScraMir

-6x10.7Bq/l

2. Scmrttr
DF 2.5x10*

~-U*10'Bq/l

AlkXiM
Scnktar
DF 10*

Hit*
±

— 7.4x10*
Bq/I

sipanttu
OF 2x10*

I-*-3.7* 10'Bq/I
3x10* Bq/I

Pv-cantiininf nsidit
w. 261 Pu/ki nsMie

• <l.*x]o*Bq/l

HNO,
sipintioi
OF 10*

T ,r<1*10<Bq/l

Brinck-
l—jFiltir

DF>10"

HEPA-
— Filter

Stack.

' 5.5 xlO4 Bq/I

sectrtirr liqwi wutr <104 Bq/I

S p e c i f i e A l p h a A c t i v i t y

T h e a m o u n t o f p l u t o n i u m a l o n g t h e d i g e s t e r - f i l t e r p a t h w a s m a x i m u m i n
e s i d u e w h e r e i t a t t a i n e d u p t o 2 . 0 x 1 0 B q / k g r e s i d u e . I n t h et h e r e

f i l t r a t e t h e c o n c e n t r a t i o n o f P u = 2 0 7
r e l a t i v e l y h i g h a l p h a a c t i v i t y o f 7 . 4 x

m g / 1
1 0 ^

a n d o f
Bq/1.

9
A m = 4 0 . 7 m g / 1 g a v e t h e

I n t h e l i q u i d s e c o n d a r y w a s t e s , i . e . s c r u b b i n g s o l u t i o n o f t h e
a l k a l i n e s c r u b b e r a n d h e a d - e n d p r o d u c t o f n i t r i c a c i d , s e p a r a t i o n , t h e
s p e c i f i c a l p h a a c t i v i t i e s w e r e l o w e r , n a m e l y 0 . 9 x 1 0 B q / l , a n d h e n c e
w i t h i n t h e l i m i t s s p e c i f i e d f o r t h e s o - c a l l e d " w a r m " w a s t e f r o m E u r o c h e m i c .

T h e a l p h a a c t i v i t y o f t h e o f f g a s h a v i n g u n d e r g o n e f i n a l p u r i f i c a t i o n
a n d p r i o r t o e n t e r i n g t h e H E P A f i l t e r w a s 0 . 3 7 B q / m 3 .
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D e c o n t a m i n a t i o n f a c t o r s ( D F )

T h e h i g h e s t d e c o n t a m i n a t i o n f a c t o r s , i n t h e o f f g a s l i n e h a v e b e e n ,
a c h i e v e d b y t h e c o n d e n s e r ( D F = 2 . 5 x 1 0 ) a n d t h e ^ g i n c k f i l t e r ( D F = 1 0 ) .
T h u s , t o g e t h e r w i t h t h e s c r u b b e r s , a t o t a l D F o f 1 0 a t t h e m a x i m u m h a s
b e e n a c h i e v e d .

F o r t h e l i q u i d s e c o n d a r y w a s t e s , a n a c t i v i t y r e d u c t i o n b y a f a c t o r
h i g h e r t h a n 1 0 h a s b e e n a c h i e v e d f o r t h e m i x t u r e c o n s i s t i n g o f t h e
s c r u b b i n g s o l u t i o n f r o m t h e a l k a l i n e s c r u b b e r a n d t h e h e a d - e n d p r o d u c t f r o m
H N O , r e c y c l i n g .

O P E R A T I N G E X P E R I E N C E

C u m u l a t i v e W a s t e T h r o u g h p u t

F i g u r e 2 s h o w s t h e t h r o u g h p u t o f w a s t e a n d p l u t o n i u m d u r i n g p l a n t
o p e r a t i o n . A d i s t i n c t i o n c a n b e m a d e b e t w e e n t h r e e c h a r a c t e r i s t i c p h a s e s o f
o p e r a t i o n . D u r i n g t h e i n i t i a l p h a s e ( u p t o m i d - 1 9 8 3 ) a m e a n d a i l y t h r o u g h -
p u t o f 3 k g w a s t e w a s a t t a i n e d a n d t h e a m o u n t o f p l u t o n i u m i n t h e w a s t e w a s
5 g / k g . T h e s e c o n d p h a s e o f o p e r a t i o n , w h i c h p r a c t i c a l l y l a s t e d u n t i l J u l y
1 9 8 ^ , w a s c h a r a c t e r i z e d b y a n u m b e r o f i n t e r v e n t i o n s , m a i n l y a t t h e
c o m p o n e n t f o r f e e d c o n d i t i o n i n g . I n t h a t p h a s e a n a v e r a g e w a s t e t h r o u g h p u t
o f o n l y 2 . 5 k g / d w a s a c h i e v e d . A f t e r s o m e i m p r o v e m e n t s h a d b e e n m a d e , t h e
a v e r a g e d a i l y t h r o u g h p u t w a s i n c r e a s e d t o ^ . 5 k g i n t h e t h i r d p h a s e o f
o p e r a t i o n , w i t h a t h r o u g h p u t o f p l u t o n i u m o f 3 7 g / d .

F i g u r e 2 : P r o g r e s s o f t h e a c t i v e o p e r a t i o n c a m p a i g n ; c u m u l a t i v e w a s t e
t h r o u g h p u t .

D u r i n g t r o u b l e - f r e e o p e r a t i o n d a i l y t h r o u g h p u t s o f u p t o 1 0 . 5 k g w a s t e
w e r e a c h i e v e d . T h e m a x i m u m p l u t o n i u m t h r o u g h p u t w a s 1 7 6 g p e r d a y .
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T h e o p e r a t i o n w a s c h a r a c t e r i z e d b y a n e x c e l l e n t p e r f o r m a n c e o f t h e
r i n g d i g e s t e r i n t e r m s o f w a s t e d i g e s t i o n r a t e a n d c o n v e r s i o n o f t h e
p l u t o n i u m o x i d e . H o w e v e r , a n u m b e r o f p r o b l e m s o c c u r r e d m a i n l y d u r i n g
d e l i v e r y o f w a s t e s l u r r i e s i n t o t h e d i g e s t e r . T h e m a l o p e r a t i o n s w e r e
a t t r i b u t a b l e t o p l u g g i n g o f t h e f e e d l i n e ( i n n e r d i a m e t e r 2 5 m m ) b y w a s t e
p a r t i c l e s a n d p l u t o n i u m , r e s p e c t i v e l y ( n o t o b s e r v e d i n i n a c t i v e t e s t
o p e r a t i o n ) . I n m a n y c a s e s ( 1 2 6 o f 1 8 * * d a i l y b a t c h e s o f o p e r a t i o n ) p l u g g i n g
w a s c l e a r e d b y d i l u t i o n o f t h e w a s t e s l u r r i e s w i t h s u l f u r i c a c i d . I n t h e
o t h e r c a s e s t h e f e e d l i n e h a d t o b e r e m o v e d .

B e h a v i o r o f C o n s t r u c t i o n M a t e r i a l s

T h e m a t e r i a l u s e d t o c o n s t r u c t t h e d i g e s t e r i s o f p a r t i c u l a r i n t e r e s t .
G l a s s e x c e l s b y i t s h i g h r e s i s t a n c e t o c o r r o s i o n . H o w e v e r , t h i s m a t e r i a l i s
s e n s i t i v e t o m e c h a n i c a l a n d t h e r m a l s t r e s s e s . A s m u c h a s 2 8 t i m e s t h e g l a s s
c o m p o n e n t s w e r e r e p l a c e d i n t h e s y s t e m , t w o t i m e s t h e e n t i r e d i g e s t e r .

R e s u l t s o f i n v e s t i g a t i o n s i n t o c o r r o s i o n p h e n o m e n a o f t a n t a l u m p a r t s
c o n f i r m e d t h a t t h i s m a t e r i a l , b o t h i n t h e T I G w e l d e d a n d p r e s t r e s s e d
s t a t e s , h a d n o t u n d e r g o n e s p e c i f i c c o r r o s i o n i n t h e r e a c t i o n m e d i u m
m e n t i o n e d b e f o r e . T h e s u r f a c e c o r r o s i o n o b s e r v e d a f t e r 3 2 0 5 h o u r s o f
e x p o s u r e a t 2 5 0 ° C w a s w i t h i n t h e t o l e r a n c e s p e c i f i e d f o r s e m i - f i n i s h e d
p r o d u c t s . F r o m t h i s v a l u e a m a x i m u m s u r f a c e c o r r o s i o n o f 0 . 1 m m / a c a n b e
c a l c u l a t e d .

I n c a s e o f T e f l o n , n o r a d i a t i o n i n d u c e d e f f e c t h a d b e e n o b s e r v e d a f t e r
2 7 0 h o u r s o f e x p o s u r e i n t h e p l u t o n i u m b e a r i n g m e d i u m o f a c i d d i g e s t i o n a n d
a f t e r t h e i m p a c t o f a l p h a - r a d i a t i o n o f a b o u t 1 J o u l e p e r c m 2 e x p o s e d
s u r f a c e .

SUMMARY

B y a c i d d i g e s t i o n o f a p p r o x i m a t e l y 8 0 0 k g w a s t e a n d r e c o v e r y o f 6 . 3 k g
p l u t o n i u m i n a s e m i - t e c h n i c a l s c a l e f a c i l i t y , t h e s u i t a b i l i t y o f t h e
t e c h n i q u e a n d o f t h e p l a n t c o m p o n e n t s f o r t r e a t i n g b u r n a b l e w a s t e w i t h a
h i g h p l u t o n i u m c o n t e n t h a s b e e n d e m o n s t r a t e d .

W i t h t h e d i g e s t e r s p e c i f i c a l l y d e s i g n e d f o r t h i s p u r p o s e , h i g h
r e a c t i o n r a t e s h a v e b e e n a c h i e v e d f o r w a s t e a n d p l u t o n i u m .

C o n s i d e r i n g t h e d e c o n t a m i n a t i o n f a c t o r s o b t a i n e d f o r t h e p u r i f i e d
o f f g a s o f 1 0 a n d f o r l i q u i d s e c o n d a r y w a s t e s o f m o r e t h a n 1 0 , t h e
r e q u i r e m e n t s i m p o s e d b y t h e B e l g i u m l i c e n s i n g a u t h o r i t y h a v e b e e n m e t b y
f a r .

2 . 3 k g o f s e c o n d a r y w a s t e w e r e o b t a i n e d p e r k g o f w e t i n c i n e r a t e d
w a s t e . R e d u c t i o n t o 1 . 3 k g h a s b e e n p r o v e d f e a s i b l e o n a s e m i - t e c h n i c a l
s c a l e b y a d d i t i o n o f a s i m p l e p r o c e s s s t e p ( d e n i t r a t i o n ) .

D e m o n s t r a t i o n o p e r a t i o n w a s c h a r a c t e r i z e d b y a r i u m b e r o f p r o b l e m s
a p p e a r i n g i n t h e f e e d c o n d i t i o n i n g z o n e . T h e s e p r o b l e m s w e r e s p e c i f i c o f
t h e p l a n t . A s d e m o n s t r a t e d i n i n a c t i v e t e s t s , t h e y c a n b e r e m e d i e d b y
d e s i g n m o d i f i c a t i o n s .
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T h e m a t e r i a l g l a s s u s e d i n t h e d i g e s t e r c a u s e d p r o b l e m s b e c a u s e o f i t s
s u s c e p t i b i l i t y t o m e c h a n i c a l a n d t h e r m a l s t r e s s e s .

C o r r o s i o n s t u d i e s o n t a n t a l u m h a v e s h o w n t h a t t h i s m a t e r i a l i s
s u i t a b l e f o r d i g e s t e r c o n s t r u c t i o n .
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THE JUELICH INCINERATION PROCESS
FOR THE COMBUSTION OF HAZARDOUS AND LOW LEVEL

RADIOACTIVE WASTE

M. Laser, H. Mallek and W. Jablonski
Kernforschungsanlage Juelich GmbH

Decontamination Department

ABSTRACT

The JUELICH INCINERATION PROCESS is a controlled air in-
cineration process. The furnace consists of a decomposi-
tion chamber and an oxidation chamber, both are separated
from each other by a grate. The waste is dried, decom-
posed and gasified in the completely filled decomposition
chamber. In the oxidation chamber the produced gas and
unburnt residues are oxidized completely. The temperature
in the oxidation chamber is about 900 to 1000°C. In a
special version, temperatures up to about 1300°C can be
reached. The process can be controlled easily. An off-gas
cleaning system which can be specially designed according
to the local requirements guarantees to meet all levels
prescribed by nuclear and clean air acts.

The process has been developed for the combustion of
low level radioactive waste containing paper, wood, PE,
PVC, ion exchange resins, carcasses, medical waste, scin-
tillation vials, oil and solvents. It has been installed
successfully also for hazardous waste and industrial res-
idues.

INTRODUCTION

The incineration of municipal and hazardous waste is applied very fre-
quently. Important advantages are the destruction of toxic organic compounds
and infectious material, the prevention of the fire hazard at the disposal
site and the high volume reduction factors. However care has to be taken to
retain volatile pollutants like hydrogen chloride, dioxin, carcinogens, etc.
A much more effective off-gas-cleaning system is necessary for the incinera-
tion of radioactive waste.

To meet the requirements of the Clean Air Act and the nuclear laws and
ordinances an optimal design of both the incinerator and the off-gas clean-
ing system is necessary.

DESIGN CRITERIA

The incinerator must be designed for the combustion of all relevant
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combustible low-level radioactive waste types, especially
- paper and wood
- plastics (including PVC)
- textiles
- rubber
- ion exchange resins
- scintillation vials
- carcasses
- sludges, etc.
Furthermore, it should be possible to burn solvents and oils.
The plant should be suited to incinerate waste containing up to about 15 %
inert material like scrap without sorting or pretreatment, because every
pretreatment step would increase the risk of ignition or contamination and
is furthermore very expensive.

The off-gas must be burnt out completely, because this is essential for
an effective off-gas cleaning. Unburnt material like soot or tar would block
the filters after a short time. A complete burn-out can be best achieved by
a continuously operating and easily controllable process which is insensi-
tive against changes of the waste composition, especially against changes of
the calorific value (heating value) of the waste.

Radioactive fly-ash and aerosols should be retained by a dry filtration,
e.g. by a combination of an automatically cleanable baghouse filter and a
HEPA filter.

Non-radioactive pollutants like HC1, HF and SO2 must be retained after
the separation of the radioactive dust and aerosols, e.g. by an aqueous
scrubber. This arrangement is the only one to guarantee an optimal volume
and mass reduction factor. A combined retention step for radioactive and
non-radioactive components would increase the final mass of the residues
considerably. For instance, the incineration of 1 Mg waste containing 10 %
chlorine would result in 165 kg NaCl or 210 kg KC1, which means a double or
triple amount of radioactive residues, if radioactive dust and non-radio-
active volatiles are retained together. Small amounts of tritium and C-14
can be neglected because of the low radiotoxicity of these isotopes. Iodine
must have decayed before incineration. Under these conditions the spent
scrubber solution can be discharged as non-radioactive waste water.

The heat removal can be achieved by heat exchangers, quenchers or by
adding fresh air.
The above specified process guarantees a maximum of off-gas cleaning capac-
ity. Under less stringent conditions or with special waste types one step or
more can be omitted. For waste with very low chlorine and SO2 content, e.g.,
the scrubber can be cancelled. For very low radioactive waste like insti-
tutional waste possibly the HEPA filter can be left out. Non-radioactive
toxic waste may be burnt without filter but must have scrubber. Thus the
process can be adapted to the special requirements.

THE JUELICH INCINERATION PROCESS

The Juelich Incineration Process has been developed for the combustion
of low-level radioactive waste. However it is used also for non-radioactive
hazardous waste and industrial residues. In the latter cases the incinera-
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tion plants are combined with a boiler for the production of steam or hot
water.

The first version of the process went into operation in the fall of
1976. The throughput was about 70 - 90 kg/h. Since this time the process has
been developed to the present state of the art which fulfils all the very
stringent requirements of the German Clean Air Act and the Radiation Protec-
tion Ordinance. Our international operating licensee is Kraftanlagen Heidel-
berg AG/Federal Republic of Germany (KAH), which cooperates with ATCOR,
Avon, CT., in USA.

The incinerator consists of an upper controlled air incineration cham-
ber and a lower oxidation chamber. Both are separated by a movable grate
(figure 1). The upper chamber is completely filled with waste via a double
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door lock. During operation there is a temperature gradient in the waste
column. The temperature increases from near room temperature at the upper
level to 800 to 900°C at the grate. By addition of an understoichometric a-
mount of air the waste is dried, decomposed and gasified in distinct zones
of the waste column. The gas consisting mainly of CO, H2, CO2, H2O and small
amounts of methane is oxidized by addition of secondary air fed through the
grate into the oxidation chamber. Also pyrolysis coke is burnt in this cham-
ber at about 900 to 1000°C. (1).

The off-gas is cooled down to about 200°C in an air cooled heat ex-
changer and by mixing with fresh air and is filtered by a baprbouse filter.
Thereafter it is further cooled to 100°C by mixing with air before it passe.;
the HEPA filters. The purified off-gas is finally scrubbed with a caustic
solution to remove HC1, HF and SO2. Now the off-gas is reheated by mixing
with warm air from the heat exchanger and emitted via the stack. The spent
scrubber solution is non-radioactive and can be discharged to the river.

Because of the very smooth reaction in the controlled air incineration
chamber the process can be controlled very easily, mainly by the control of
primary air input. The feed of waste onto the cold waste column and its slow
passage down to the grate through definite zones of temperature results in
a "thermal equalization" of the waste, especially in respect to its calorif-
ic value, and in the absence of peaks of CO and organics.

At the beginning of a campaign the furnace is heated by gas burners to
a minimum temperature of 800°C during the night. The upper chamber of the
incinerator is completely filled with waste. After reaching the thermal
equilibrium the gas burners can be shut down. Now no additional fuel is nec-
essary. During the shift, waste is fed chargewise, so that the upper chamber
is completely filled everytime. Nevertheless, the burn-out is continuously.
During the night the primary air is reduced and the upper chamber burn.- 01:'.
slowly. When the temperature in the oxidation chamber decreases to 800°C
the gas burners start automatically. At the next morning, the upper chamber
is nearly empty. After new charging full power operation can start immedi-
ately. The ash is removed from the oxidation chamber in the mornir.^. It
falls down into the cooling section. One day later it is filled into 200-
litre-drums for immobilization with cement. An optimal throughput can be
achieved with two shifts of 8 hours, each shift separated by h hours of au-
tomatical operation.

RESULTS

The Juelich Incineration Plant was in operation from 1976 to 1986. In
the first years it was used exclusively as experimental plant. During the
last years the routine incineration of low-level radioactive waste was pre-
vailing. In April 1986 the plant was decommissioned. Based upon the results
of the successful operation, an industrial plant will be erected in 1987.

The state of the art may be characterized by the operational results of
1985. During this year the plant was 115 days about 10 hours each day in
full operation. The outage of the plant was caused mainly by lack of persone] .

In 1985 about 84 Mg of solid and liquid waste have been burnt. Ti.e
waste consisted of:
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1 .5 Mg wood
4.4 Mg paper

31.6 Mg mixed waste
3.4 Mg carcasses

M.H Mg filters (HEPA filters, prefilter)
7.5 Mg ion exchange resins
11.1 Mg sludge
2.1 Mg scintillation vials
1.0 Mg graphite and charcoal
4.0 Mg oil and solvents

The volume of the solid waste was 415.5 m3 corresponding to a density
of 0.19 Mg/m3. The weight of the ash was 12.5 Mg corresponding to a weight
reduction factor of i .1. The ash was burnt out completely. The low weight
reduction factor characterizes the relatively high content of about 15 % in-
combustible material in the unsorted waste. The volume reduction factor was
19. These reduction factors include secondary waste, e.g. from the incinera-
tion of spent HEPA filters. Its amount of ash can be neglected compared to
the ash from the primary waste.

The volume of the final waste product which is immobilized with cement
is nearly the same as that of the ash. It can be further reduced by immo-
bilization with cement under high pressure by a factor of about 2 (5).

Most of the dry waste is delivered in 200-litre-drums, which are
emptied into the feed chamber above the decomposition chamber.

Carcasses are packed into PE bags, stored in a freezing box and trans-
ported to the incinerator. Packages with about 40 kg of carcasses can be fed
into the furnace without problems.

HEPA filters are filled into PE bags during removal from the filter
house. They are fed into the plant without pretreatment.

Spent ion exchange resins were burnt during a special experimental cam-
paign of about 3 weeks. The humid material was filled into PE bags, and
burnt together with dry solid waste up to a ratio of 1:1. The combustion was
excellent and without problems. This experiment was very important for the
export of the Juelich Incineration Process into foreign countries. In
Germany, normally no low radioactive resins are available.

The radioactive sludges originate from precipitation and sedimentation
process in the chemical sewage plant of the research centre. The material
contains about 65 % water. The calorific value is nearly zero. It is "burnt"
together with other material, because an optimal volume reduction factor is
achieved by this means.

Scintillation vials containing mixtures with toluene and xylene are
collected in 20-litre-PE-drums. They are burnt without further treatment to-
gether with other solid waste. However it is also possible to burn only
vials in a smaller special unit operating according to the Juelich Incin-
eration Process.

Oil is fed onto the waste column in the decomposition chamber.
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Solvents are injected directly into the oxidation chamber. In this case
an auxiliary burner is in operation to guarantee the exact combustion also
of aqueous phases. The incineration of solid waste at the same time is not
allowed by the supervising authorities.

The total 3-activity (without isotopes with low energy radiation) was
about 20 GBq (~ 540 mCi). The release amounted to about 0.001 %.

The scrubber retained 98 % of the chloride and 87 % of the SO2. The ac-
tivity concentration of the spent scrubber solution was very low, so that it
could completely be discharged to the river.

The concentration limits for non-radioactive pollutants are 100 mg
C0/m3, 50 mg organics/m3, 30 mg chlorides/m3 and 5 mg fluorides/m3. These
values are not reached neither during normal operation nor start-up and
shut-down phases. The absence of major peaks of CO and organics is the re-
sult of easily controllable continuous incineration process.

The ash is immobilized with cement. Normally a mixture of 30 % ash,
40 % cement and 30 % water is applied. To prevent unstable waste products
caused by gas production or swelling processes a special pretreatment pro-
cess of the ash has been developed.

HIGH TEMPERATURE INCINERATION

Recently temperatures at 1200°C and above are requested for the incin-
eration of hazardous waste especially to destroy dioxin. These temperatures
can be reached with a separate oxidation chamber (figure 2).

Primary
Air

Off Gas Cleaning
and Stack

Decomposition
Chamber

Oxidation
Chamber

Heat
Exchanger

Figure 2: Incineration with separate afterburner
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The gas is withdrawn from the decomposition chamber and injected to-
gether with air into the oxidation chamber tangentially. An excellent mixing
is achieved by this means, so that very low excess of air is necessary for a
complete oxidation. In most cases temperatures at or above 1200°C can be
reached. If waste with a low calorific value is burnt a small gas or oil
burner can be used to increase the temperature.

INDUSTRIAL PLANTS

Several plants have been built for radioactive and non-radioactive
application. Other plants are planned or under design.

Since 1979 the German company Carl Freudenberg, Weinheim, operates a
plant for the combustion of mixed waste and industrial residues inclusive
plastics, laquer sludges and other hazardous solvents with a throughput of
about 300 kg/h. The heat is used to produce 2 Mg steam per hour. The off-gas
passes a cyclone and is combined with the off-gas of the thermal power plant
which is cleaned by an electrostatic filter. This plant demonstrates a cheap
design to use thermal energy from hazardous waste using existing off-gas
cleaning systems.

Since 1983 a 350 kg/h plant for the incineration of hospital waste is
in operation in Wurzburg/Germany. It operates semiautomatically. The heat is
used for the production of steam and hot water. The off-gas is cleaned at
about 190°C by a cyclone and a baghouse filter.

Kraftwerk Union (KWU) has installed a plant called ARAK with a through-
put of 100 kg/h for the incineration of radioactive waste from nuclear power
plants. The furnace corresponds to the Juelich Incineration plant, the off-
gas cleaning system however is different. Because the chlorine content of
the waste can be limited, no scrubber has been installed. The hot off-gas
which is withdrawn from the furnace is filtered at 800°C by ?.. ceramic felt
high temperature filter, is cooled to about 250°C by mixing with fresh air
and is finally cleaned by a prefilter and HEPA filters. The plant is in the
start-up phase.

At KFA Juelich a new incineration plant is under construction. It sub-
stitutes the old experimental plant described above. The design of the fur-
nace and the off-gas cleaning system is principally the same, however it
considers the latest state of the art and the new requirements of the Clean
Air Act.

Another demonstration plant with a throughput of 30 kg/h was erected at
MITSUI Shipbuilding Company in Japan.

In 1984 the contract for building a facility for the incineration of
radioactive waste produced in the PNC FUGEN research institute was awarded
to the MITSUI/KAH Corporation. The plant is scheduled to be commissioned in
1987 (3).

In the United States KAH has a cooperation agreement with ATCOR. In co-
operation with Battelle Memorial Institute at Columbus, Ohio, a safety re-
port for the Juelich Incineration Process was established and presented to
the NRC in 1983. Based upon this report the NRC granted the license amend-
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ment for the process along with an Environmental Assessment and a Finding of
No Significant Impact (4).

Finally KAH was awarded the order for an a-tight incinerator for the
German Reprocessing Plant, which is under construction at the present time.
The plant will have a throughput of about 100 kg/h. It is planned to be in
operation in 1993.

All these plants are designed by KAH. Further plants are planned.

Smaller plants with heat capacities of 20 kW to 1 MW for the incinera-
tion of industrial residues are built by KFA itself or in cooperation with
smaller firms.

A heating plant with a capacity of about 1 MW has been installed for
greenhouse heating. It is fueled with industrial residues of polyethylene
vinyl acetat. Because of the well known composition of the residue no spe-
cial off-gas cleaning system is necessary except a simple dust separator.

Another 1 MW plant fueled with lignite has been built as demonstration
plant. Only a cyclone has been installed for the retention of fly ash.

A small automatically operating 70 kW plant fueled with horticulture
residues is in operation since several years. The furnace has been combined
with an existing boiler. No off-gas cleaning is necessary.

Several other small plants have been built for the incineration of spe-
cial organic residues.

ALTERNATIVE TREATMENT OF LOW LEVEL
RADIOACTIVE SOLID WASTE

Since some years incineration of low-level radioactive solid waste must
compete with the supercompaction. Supercompaction seems to be very attrac-
tive because of lower treatment prices. However it must be considered that
incineration and supercompaction are working optimally in different areas of
waste treatment market with partial overlapping.

Incineration is optimal operating with combustible waste containing
small amounts of incombustible material (S 15 % ) . It is characterized by
- high volume reduction factors (RF = 20 to 100) resulting in low storage
and final disposal costs,

- complete destruction of hazardous and toxic organic compounds,
- inert material with high inherent safety for final disposal, therefore
- no gas production by bacteria and
- no self ignition.

Supercompaction is optimal operating with incombustible waste. It is
characterized by
- medium volume reduction factors (RF = 2 to 5) resulting in higher storage
and final disposal costs

- no mass reduction
- inert material with high inherent safety for final disposal, if only in-
combustible material is compacted.
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Combustible dry waste can also be treated by supercompaction, however
there is a risk of
- gas production by bacteria
- self ignition
- ignition in the case of a fire accident.

It is not applicable for the treatment of
- carcasses
- hospital waste
- ion exchange resins
- oil and solvents.

An optimal waste treatment strategy applies both incineration and su-
percompaction. In this case a further volume reduction is possible, if the
ash mixed with cement is compacted. A special mixture for the immobiliza-
tion with cement under high pressure has been developed (5) recently.
60 weight-% ash, 30 weight-% cement and 10 weight-% water are mixed and com-
pacted with about 30 MPa. The final product has a compressive strength of up
to 1800 kN/cm2 (2).

The costs of the strategy depend strongly on the final disposal costs.
At low disposal costs, the supercompaction is cheaper than incineration. At
high disposal costs, the costs of incineration are lower because of higher
volume reduction factors.

CONCLUSIONS

The Juelich Incineration Process, a controlled air incineration pro-
cess, has proven its high technical standard by successful operation of
several plants for the incineration of low-level radioactive waste, hazard-
ous waste and industrial residues. The process is easy to control. Off-gas
and ash are burnt out completely. The off-gas cleaning system can be adapted
to the local requirements. The emission of pollutants can be reduced signif-
icantly below the very stringent limits of German Clean Air Act.

The product of incineration is an inert product with high inherent
safety for final disposal. With increasing disposal costs the incineration
becomes more and more economical.
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A LICENSED CENTRALIZED LOW LEVEL WASTE INCINERATOR FACILITY

Kenneth H. Dufrane
Atcor Engineered Systems, Inc.

Manfred Arnold
Kraftanlagen, A.G.

ABSTRACT

A centralized "Dry Waste Volume Reduction" facility is
planned for Battelle's Nuclear Technology Center as a
research and demonstration program. The uniaue
incinerator concept selected was originally developed at
the Juelich Nuclear Research Center and commercialized by
Kraftanlagen, A.G. and Atcor Engineered Systems, Inc. A
funded Phase 1 design study, completed in 1983, led at
that time to an application to the U.S. NRC for approval
to incinerate low level radioactive waste at this site.
In July 1986, the reauested license amendment was issued
along with an Environmental Assessment and a Finding of
No Significant Impact. Progress toward the Phase 2
construction phase is currently being solicited to
interested utility and institutional radwaste producers.

The project status of this program is presented along
with the incinerator's worldwide operating experience and
specialized design features which makes it the most
unique incinerator in the world. Key to this latter
claim is the research and engineering efforts put forth
to obtain an incinerator which emits a clean, easily
treatable off-gas along with a minimal amount of
secondary waste. This was accomplished by combining a
pyrolysis chamber with an excess air combustor to gain
the optimum features of each. In the resulting design,
gravity feeds the process material into the system's
pyrolysis chamber without sorting, shredding or other
such pretreatment. Metal objects, liquids, such as oil
and gasoline, or solid products, such as resin, blocks of
plastic, rubber products, animal carcass, or compacted
trash, may be included as normal processed waste. The
temperature of this waste is gradually increased from
room temperature in an oxygen-depleted atmosphere where
volatile pyrolysis gases are produced, tar-like
substances are cracked, and the resulting product becomes
a relatively uniform and easily burnable material. This
material is then introduced into the combustion chamber.
Steady burning of this charcoal-like solid material is
accomplished under easily controlled excess air
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conditions with the off-gas then passing through a simple
dry clean-up system. The off-gas temperature is reduced
prior to passing through secondary and final HEPA
filters. The only secondary waste produced are these
filters which may be simply re-introduced into the
incinerator without any cutting or compaction.

Many thousands of hours of successful incinerator
operation have been demonstrated in both Europe and the
Far East. This includes a variety of both nuclear and
non-nuclear applications.

INTRODUCTION

A uniaue incinerator for low level radioactive waste was first
developed and then later placed into commercial operation at the Juelich
Nuclear Research Center in West Germany in 1978 (Reference 1). A wide
variety of wastes are processed from general research, medical and two
research reactor waste streams. Over 200,000 kg of low level radioactive
waste have been processed including paper, rubber, plastic (PE 4 PVC),
HEPA filters, animal carcasses, hospital wastes, scintillation vials and
ion exchange resins.

The original design objective of no pretreatment (e.g., sorting,
shredding, etc.) for all waste fed to the system has been successfully
demonstrated for all of the waste forms noted. This objective was met
through the use of a two-stage pyrolysis incinerator which further allows a
simplified dry off-gas system to be used. The incinerator consists of a
thermal pretreatment, reduced oxygen pyrolysis section, separated from an
excess oxygen combustion chamber by grates. The combustion off-gas is
filtered and a portion is recirculated to the pyrolysis section of the
incinerator after mixing with a measured amount of fresh primary air. The
remaining off-gas is cooled and, after additional high efficiency
filtration, passed to the stack.

The details of the incinerator concept are illustrated in Fig. 1. The
wastes are fed by gravity into the thermal pretreatment or pyrolysis
chamber of the incinerator through an air lock arrangement. Special
material handling such as sorting, shredding and metal removal is not
reauired. This greatly simplifies the mechanical operation, reduces
maintenance, lowers exposure and eliminates undesirable tasks. The
eouipment is sized to directly accept large bundles of waste, combustible
drums and bagged HEPA filters. Both this bulk and standard material is
brought through an air lock into a room temperature zone of the
incinerator. The material is slowly passed downward through zones of
increasing temperature while the oxygen level is intentionally restricted.
As the temperature of the feed material is slowly increased, the wastes
decompose and pyrolysis gases are produced. The remaining solid material
is gradually reduced to a charcoal-like material. Tar-like residues and
complex hydrocarbons are essentially "cracked" and a readily burnable
material is produced. After several hours, a temperature of 800°C is
reached in a glowing bed area just above the grates. At this point, all
burnable material has been dried„ degassed, partially oxidized and reduced
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to a pyrolysis coke.

The pyrolysis products are then completely burned in the combustion
chamber at 900°C in an excess oxygen atmosphere. Secondary air in
overstoichiometric quantities is admitted through the pyrolysis bed grates
which separate the pyrolysis section from the combustion chamber. This
secondary air cools the hollow grates before flowing into the combustion
chamber through openings in their bottom. This excess secondary air also
cools the combustion process and holds the combustion temperatures at the
design point of 900°C, Volatized and pyrolysis gases flow around the
grates and are burned, as in a gas burner, when sufficient oxygen is
present. A gentle oscillation of the grates prevent the glowing bed from
"channeling" and breaks up the pyrolysis coke into small particles. These
then drop into the combustion chamber for final burning. The stable and
relatively low temperature combustion process provides a long system life
and a completely burned out but easily handled unmelted ash.

Non-combustible particles accumulate in ash traps at the bottom of the
combustion chamber where afterburning reactions for large particles can
take place. The ash traps are periodically emptied and the ash is dumped
onto a discharge gate. After cooling, it is transferred into a container
for solidification and/or disposal as required.

The inherent safety and operational ease of this incinerator may best
be evaluated by considering how it would handle the introduction of
significant quantity of flammable liquid into the system (i.e., oils, paint
thinner, scintillation vials containing toluene, etc.). In effect, these
would simply vaporize at a relatively low temperature in the upper part of
the pyrolysis chamber. After mixing with the pyrolysis gases, a stable
burn would take place when combined with excess air in the combustion
chamber. Another consideration would be large solid sections of difficult
to burn material (i.e., animal carcasses or high heat capacity plastics).
These will gradually break down over a period of hours and similarly burn
in a controlled fashion.

In a conventional incinerator, large quantities of flammable liouid
tend to react in an explosive fashion when suddenly exposed to combustion
temperatures. Large sections of solid material could also be impossible to
burn without significant pretreatment since such material frequently tends
to either gum or form an insulating char. However, when treated under a
slow cycle, depleted oxygen condition, pyrolysis products and gases are
produced and the waste is uniformly reduced to an easily burnable product.

EXPERIENCE

The development of an advanced low level radioactive waste incinerator
was started at the Juelich Nuclear Research Center in the Federal Republic
of Germany (West Germany) in the late 1960's. Key objectives of this
effort were first to provide a system which could readily handle the
extremely wide variety of institutional, research and reactor plant waste
without sorting shredding or other such pretreatment. In addition, both
the ash and off-gas composition must be easy to process while minimizing
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the production of secondary waste (i.e., to maximize the resulting volume
reduction factor). Obviously the usual high nuclear system standards must
also be maintained. These would include strict adherence to all release
reauirements, minimum radiation exposure for both operations and
maintenance plus a high operational availability factor for the system.

Quality research and development by Jeulich personnel accomplished all
of the program's basic objectives. This allowed the development facility
to be subsequently utilized as a central waste processing facility for both
the research institute as well as the general region. In addition to
processing many tons of conventional dry and liquid radwaste, specialized
testing were also successfully performed on a variety of material such as
resins (Reference 2). Successful demonstrations also included
Urea-formaldehyde/resin solidification mixtures.

This technology was further expanded (Reference 3) through the
construction of additional nuclear and non-nuclear incinerators with
demonstrated capacities of 50 to over 350 kg/hr (100 to 800 lb/hr). Over
40,000 hours of operational experience have been realized in these
applications which range from an installation at a plastic plant where
energy recovery was a key feature; a large hospital installation with a
completely automatic waste bin feed systems; to a central commercial
incinerator for radwaste. Current ongoing programs include a new system
for Juelich which incorporates additional design features plus the
capability of processing hazardous chemical wastes and a mixed waste
(alpha) incinerator for the new West German Spent Fuel Reprocessing
Facility. A summary of these installations is presented in Figure 2.

PROJECT STATUS

In 1982 the Battelle Columbus Laboratories proposed a program for
"Research and Demonstration on Incineration of Low Level Radioactive Waste"
at its Nuclear Science Area near West Jefferson, Ohio using the
ATCOR/Kraftanlagen incinerator. This resulted in a Phase 1 design study
supported by several utilities and institutions. Integral with this study
was the application to the NRC in August 1983 for an amendment to their
site license for the addition of the incinerator facility (Reference 4 and
5). After a series of both programmatic delays and responses to requests
for additional information, the license amendment was issued by the NRC in
July 1986 with a "Finding of No Significant Impact" (References 6 and 7).

The design study, completed in 1983, did not indicate an economic
incentive for continuing with the Phase 2 construction part of the
program. To a large extent this was due to the limited five-year lifetime
imposed on the program, combined with conservative assumptions for
operations and decommissioning costs. Also in 1983, the costs of shallow
land burial was relatively low so this approach remained the most
attractive alternative. Significantly, a majority of the radwaste
producers also felt that the substantial increase in LLW disposal prices
that had occurred over the previous years had finally stabilized.

Today, with the benefit of hindsight economics, this picture has
obviously been altered. Basic disposal prices have continued to climb and
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changes in the Federal LLW policies have added both a schedule of
significant state surcharges ($10-$40/ft3; $350-$l,4007m3) plus
potential additional penalties of over $100/ft3 ($3,500/m:3). In
addition, an exclusion of radwaste producers from all site access is
possible if individual states do not meet a specified new site operations
schedule.

The current economics for LLW operation has therefore changed
significantly over the intervening years. Because of this and with NRC
licensing now resolved, the potential for a new joint participation in this
Volume Reduction Demonstration Facility now appears most promising.
Discussions are currently underway with interested utilities to gain
combined financial support for this significant program.

PROJECT DESCRIPTION

The proposed site for the planned Volume Reduction Demonstration
Facility is at Battelle's Nuclear Science area. This area consists of
approximately 4 million square meters (1,000 acres) and is located ten
miles west of Columbus, Ohio near West Jefferson and is about one mile from
Interstate Highway 70. The facility was located just outside of the
existing maximum security area in order to readily provide 24-hour access
for operations. (Figure 3)

The basic facility structure consists of two adjoining areas; the
process building and the waste storage building. The process building is a
multistory structure 45 x 60 x 52 ft high (13.7 x 18.3 x 15.8m) with a
discharge stack 132 ft (40m) above ground level. In addition to the
incinerator system, it contains the control room, locker, waste charging
and ash solidification areas. The waste storage building is 60 x 80 ft
(18.3 x 24.4m) and contains a truck load/unload dock and provides a surge
capacity for approximately one month of operation. The facility is
constructed on a 6-inch reinforced concrete slab; exterior walls are
insulated corrugated steel.

Truckload auantities of radwaste will be periodically transported to
the incinerator site at an average rate of one to two shipments per week.
Upon receipt, the containers of material will be inspected for damage,
surveyed and checks made against the shipping manifest. A storage capacity
for about 30 days of operation provides insurance against unanticipated
transportation interruptions. This also enables waste to be segregated by
both material type and activity for production optimization. Incoming
waste is also expected to meet the following inflexible requirements:

(1) Full compliance with NRC and DOT packaging and transportation
regulations.

(2) No toxic materials.

(3) No explosive materials.

(4) No polychlorinated biphenyl materials (PCB's).
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(5) No pyrophoric materials.

(6) Transuranics<10 nCi/gm.

(7) only combustible absorbants for liquids.

(8) No shielded shipping casks or drums.

(9) Documentation

o Compliance with all applicable NRC and DOT regulations

o Prior shipment notification with

— description and number of containers

— approximate composition

— approximate waste density or total waste weight

— approximate arrival date and carrier

o With shipment

— identification of waste as prescribed on the Radioactive
Waste Shipment forms including container ID number,
weight, smearable surface contamination, chemical and
physical form, radionuclides (type and quantity of each),
radiation levels, fissile content (isotope and quantity of
each), and transport group

Additional criteria have been established for the production
operation. These are defined as "flexible" because reasonable exceptions
may be considered depending upon both operational experience and occurrence
frequency. These include:

(1) Container Surface Dose Rate, mR/hr

Uncompacted Compacted
Maximum average 5 15
all containers

Maximum single container 100 100
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(2) Acceptable Container Types (NRC/DOT/DOE Compliance)

o 55-gallon drums

— uncompacted
— compacted: approx. 34 lb/ft^ without

compaction discs (anti-springback)

o Fiberboard boxes

o Reusable metal or wooden boxes (waste sealed in trash bags)

(3) Container Weight

o 55 gallon drum: 500 lb maximum
o Fiberboard boxes: 50 lb maximum
o Cubic metal boxes (LSA) containers: 3000 lb maximum
o Reusable wooden boxes: 2000 lb maximum

(4) Loose or Palletized Drums Acceptable

(5) Requirements for Palletized Drums

o Open pallets (not enclosed)
o Six (6) drums/pallet maximum
o Banded
o Drums single layered
o Pallet gross weight — 3000 lb maximum

(6) Free Water <0.5% by volume

(7) Polyvinyl chloride (PVC) and other
chlorine containing materials <10% by volume of

shipment

(8) Non-combustibles Content

o Uncompacted ^5% by volume
o Compacted < 2 % by volume

o Scintillation vials As low as reasonably
possible,
no specific limit

o No large heavy bulky items

After processing, the ash will be first treated to meet burial
criteria and then stored until a truckload Quantity is accumulated. It
would then be shipped directly to the closest available disposal site. In
the event site access is unavailable for more than a short term, the ash
would be returned to the originator for temporary storage at his facility.
Although this event would be rare, the anticipated volume reduction factors
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of 25 to 100 (depending upon material processed) would provide significant
on-site storage advantages over the case where incineration was not
available.

Beyond the fundamental material receipt and handling steps, the basic
operational process consists of the controlled air pyrolysis incinerator
and associated process gas clean-up system. Off-gas from the incinerator
first flows through the Hot Gas Filter and then a section of this oxygen
depleted air is recirculated back to the pyrolysis portion of the
incinerator. Next, the main body of the off-gas has its temperature
reduced in the mixing chamber by the introduction of outside air. This
step is required to meet the temperature limits of the final HEPA filter.
The flow continues through a mesh filter and a bank of final absolute
filters. Induced draft fans maintain a negative pressure throughout the
system and direct the flow to the stack. The process schematic for this is
presented in Figure 4 while a typical equipment layout is provided in
Figure 5.

In examining details of the system, the waste processing path starts
with the loading of dry active waste into the upper section of the
incinerator. Liquid wastes, oils or resins may be either bulk loaded like
dry waste or directly pumped to one of the processing chambers depending
upon the consistency and chemical makeup. The waste loading chambers are
mounted on top of and flanged to the incinerator. The chamber is- an
airtight steel box subdivided by a pneumatic slide gate into a drummed
waste compartment and a bulk waste compartment. The drummed waste
compartment is fed by a drum dumper through a waste loading port. It also
contains glove ports, inspection windows and a flanged opening in the
bottom interconnected with the incinerator. The bulk waste compartment,
which receives bagged waste and filters, is fitted with an airtight
exterior door. Both compartments are eauipped with lighting, air exhaust
filtration and fire extinguisher systems.

The drums are brought to the loading floor from storage with the lids
remaining intact until immediately prior to charging. An
electric/pneumatic drum inverter is used to lift the drums of waste up to
and invert them over the drummed waste loading port. The drum inverter is
equipped with a drum cover which, when the drum is positioned over the
loading port, engages the loading port cover. Both covers slide out of the
way together, allowing the drummed waste to fall into the drummed waste
chamber. Compacted waste may be pulled out of the drums by operators using
the glove ports, depending upon the material and degree of precompaction.
About two drums per hour of waste are unloaded into the chamber. Air
pressure in the chamber is maintained negative with respect to the
operating area at all times by the exhaust system. This loading
arrangement and the air flow controls prevent the inadvertent release of
radioactive materials and possible contamination of the drum exterior.
Bulk waste, such as intact HEPA filters, are first placed in a separate
adjoining compartment and then transferred into the drummed waste
compartment through an interior door.
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The incinerator waste feed lock is a steel compartment with airtight
pneumatic slide gates at the top and bottom. The inlet slide gate assembly
is flanged to the bottom of the drummed waste compartment and the discharge
gate is flanged to the incinerator pyrolysis chamber. The waste feed lock
serves to separate the waste loading function from the negative atmosphere
of the incinerator. To assure incinerator isolation from the loading
chamber, interlocks prevent the simultaneous opening of both waste feed
locks. Similar interlocks are installed at all locations where openings
are made to feed or remove materials. The waste is automatically added to
the incinerator when needed as sensed by a level detector in the connecting
column.

The incinerator assembly is a steel jacketed, airtight sauare column.
It is flanged at the top to the waste feed lock and at the bottom to the
ash discharge hopper. Its interior cross-section is 31-1/2 inches square.
The incinerator has multilayered refractory lining and insulation to
minimize the effects of thermal cycles and stresses. The innermost
refractory layer is constructed of a nonporous wear-resistant surface to
minimize residual contamination and to aid in decontamination when
reauired. The incinerator is divided vertically into a pyrolysis chamber
and a combustion chamber by the pyrolysis grates. Recirculated pyrolysis
air is admitted through channels in the side wall of the incinerator.

The steel pyrolysis grates are hollow in construction with holes on
the combustion chamber side to admit combustion air. This air is used for
cooling the grates, for providing an overstoichiometric Quantity of air in
the combustion chamber and for maintaining the combustion reaction
temperature at approximately 900°C (1650° F). The grates are coated
with a ceramic refractory for insulation. The movable grates, which are
provided with exterior, air cooled bearings and pneumatic operators, are
easily removable for maintenance. During operation, they are normally
rotated slowly through a vertical arc of approximately 15 degrees to sift
pyrolysis coke into the combustion chamber. The frequency of oscillation
depends upon waste type and operating experience. Over 70 percent of the
ash falls to the bottom of the incinerator and the remainder exits with the
hot gases to the off-gas treatment equipment. Depending on the type of
waste material, it can take from 1 to A hours to pass through the pyrolysis
chamber.

High melting point non-combustibles (i.e., steel) are normally held on
the pyrolysis grates until the end of a burn cycle. This material is then
dumped onto the ash at the bottom of the combustion chamber by rotating the
grates (90°) to the full inside dimension of the pyrolysis chamber. Low
melting point materials, such as glass and aluminum, soften and flow around
the grates and drop with the ash during normal operation. Wall
penetrations for actuating shafts for grates and valves do not require
leak-tight seals since the actuating operators are completely enclosed in
airtight containments.

Bulk combustible, contaminated liauids may be added to tne waste feed
by injection into the upper part of the pyrolysis chamber at a controlled
rate. Drums of liquid are brought to a special station near the loading
chamber where the drum lid is replaced with a special cover with an
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integral dip tube. The liauid is pumped into the incinerator system; the
injection line is sealed with a valve when the system is not in use.
Depending upon the liquids being processed, direct injection into the
combustion chamber may also be accomplished.

Commercial gas burners are provided in each chamber for preheating the
incinerator interior, for initiating the incineration process, and to add
additional heat when extremely low caloric content material is being
processed. Under normal operations, these burners are never required.

An airtight refractory-lined and insulated flue duct connects the
combustion chamber to the hot gas filter. This duct serves as an
afterburning chamber and provides a 1.5 second hold up of the gases under
combustion conditions.

The ash discharge hopper is flanged to the bottom of the combustion
chamber. It consists of two airtight steel sections; the ash cooling
chamber, top, and the ash discharge lock, bottom, with associated auxiliary
support equipment. A set of ash grates are located at the top of the ash
cooling chamber. As solid combustion products and noncombustibles
accumulate on the ash grates, they are periodically, automatically dumped
into the ash cooling chamber (90° rotation of the ash grates). Since the
ash is hot, the ash grates are air-cooled by air drawn in by the
incinerator system's negative operating pressure. The ash is further
cooled by conduction to the water cooled walls of the ash chamber and is
then emptied periodically into the ash discharge lock.

The ash discharge lock has pneumatic, slide gate valves at top and
bottom. The upper slide gate is flanged to the ash cooling chamber. The
discharge at the bottom of the lock is sealed with a slide gate and is
provided with a disposal drum coupling device. The drum coupling device
seals the ash container to the ash discharge lock. The ash discharge lock
is provided with controlled ventilation through local vents to the exhaust
system to eliminate release of radioactivity during container filling and
disconnect operations.

The amount of material in the lock is controlled by the volume between
the two slide gates and monitored by a level sensor. To transfer the
accumulated ash, the lower slide valve is opened to empty the lock contents
and the valve is closed again. The atmosphere in the region below the
valve is purged through local vents to the exhaust system to remove
radioactive, airborne particulates, and a negative pressure is
re-established before the drum seal is released. After the filled drum has
been removed and covered, another drum is immediately coupled to the
discharge leg. Ash temperature at this time is less than 50°C
(120°F). A drum of ash is typically removed about every 6 hours, but
this varies depending upon feed composition and volume reduction factors.

The hot gas filter is an airtight steel jacketed box with a
multilayered refractory lining. The refractory lining has appropriately
spaced rectangular channels. Perforated refractory ceramic bricks separate
the channels into inlet (unfiltered) and exit (clean) flue gas ducts. The
inlet flue gas ducts are lined with disposable ceramic fiber fleece
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filters. The top of the hot gas filter : s enclosed in a service room which
has controlled, filtered ventilation to prevent a contamination release
during the hot gas filter change operation. During the filter change-out,
spent filters are disconnected from above and are then pushed down into the
inlet plenum for discharge into an ash waste drum. An ash discharge hopper
system, similar to the incinerator, is flanged to the bottom of the hot gas
filter inlet plenum.

The filtered flue gas exits the hot gas filter through a refractory
lined duct. The flow is split to divert i;p to 20 percent of the oxygen
depleted hot gas back to the pyrolysis unit. The remainder of the air is
then mixed, cooled with outside air and then sert to the final cleanup
system and stack discharge.

The mixing chamber is a cylindrical steel housing fitted inside with
baffles and swirl vanes. It is flanged between the refractory lined steel
ducting from the hot gas filter and the insulated steel ducting leading to
the mesh filter. Cooling air is supplied by the draft action of the
induced draft fans with the outlet gas temperature being regulated
automatically by a damper.

The mesh filters consist of two airtight steel housings with internal
arrays of mesh filter bags. About 75 filter bags, each approximately 6
inches in diameter and 9 feet in length are located in each housing.
Periodically and automatically the filtered particulates are dislodged from
the exterior of the bags by an air impulse system. The dislodged
particulates accumulate on the top of the slide valve in the bottom of the
housing. The ash discharge and filter change out system are similar in
concept to that described for the hot gas filter.

The final filters are two-stage high efficiency air particulate filter
units each with a bank of prefilter elements followed by a bank of HEPA
elements. The filter housings are flanged to the ducting from the mesh
filter and to the ducting leading to the flue gas exhaust fan. Doors are
provided for access to change out the filter elements. Depleted filter
elements are replaced by the bag-out method and the filter elements are
then loaded directly into the incinerator for disposal without pretreatment
such as crushing or shredding. Two absolute filter trains are provided for
reliability and to permit change out during operation. Switch-over is
automatic, if the set pressure difference is attained.

Induced draft fans are flanged to ducting from the absolute filter
housing and to ducting leading to the stack. These electrical variable
speed radial blowers are enclosed in airtight, sound insulated, steel
casings.

5 0 6



REFERENCES

1. Dufrane, Kenneth H. and Wilke, Manfred. ATCOR/Kraftanlaqen Controlled
Air Pyrolysis Incinerator. Hanford, Washington: ANS Topical Meeting
on Treatment and Handling of Radioactive Waste, April 1982.

2. Lakner, H. J., et al. Tests with Ion Exchange Resins in the
Incineration Facility of the Juelich Nuclear Research Center (KFA).
Kraftanlagen, Heidelberg, 1983.

3. Gussmann, H., et al. Incineration of Low Level Waste. Charlotte,
N.C.: Conference on Incineration of Low Level Radioactive and Mixed
Wastes, April 1986.

4. DiSalvo, R. and Zielenbach, W. Licensing Experiences for a
CentralizeQ LLW Incineration Facility. Tucson, Arizona: Conference
on Incineration of Low Level Wastes, March 1985.

5. Battelle Columbus Laboratories and Atcor Engineered Systems, Inc.
Report on Safety Related Information for the Battelle Volume Reduction
Demonstration Facility. April 15^ 1983, Appendix G to Renewal
Application BCL-1081.

6. Issuance of Environmental Assessment and Finding of No Significant
Impact. Amendment of Material License No. SNM-7, Battelle Columbus
Laboratories, Volume Reduction Demonstration Facility, West Jefferson,
Ohio; Federal Register/Vol. 51. No. 127/Wednesday, July 2,
1986/Notices.

7. Environmental Assessment of Battelle Columbus Laboratories Volume
Reduction Demonstration Facility West Jefferson, Ohio. U.S. Nuclear
Regulatory Commission Office of Nuclear Material Safety and Safeguards
(Docket 70-8) June 1986.

5 0 7



Waste Loading Chaaber.
Dnaned Haste Coapartaent
Bulk Waste Coapartment

Drum Inverter.

Waste Feed Lock

Pyrolysis Air

Pyrolysis Chaaber.

Pyrolysis Grates.

Combustion Air.

Combustion Chaaber.

Ash Grates

Ash Discharge Hopper.
Ash Cooling Chaaber

Figure 1. Incinerator Schematic
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OPERATION
DATE FACILITY

PROCESSING
CAPACITY
(kg/hr-Lbs/hr)

1975 RADWASTE INCINERATOR 70-150
KFA - JUELICH

1979 INCINERATOR FOR PLASTICS AND RUBBER 350-770
FREUDENBERG/WEINHEIM

1982 RADWASTE INCINERATOR FOR MIXED WASTE 100-220
KRAFTWERK UNION

1983 CENTRAL INCINERATOR FOR HOSPITAL WASTE 300-660
HOSPITAL WUERZBURG

1984 DEMONSTRATION PLANT FOR MIXED WASTE GENERATED 30-65
BY POWER PLANTS - MITSU/JAPAN

1985 RADWASTE INCINERATOR FOR MIXED WASTE 50-110
PNC-FUGEN/JAPAN

1986 RADWASTE INCINERATOR FOR MIXED WASTE 50-110
KFA-JUELICH

1986- RADWASTE INCINERATOR FOR ALPHA-CONTAMINATED
1990 MIXED WASTE - GERMAN PROCESSING PLANT 100-220

TOTAL OPERATION TIME OVER 40,000 h

Figure 2. Juelich/Kraftanlagen Incinerator Installations
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ASH STOKOW

Figure 3. Location of Proposed Incinerator at Battelie's
West Jefferson Nuclear Sciences Area
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Figure 4. Schematic of Incinerator Process

Figure 5 . Typical E<|uip«KOt Arrangement
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High Temperature Slagging Incineration - Recent Operating Experience
N. Van de Voorde, D. Hennart, R. Vanbrabant, L. Mergan*

S.C.K./C.E.N., Mol; * BN, Brussels (Belgium)

1. ABSTRACT

In 1974, the Belgian Nuclear Research Center (S.C.K./
C.E.N.) at Mol started a research program on the treat-
ment of low-level radioactive waste. The aim was to
develop and implement a new high temperature incinera-
tion process. With the support of the Commission of
European Communities, the technical concept of the High
Temperature Slagging Incinerator (H.T.S.I.) has been
developed and improved during more than 10 years. The
system has been operated successfully and further adapt-
ed to enlarge the spectrum of acceptable materials, which
now includes highly toxic industrial hazardous wastes.
This paper presents the current state of the art of this
original concept and the results obtained during the last
five exploitation years. A large part is devoted to re-
porting the operational experience gathered up to now,
including problems encountered and remedial actions taken.
Finally, the properties of the final waste form are sum-
marized and the suitability for final disposal discussed.

2. INTRODUCTION

Relatively important volumes of solid and liquid wastes slightly con-
taminated with a~ and $-y emitters are generated in almost all the activities
connected with the nuclear fuel cycle. The best way to make these materials
suitable for final disposal goes through volume reduction and insolubili-
zation.

In the High Temperature Slagging Incineration system (H.T.S.I.), most
of the solid or semi-solid combustible and non combustible waste streams
can be mixed together and directly converted to a stable leach resistant
residue.

The existing H.T.S.I. pilot plant at Mol, called FLK-60, has treated
radioactive wastes from Belgian an foreign nuclear power plants, research
centers, radioisotopes production plants and radioisotope users. During
107 incineration campaigns of about 120 hours each, the most important
characteristics of the process have been studied and it has been shown how
the total decontamination factor of the off-gas cleaning system, the volume
reduction factor, the quality of the resulting slag and so forth depend on
the heat of combustion of the waste feed, its composition, the melting
point and the viscosity of the resulting slag.

Rather extended shutdown periods have been necessary for throughout
maintenance of the installation or major improvements to the facility. The
encountered problems are dealt with further on in the report together with
the proposed solutions and the improvements which have been carried out.
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In the meantime, exploratory research has been carried out to
extend the range of the applications of the system. Possible uses include
destruction of :
- waste from genetic engineering laboratories;
- pesticides;
- polyhalogenated aromatic compounds such as PCB's and PCT's.

Special attention was given to Cs volatilization suppression by
addition of suitable chemicals to the feed and to recycle of secondary
waste streams into the incinerator feed.

Finally, during the whole operation time, continuous research has
been carried out about granules recycle with the aims of increasing the
mineral content of the feed, more efficiently concentrating the radio-
activity and improving volume reduction factor.

3. THE H.T.S.I. PROCESS

Rather detailed descriptions of the H.T.S.I. installation can be
found in previously published reports (1, 2). In this paper, a short
review only of the basic parts of the Mol installation will be presented.
The Mol H.T.S.I. has been designed as an integrated installation for
treatment and conditioning of radioactive waste materials, especially
a-contaminated ones. The process consists of bringing a mixture of
combustible and non combustible materials at a temperature of about
1700° C, so converting it into a stable leach resistant residue suitable
for safe disposal. The basic installation consists of a waste pretreat-
ment system, an incinerator, an off-gas treatment system and a slag
catching system (Fig. 1).

3.1. The Waste Pretreatment and Feeding System

This part of the installation carries out reception, sorting, size
adaptation and mixing of the waste constituents before feeding the
homogenized blend into the furnace.

The composition of the feed mixture is rather closely controlled
so as to yield a maximum combustion efficiency and a final waste form
with satisfactory quality. But most often quite important variations
occur in the instant composition of the received waste, which usually is
a packaged mixture of combustible and non combustible items. Therefore
some coarse sorting is necessary to separate different categories such as
cellulosic materials, halogenated or halogen-free synthetic resins and
elastomers, glass, metals, filters, and so on. This operation, which is
carried out in a suitable glove-box, allow removal of certain materials
difficult to process through the system, which will be treated separately.

From there, the material is thrown into the air tight connected
hopper of a shredder which reduces it down to a particle size of 50 mm.
A metal detector enables discarding heavy metal pieces before they reach
the shredder.

The shredded materials are mixed together in bins after eventual
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addition of slurries and pastes generated by effluent treatment. From
there, they are fed into the incinerator by means of screw-conveyors.

3.2. The Incinerator

The incinerator itself consists of three parts : the main combustion
chamber, the outlet chamber, and the postcombustion chamber.

One of the original features of the H.T.S.I. process is that the
main combustion space is surrounded by a wall formed by the very material
to be treated. This space is a conical cavity formed in the bottom part
of the main combustion chamber between the lower edge of an interior
cylindrical wall and the slag outlet hole. The inner wall of that cylin-
der is lined with refractory material so as to form a conical surface
opposite to that in which the combustion takes place. The main burner is
mounted at the top of this so-called "bell".

The waste is fed into the annular space between the outer shell of
the furnace and the fixed inner cylinder. Rotating paddles and ploughs
ensure progression of the feed material down to the top of the conical
cavity, which is continuously refreshed.

The upper layer of the waste cone is exposed to intense heat radia-
tion from the main burner off-gas stream and from the combustion of the was-
te pyrolysis products. This radiation is reflected downwards by the bell
and the whole forms a kind of cupola furnace. As a result of this, the non
combustible residues from the waste are molten into a slag film flowing
along the slope of the waste cone towards the central bottom hole. The
waste pyrolyses gases flow through this viscous layer which acts as a
liquid filter lowering the dust content of the non filtered off-gas down
to 30 mg/Nm3.

Originally, the main burner was supplied with fuel and amblant air
to promote combustion. Recently, this device has been replaced with an
advanced prototype using pure oxygen, allowing production of a hot gas
stream at 1700° C.

The outlet chamber is located under the common outlet hole for the
molten slag and the off-gases. It is equipped with an auxiliary burner
working with either light fuel oil or combustible liquid waste such as
oils or solvents. This burner maintains a temperature of about 1300° C
and ensure complete combustion of the pyrolysis gases. The bottom of this
chamber is fitted with an outlet dipping into the water pool of the slag
catching unit, the so-called granulator. The molten slag and the off-
gases are separated from each other in this chamber.

In the post-combustion chamber, the off-gases are mixed with the
steam produced in the granulator and with the secondary combustion air.
They leave the furnace at a temperature of about 1000° C.

3.3. The Off-Gases Treatment System

The off-gases treatment system removes semivolatile and volatile
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radioactive components and other noxious gases such as S0_ and HC1
resulting from fuel combustion and breakdown of halogenated compounds
such as P.V.C.

The off-gases leaving the postcombustion chamber at 1000° C are
first cooled to 800° C by dilution with cool air and further down to
200° C by the direct atomization of water in a cooling tower.

This allows a first filtering step to be carried out by means of
Teflon bag filters reducing the dust content to less than 2 mg/Nm3.
The dust collected on the bags is removed by pulses of compressed air
and collected in hoppers.

The filtered gases are sent to a Venturi. scrubber and then to a
tray tower where they are contacted with an alkaline solution. The
scrubbed gases are desaturated by electrical heating to a temperature
of 80° C.

The purified gases pass through several HEPA filter elements
before stack release.

3.4. Slag Extraction

In the FLK-60 plant at Mol, the molten slag is quenched in water,
yielding very irregularly shaped granules with a basalt like appearance.

Due to the high incineration temperature, this product has excellent
properties for safe disposal. The residues from the incinerated materials
are concentrated in a small volume and trapped in an amorphous matrix con-
sisting mainly of silica, alumina, iron(II) oxide, alkaline earths and
oxides of the other metals present in the original waste materials. The
true density is about 3300 kg/m3, the Vickers microhardness is in the range
of 500 x 10 Nm/m2, the global leach rate based on the most significant
elements varies from 7 s

10 to 10 g/cm2.day (3)

3.5. Secondary Wastes

The only secondary waste stream generated during this process is the
granulated basaltic material. Indeed, the quenching effluents and scrub
solutions are adequately treated and the resulting concentrates are fed
back into the furnace together with fly ash suitably modified after collec-
tion on the bag filters, the prefilters and the HEPA filters.

4. OPERATING EXPERIENCE

The last 5 years an intensive testing program was carried out at the
Mol High Temperature Slagging Incinerator (FLK-60) with both simulated and
real ct-B-y radioactive waste materials from Belgian nuclear power plants,
fuel fabrication plants, research centers, radioisotope production facili-
ties, hospitals and other organizations,

During the period from half 1981 to half 1986, a large number of
burning experiences on real waste were carried out in order to gain better
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understanding of how the process could be controlled. A wide range of pro-
cedures were tested with the aim of finding the best compromise between
incineration capacity, volume reduction factor and granulate quality.

/
The characteristics of the waste mixture, such as the heat of com-

bustion and the melting temperature or viscosity of the resulting slag,
Influence the burning capacity of the furnace. The typical composition
»f the waste mixture treated in the H.T.S.I, installation is presented
n table 2. In order to be accepted for treatment, the waste should

meet the following requirements :

- combustible solid materials should not contain free liquids;
- non combustible materials should easily melt or decompose at rather

low temperatures. This is the case for a.o. small metal pieces,
glassware, asbestos, ion exchangers;

- contact dose rate without shielding should be less than 200 mrem/h;
- 0—y activity concentration should be less than 1 Ci/m3;
- a-activity should be lower than 100 mCi/m3;
- Ra, Th and 1-131 should not be present.

The quantities of waste materials treated during this period are
given in table 1. About 107 incineration campaigns were carried out.
A typical campaign consists of several days of continuous operation
(normally 120 hours) between weekends. The average volume incinerated
per campaign is about 6.5 to 7 m3. One cubic meter of granules is pro-
duced for every 20 m3 of waste incinerated. More than 99 % of the
granules arises from the non combustible part of the waste feed. Hot
pressing of those granules could yield an extra volume reduction factor
of 3.

From a purely technical standpoint, truly continuous operation of
the incinerator would be preferable to this campaign system as thermal
cycling induce premature wear of the material while valuable time and
fuel are wasted in startup and shutdown procedures lasting several
hours.

This operational experience allowed development of a computer
aided scaling-up method used in the design of a new industrial installa-
tion with large capacity (400 kg/h). In the meantime, further improve-
ments were tested such as the installation of an advanced main burner
supplied with fuel and pure oxygen (end 1985). The main asset of this
design method is its ability to easily compare different options and to
carry out parametric analyses during the project and test operation
phases of a new installations.

5. RADIOLOGICAL EXPERIENCE

The dose rate at the surface of the unshielded primary packages
entering the pretreatment system of the installation is limited to less
than 200 mRem/h. The total activity processed up to now is in the range
of A GBq a and 3 GBq B~Y.

The radioactive emissions from the incinerator stack during the
period considered are shown in table 3. The radioanalytical determina-
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tions carried out during several incineration campaigns and the Radiation
Controle monitoring data allowed conclusive determination of the system
decontamination factor for both semivolatile nuclides (Cs) and refactory
components such as PuO? (see table 4).

The dose rate at the wall of a filled bag filter hopper is in the
10 - 50 mrem/h range. Some radioactivity concentration has been shown
to occur in the waste bottom cone of the furnace and around the mixing
bins. All other parts of the installation give contact dose rates lower
than 2 mrem/h.

5.1. Maintenance Requirements, Repairs and Replacements

The planned maintenance schedule calls for shutdown of the instal-
lation one week per month. Table 5 gives the proportion of that time
necessary for each major component.

During the period considered, unplanned shutdown amounted to an
average of approximately 3000 working hours per year. Therefore, the
availability of the installation for radioactive waste treatment was
only 30 %. The rest of the time was devoted to R & D programs on the
applicability of the system for toxic waste destruction.

5.2. Feed Preparation System

As shown in table 5, the shredder was down for considerable time
due to the presence of large steel objects such as bolts in some of the
received combustible waste packages. From time to time they escape
detection and raise severe damage to the device.

As more than 80 % of all radioactive combustible solid waste gene-
rated in the country comes from nuclear power plants, it has been found
worthwile to shred the waste at those production sites in order to
improve the conformity and the homogeneity of the incinerator feed com-
positions. This pretreatment process yields an overall volume reduction
factor of 2.5 to 3 and the resulting packages are practically free of
metallic objects. Compaction of the shredded material before packaging and
transportation to the incineration plant reduces the need for on-site
storage capacity.

5.3. Furnace

Most of the time the FLK furnace was performed satisfactorily, yet
some trouble was caused by clogging of the channel between the outlet
chamber and the granulator with scattered molten slag.

Replacement of the former fuel-air vortex burner by an advanced
device using pure oxygen solved the problem. The first results obtained
with this system are very encouraging and no clogging of the channel has
been observed since.

The oxygen burner also allows fast temperature variations in the
main combustion chamber and therefore better control of the liquid slag
flow through the outlet hole when the slag viscosity changes abruptly.
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5.4. Bag filters

The dust concentration in the off-gases at the bag filter inlet
is between 80 and 300 mg/Nm3 and depends mainly on the sulfur concentra-
tion in the fuel and the halogen concentration in the waste feed. The
presence of zinc, lead and other "semivolatile" compounds in the incine-
rator feed also plays a role.

The bag filter efficiency increases by formation of a dust layer
which partially clogs the Teflon felt. In normal operation the pressure
drop is kept between 1500 and 2000 Pa by the cleaning system; the average
value is 1800 Pa. The dust concentration of the filtered gases is atmost
3 mg/Nm3. The collected dust can be fed back into the H.T.S.I. furnace
after addition of suitable chemicals in order to prevent revolatiliza-
tion.

Routine maintenance of the bag filters is limited to check the
set points of the cleaning system timers, the temperature alarms and the
cleaning air pressure.

5.5. Granulator

Water quenching of the liquid slag yields very hard granules
(Vickers microhardness 500 x 10 N/m2) with rather small particle size
(2.5 mm). Those granules caused unacceptable wear to the conveyor used
to bring that material from the water tank into the drum. Therefore,
it has been replaced by an open screw without end bearing and with
hardened edge.

6. CONCLUSION

The High Temperature Slagging Incinerator developed at Mol has
proven its ability to treat most kinds of low-level waste currently
produced in the nuclear industry. Ten years of development and indus-
trial exploitation have given the operators valuable experience in
treating and conditioning both g-y and a-contaminated materials.

After solution of the early technical problems and improvement of
the key parts of the installation, the process was shown to work as ex-
pected : from a mixture of combustible and non combustible materials,
it is able to produce very insoluble slag suitable for final disposal
in one single operation unit without any detriment to the workers, the
general public and the environment.

The positive results gained up to now with the 50 kg/h FLK-60
pilot plant led to the decision of building a larger demonstration plant
with a capacity of 400 kg/h.
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TABLE 1. RESULTS FROM FLK-60 OPERATION DURING THE LAST 5 YEARS
(All volumes are given in m 3)

M

Volume of combustible solid waste
treated
Volume of non combustible solid
waste treated
TOTAL volume solid waste treated

TOTAL volume of combustible liquid
waste treated

TOTAL volume radioactive waste
burned

Number of incineration campaigns

Average volume treated/campaign

Volume of granules produced

Equiv.granules vol.from sec.

waste recycle

TOTAL volume of granules produced

VRF* for the combustible part

VRF for the non combustible part

GLOBAL VRF

Second
1981

65

5
70

-

70

7

10.

2.

0.

3

120

1.

23

half

0

7

3

60

1982

175

20
195

-

195

16

12

10

1

11

83

1

17

.2

.6

.2

.8

.69

1983

149

17
166

4

170

18

9

9

1

10

334

1

17

.4

.3

.0

.3

.65

1984

50

6
56

25

81

21

3.

2.

0.

3.

360

1.

23

8

9

7

6

67

^985

33

4
37

84

121

36

4.

1.

1.

2.

459

1.

43

0

5

3

8

43

First half
1986

67

8
75

21

96

9

10.

4.

0.

5.

318

1.

19

6

4

6

0

60

TOTAL

539

60
599

134

733

107

6.85

31.4

5.1

36.5

153

1.64

20

GLOBAL FINAL VRF after hot pressing 69 51 51 69 129 57 60

* VRF stands for Volume Reduction Factor



TABLE 2. COMPOSITION OF THE WASTE FEED TO THE H.T.S.I. INCINERATOR
(weight % ) .

Cellulosic compounds* 20 to 50
Synthetic compounds (plastics, elastomers) 10 to 40
Ion-exchangers 1 to 5
Chemical sludges 5 to 10
Metals 5 to 10
Glass, asbestos 5 to 10
Water ' 5 to 20

* Paper, cotton and similar fabrics, wood and related materials

u, TABLE 3. STACK RELEASES OF THE FLK-60 INCINERATOR.
NJ

M
Total Release (Bq) Yearly Emission Limit (Bq) % of the Limit

Year alpha beta-gamma alpha beta-gamma alpha beta-gamma

1982 48 x 103 1 x 106 2.8 x 109 4.1 x 1012 0,0017 0,000025

1983 24 x 103 360 x 103 2.8 x 109 4.1 x 1012 0,0086 0,0000088

1984 70 x 103 130 x 103 2.8 x 109 4.1 x 1012 0,0026 0,000003

1985 24 x 103 64 x 103 2.8 x 109 4.1 x 1012 0,0086 0,000015



TABLE 4. INCINERATION OF BETA-GAMMA LOW-LEVEL WASTE :
137

Cs-BASED RESULTS

Average Activity FLow (Bq/s) ,
in feed mixture 2.2 x 10"

in gases from postcombustion

chamber 490

in gases from the bag filters 190

in gases from the caustic

scrubber 100
in gases from the HEPA filters 27 x 10

in gases from the stack 27 x 10

-3

-3

Decontamination Factor

of the incineration furnace : 4.42

of

of

of

of

the

the

the

the

bag filters

caustic scrubber

HEPA filters

whole system

: 2.

: 1.

: 3800

: 80600

62

83

Total Activity (Bq)
in feed mixture

TABLE 4a. INCINERATION OF ALPHA WASTE : Pu AND Am-BASED RESULTS

Average Decontamination Factor

of the incineration furnace :
in gases from postcombustion
chamber

in gases from bag filters

in gases from caustic scrubber

in gases from the HEPA filters

in gases from the stack

91

1

300

150

4

4

X

.9

X

X

.5

.5

10

X

10

10

X

X

10

6

6

10

10

of the bag filters

of the caustic scrubber

of the HEPA filters

of the whole system

49

6.25

2

33 000

20 000 000



TABLE 5. MAINTENANCE REQUIREMENTS

The total unplanned shutdown time reached an average of 3000 working
hours per year. This time is distributed among the different system
components as shown hereafter :

1. Pretreatment systems
- sorting
- shredder
- mixing bins
- various conveyors

2. Furnace
- refractory lining of the bell 10 %
outlet and postcombustion chamber linings 7.5 %

- burners and fuel supply system 5 %
- moving parts (paddles and ploughs) 3 %
- slag outlet hole cooling channel 5 %

30,5 %

3. Granulator 12 %

4. Off-gas treatment
- water injection cooler
- bag filters
- venturi scrubber
- tray tower
- HEPA filters

5. Utilities
6. Control systems

7. Miscellaneous 7,5
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DEVELOPMENT OF A MULTI-PURPOSE INCINERATING MELTER

Haruo Nishino, Yoshiharu Tanaka, Masaharu Matsui, Madoka Kawakami

Chiyoda Chemical Engineering & Construction Co., Ltd.

ABSTRACT

Chiyoda is newly developing a Multi-purpose Incinerating
Melter, a simple treatment system for a large spectrum of
wastes, combustibles and non-combustibles, solid and liquid
wastes. The incinerating melter is a partially rotating
rotary-kiln-type furnace, i.e., oscillating back and forth
in an arc of ±45 degrees during incineration and melting,
and then rotated 150 degrees to discharge the molten
material. As a result, the wastes are converted directly
into glass-like stable solids.
Pilot scale tests were conducted with simulated waste
compositions and the results are presented in this paper.

INTRODUCTION

At present, almost all of the nuclear facilities in Japan have an
incinerator(s) that burns only combustible solids (paper, wood, cotton,
polyethylene, polyester ...) and spent oil. As a result, a large volume of
flame-retardant solids (rubber, charcoal, spent resin, polyvinylchloride
...) and non-combustible solids (glass, thermal insulation, ash, concrete,
metals ...) are accumulating in the facilities.

Therefore, there is a need for a system that treats a wide variety of
wastes, combustible, flame-retardant and non-combustible material and
transforms it all into a very small volume stable solid for final disposal.
New nuclear facilities will need a system that treats combustibles,
flame-retardants and non-combustibles while a facility with an existing
incinerator(s) will only need a system that treats the accumulated mixture
of flame-retardants and non-combustibles.

The Multi-purpose Incinerating Melter System is being developed with
the aim of being able to treat a large variety of wastes. In addition,
there will be PWR liquid waste, which contains boric acid and functions as a
glass network former. The system converts the wastes directly into
glass-like stable solids at high temperature (1,200 - 1,600 °C).

The newly developed incinerating melter is a partially rotating
rotary-kiln type furnace, i.e., oscillating back and forth in an arc of ±45
degrees during incineration and melting. The oscillating action and an
appropriate retention time improve the chemical reaction between molten
components of the waste and improve combustion efficiency.

This paper describes test results of a pilot-scale incinerating melter
and also describes a wholly-integrated off-gas scrubber that uses
Chiyoda-developed jet-bubbling technology .
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INCINERATING MELTER

The incinerating melter is composed of a horizontally oscillating
cylindrical primary chamber (swinging kiln) and a secondary combustion
chamber (SCC). Fig. 1 is an illustrative drawing of the incinerating melter
and its operation modes.

The solid wastes are first roughly shredded, as necessary, packed into
polyethylene bags or carton boxes, and then fed horizontally into the
swinging kiln. After the PWR liquid waste is concentrated in the off-gas
scrubber, it is mixed with ash or additives and fed, in a similar manner,
into the primary chamber with the solid wastes.

The inner surface of the kiln slopes toward the outlet. The
oscillating motion and the incline provide a tumbling action to improve
combustion efficiency of combustibles, especially flame-retardant solids and
ensures that the incinerated wastes are gradually transported by gravity to
the outlet. The resulting ash and non-combustible waste melt under the high
temperature flame coming from a burner installed on the SCC wall. LPG, as
the supplementary fuel, burns in combination with preheated air or
oxygen-enriched air.

The molten material is dammed up by a weir at the outlet during
incineration and melting in the kiln. The wastes can take anywhere from a
few minutes to over an hour to be incinerated and melted. Before the molten
material overflows the weir, the kiln is rotated 150 degrees to discharge
the molten material into a receiver, either batch-wise or intermittently for
continuous operation, depending on the plant operation scheme. It then
solidifies in the receiver.

The oscillating motion and an appropriate retention time accelerate and
complete chemical reactions between molten components of the waste, and at
the same time separate gas bubbles from the molten liquid. As a result, the
solidified products are glass-like or, more rarely, basalt-like stable
solids which immobilize the radio-nuclei and ensure safe storage and
disposal of the waste. The flue gas leaves the kiln at 1,200 to l,600°C and
is completely burned in the SCC at 800 to l,000°C.

The incinerating melter is operated under a slightly negative pressure.
Both ends of the swinging kiln have rotary seals.

Test Results of Pilot-Scale Incinerating Melter

A pilot-scale incinerating melter with a volume of 190 liters (enlarged
to 190 liters from the original 100 liters in September 1985) was
successfully tested both batch-wise and in continuous operation with a wide
variety of simulated wastes as follows:

a) combustibles, flame-retardants and non-combustibles
bj flame-retardants and non-combustibles
c) individual wastes, such as wood, polyethylene, rubber, charcoal,

spent resin, polyvinyl chloride and incineration ash.

Table 1 shows some results of those tests.

5 2 6



BURNER

RAM FEEDER

RECEIVER

DURING INCINERATING AND MELTING

BURNER

RAM FEEDER

RECEIVER

DURING DISCHARGE OF MOLTEN MATERIAL

Fig. 1. Incinerating Melter and its Operating Modes
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Table 1. Test Results of Pilot-scale Incinerating Metier

Simulated Wastes

- Composition (wt%)

polyethylene

rubber
spent resin

glass

gypsum board

silica board

asbestos

concrete

cable

metal
incineration ash

sodium borate

Temperature of Kiln (°C)

Solidified Product

- Composition (wt%)

SiO2

A12O3

CaO
MgO
Na20

Others

- Bulk density (g/cm )

- Na leaching rate

(g/cm2.d)

- Compressive strength

(MPa)

1

5

5

-

20

11
-
11

26
-

5
12
5

1550

46.7

14.2

14.7

6.3
10.4

7.7

NA

2.0xl0'5

240

2

5

5

-

18

19
-
19

19
-

3
9
3

1550

39.6

14.0

17.9

9.5
12.2

6.8

NA

3.1xlO"5

NA

Test Number
3

-

40
10
8

8

8

8

8

9

1
-
-

1500

43.7

NA
NA
NA
3.6

NA

2.8

1.2xlO"4

230

4

-

40
10
14

6
7

6

7
9

1
-
-

1400

45.2

NA
NA
NA
9.7

NA

2.7

1.8xlO"5

NA

5

-

60

15

11

3

4

3

4
-
-
-
-

1300

42.2

10.4

24.8

8.5
7.6

6.5

2.8

4.9xlO"5

280
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Throughput during Continuous Operation

As a result of the data analysis, the throughput during continuous
operation was estimated to be about 2Okg/h for the combustible solids and
about 10 kg/h for the flame-retardant and non-combustible solids at a
temperature of 1,300 to l,400°C in the 190 liter kiln. The incinerating
melter realized a high throughput per kiln volume due to the combined effect
of the oscillating motion and the high temperature.

Effect of Kiln Temperature

A large variety of wastes were converted to glass-like or, more rarely,
basalt-like stable solids. The solids contained an iron drop(s) when the
feed waste contained steel and it was treated at a temperature of 1,500 to
l,600°C. Small pieces of steel pipe were filled with the solidified product
and their shape was maintained at temperatures less than l,500°C.

When wastes are treated at a temperature of 1,200 to l,500°C, it seems
necessary that some degree of glass or ash components, or an additive such
as glass frit or clay be contained in the waste in order to improve the
fluidity of the molten material.

Characteristics of Solidified Product

The composition of the waste for test numbers 1 and 2, shown in
Table 1, were taken to be a nearly average composition of waste, including
the liquid waste generated in a PWR. In these cases, ash from conventional
incinerators was fed into the kiln instead of combustible solids. Test
numbers 3, 4 and 5 correspond to mixtures of flame-retardant and
non-combustible wastes. The solidified,products obtained in the pilot-scale
tests had a density of 2.4 to 2.8 (g/cm ), a Na leaching rate of 10" to
10 (g/cm .d) and a compressive strength of 180 to 280 (MPa). X-ray
diffraction analysis comfirmed that the solidified products were generally
vitreous and became more vitreous when they were cooled more rapidly.

Since the density of the solidified product is nearly equal to the true
density of the inorganic component of the waste, the volume reduction factor
is assumed to reach the limit.

The leaching rate and the strength of the vitreous product obtained in
these tests show it to be suitable for safe storage and disposal of
low-level and TRU wastes.

OFF-GAS SCRUBBER

Fig. 2 shows the multi-purpose incinerating melter system with an
off-gas scrubber which integrates a jet-bubbling scrubber and a post
scrubbing column as well as liquid tanks.
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Fig. 3. Schematic of a Jet-bubbling Scrubber

Fig. 4. Photograph of the Test Plant
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Jet-bubbling Scrubber

The off-gas leaves the SCC at 800 to l,000°C and is injected directly
into the scrubbing liquid (slurry) through a gas sparging device which has
openings 100 to 400mm below the liquid surface as shown in Fig. 3. The
inner surface of the gas sparging device is protected from the high
temperatures by the scrubbing liquid. When the gas passes through the
openings, it generates a jet bubbling layer where the liquid is violently
mixed by the gas and the gas bubbles are finely broken down by the liquid
motion. The temperature of the gas is reduced by adiabatic (evaporative)
cooling to its saturation temperature of about 70°C. The pH-controlled
scrubbing liquid is highly efficient at removing the particulates, sulfur
oxides, hydrogen chloride and vapor-state radio-nuclei from the flue gas.

PWR liquid waste is fed into the jet-bubbling scrubber and further
concentrated by evaporation. The liquid level in the scrubber is maintained
at a constant level by overflowing the scrubbing liquid. The jet-bubbling
scrubber integrates a good deal of process equipment in a liquid tank.

Post Scrubbing Column

After the off-gas leaves the jet-bubbling layer, it passes through a
high efficiency packed column and is further purified by its own condensate
which comes from its cooling to a temperature of about 50°C and then it is
alkalized. The gas is passed through a wire mesh demister to remove mist
carryover from the high efficiency packed column.

Liquid Tanks

The off-gas scrubber integrates a liquid tank for the jet-bubbling
scrubber, a liquid receiving tank for the post scrubbing column and an
overflow tank. The overflow tank receives overflow liquid from the other
two tanks whose liquid level is kept constant. The pH of the overflow tank
is controlled by the feed rate of the alkali. The off-gas scrubbing system
has become extremely compact by the integration of all of these.

R & D Program

The off-gas scrubber of the Test Plant was constructed in August 1986,
and the test operation has been successfully started in combination with the
melter (Fig. 4 ) . The bleeding liquid from the off-gas scrubber is designed
to return as the feed to the melter after being mixed with ash from
conventional incinerators or some other additives. Cesium and cobalt as
simulated radio-nuclei will be added to the wastes and their balance in the
system will be measured.

CONCLUSION

The pilot-scale test confirmed that the multi-purpose incinerating
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melter converts a large variety of wastes into a stable and rigid vitreous
product.

At the same time, the newly developed swinging kiln demonstrated its
ability to discharge the molten material into the receiver without any
valve, to accelerate combustion of combustibles and flame-retardants as well
as accelerate chemical reactions between molten components of the waste, and
to separate gas bubbles from molten liquid.

The features of this system are summarized as follows:

1) It is simple and compact
2) It is flexible — able to treat a wide variety of wastes
3) It produces a high quality vitreous product that is safe for

storage and disposal
Integration of the jet-bubbling scrubber with the incinerator should

provide a compact off-gas clean-up system.
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THE KEMA INCINERATOR FOR RADIOACTIVE WASTE

J.L. Matteman, A.H. Eenink and A.J. Geutjes
N.V, I EMA, Joint laboratories and other services

of the Dutch electricity supply companies

ABSTRACT

A cyclone incinerator has been developed for the treatment of
burnable solid and liquid radioactive wastes at nuclear power
stations.
The solid waste, shredded to pieces of about 3 cm, is fed to the
incinerator continuously suspended in air. Oil and other burnable
liquids can be injected into the flame directly.
The incinerator is provided with a dry gas-cleaning system;
consisting of a spark arrestor, a bag filter and a HEPA filter.
During the test phase, over 7000 kg of simulated waste was
incinerated at a mean rate of 23 kg.hT1. Although the heat of
combustion of the waste varied during the test runs from
17 MJ.kg"1 (100% paper) to 40 WJ.kg"1 (100% PE) the burn-out
always appeared to be better than 99.5%. This high incineration
efficiency has been obtained through automated control and
optimization of process variables like temperature (1175-1275 K) and
oxygen content (75-100% excess) in the incinerator. Because the
waste feed rate and gas cleaning are also integrated in this control
system, the entire installation can be operated by only one employee.
The incinerator is made of stainless steel and has no brick lining.
Together with the automization this construction allows for very fast
start-up and shut-down periods of about 0.5 hours. If desired, the
operation can be limited to office hours.
The tests with the pilot plant at KEMA were finished in 1985. A
demonstration plant is now under construction at the Dodewaard
nuclear power station. It is expected that operation will start in
the spring of 1987.

INTRODUCTION

In the Dutch nuclear power stations at Borssele and Dodewaard
radioactive wastes are (pre)treated before discharge to COVRA*. Liquid
wastes and spent resins are incorporated in cement whereas solid wastes
are compacted by compression.

up to 1982 the treated wastes were dumped in the ocean sea, but due
to a decision of the Dutch government this is no longer allowed. During

* Central organization for transportation, treatment and interim storage
of radioactive wastes in the Netherlands.
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the next fifty years the radwastes will be stored in a warehouse. It has
not yet been decided in what way the wastes will then be finally disposed
of.

Since it is assumed that in the future, waste must be treated at the
power plants in order to make it suitable for transport and (interim)
storage, KEMA has reconsidered the requirements for waste packaging. Two
main criteria were formulated:
(1) the volumes to be stored must be small. This can be achieved by

volume reduction, implying that the residues must not be mixed or be
mixed as little as possible with non-radioactive additives. Tf
necessary, temporary shielding materials must be used for transport
or storage. These materials can be removed and re-used after
sufficient decay

(2) after treatment, the character of the remaining product must be
suitable for final disposal. However, because both the method of
final disposal and the requirements for the endproducts are still
undefined, it is not possible to define requirements for products
remaining after treatment. Therefore it has been stated that:
- the quality of the product to be stored may never be open to
question

- residues, additives and shielding materials must be inert with
respect to chemical, biochemical or ageing processes

- organic compounds must not be present.

These considerations led to the development of various methods that
can be used in power plants for volume reduction and immobilization of
solid low-level waste. This paper deals with the development of a
facility for incineration (cf. Eid & Van Loon, 1985).

AIMS AND OBJECTIVES

On the basis of the above-mentioned requirements for an incinerator,
the following aims were formulated:
(1) incineration must be almost complete: the amount of unburnt material,

in both ashes and flue gas, must be close to zero
(2) the capacity must be sufficient for the treatment of all solid waste

produced by a single power plant (about 200 m* per year)
(3) one employee working during office hours only, must be sufficient
(4) the off-gas system must be simple, giving only minor amounts of

secondary waste, liquid waste treatment must not be necessary.

The incinerator must be very flexible since it has to be started and
stopped daily. A maximum of six operating hours per day will actually be
available. Supposing that waste incineration can be carried out for forty
weeks per year, the capacity must be about 0.2 m3.h~x

(* 23 kg.h"1).

The limitation that only one operator must run the incinerator,
requires a high degree of automation. Simple and reliable techniques,
needing a minimum of handling, are required. To meet these goals the
cyclone-type incinerator developed by the Mound Laboratory (Freeman et al,
1979), appeared to be a good starting option. The oven is rather small
and is not lined with brick. This permits fast temperature changes which
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allows short starting and stopping periods.

DEVELOPMENT OP THE KEMA CYCLONE INCINERATOR

The Incinerator

in the KEMA cyclone incinerator waste and air circulate in a downward
spiral along the wall (Fig. 1). Flue gas is flowing upward and leaves the
incinerator at the top. The ashes are collected at the bottom. The oven
temperature is about 1225 K which is far above the minimum temperature
required for complete combustion (1075 K, cf. Corey, 1969). Several types
of good construction materials are available for this temperature.

air

flue gas

waste

temperature

air

Figure 1. Principle of a cyclone incinerator.

At nuclear power plants the burnable trash mainly consists of
cellulose and plastics (Table 1) contaminated with Co-60. Cs-134, Cs-137
and minor amounts of Mn-54, Co-58, Fe-59 and Sr-90.
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TABLE 1. AVERAGE COMPOSITION OF BURNABLE LLW AT THE
DODEWAARD NUCLEAR POWER P1JVNT.

cotton
paper
rags
polyethylene (PE)
rubber
PVC

% by weight

45%
20%
15%
15%
3%
2%

Originally the waste was not shredded. It turned out that the oven
temperature oscillated between 775 and 1575 K. The flue gas contained
much soot and tar and the burn-out of the ashes was bad. shredding the
waste into pieces of about 3x3 cm gave better results.

The shredder injects the waste in the combustion air and, in order to
maintain a constant oven temperature, it appeared very important that the
waste feed (shredder speed) was variable. If waste with a relatively low
calorific value was incinerated, however, the required oven temperature of
1225 K could not be reached. A natural gas burner was therefore installed
to supply additional heat. If the waste contained much rubber or PE,
there were still soot and tar in the flue gases. This could be corrected
by the installation of an afterburning section, with a second natural
gasburner, on top of the incinerator. In Table 2 the main specifications
of the incinerator are given. More details are given by Matteman and
Tigchelaar.

TABLE 2. SPECIFICATIONS FOR THE EXPERIMENTAL
KEMA CYCLONE INCINERATOR.

oven stainless steel 0 570 x 870 mm
gas burner 0-120 kw
T = 1175 - 1275 K

afterburning stainless steel 0 390 x 650 mm
section gas burner 0-40 kw

T = 1275 K
waste supply shredder presses waste into oven

23 kg.h"1, particle size approx. 3 x 3 cm
air supply tangentially 200 n^-h"1

ashes no provisions are available for
removal of ashes during incineration
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Figure 2. The experimental KEMA cyclone incinerator.

Thus adapted the incinerator (Fig. 2) gave good results, provided
that the oven temperature and the oxygen content in the flue gas were more
or less constant at 1200 K and 100% excess respectively. Because both
composition and calorific value of the waste varied considerably, the
supply of waste, air and heat had to be readjusted frequently. Therefore
a special control system was developed (see later).

The Gas-Purification Systen

To prevent emission of particulate matter, the flue gas is cleaned in
a bag/HEPA-filter combination (Fig. 3), specified in Table 3. To protect
the teflon filter bags, the temperature of the gas must not exceed 550 K.
A cooler is placed in the gas outlet of the oven in which the flue gas is
cooled down to 675 K; fresh air is added subsequently to reduce the
temperature to about 500 K. Burning ash particles are collected in a
cyclone and cannot reach the bag filter.
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measurement of dust

cooler

measurement of O2

cyclone bag filter HEPA filter

Figure 3. The gas-purification system.

TABLE 3. SPECIFICATIONS FOR THE GAS-PURIFICATION SYSTEM.

bag filter

HEPA filter

teflon needle felt 0.8 kg.m 3

10 bags, 2.5 m" each
load 25 Na».h~l.B~2

AP 500 - 1250 Pa
pulse cleaning
surface 22 n2

load 23 N»*.h"l.n2

AP 70 - 25 Pa
n 99.97% DOP

The clean gas is emitted through the stack with a fan that also
maintains the incinerator pressure at about 400 Pa below atmospheric
pressure. To prevent corrosion, the temperature in the stack (+ 425 K) is
kept far above the dew point of the condensable components in the flue gas
(333-353 K). Moreover, the oxygen and particulate content in the flue gas
are monitored. This system has never been modified.

OPTIMIZATION BY AUTOMATION

Due to variations in composition and calorific value of the waste it
appeared difficult to readjust the supply of waste, air and heat by hand.
Not only the number of corrections was a problem but also the selection of
the action to be taken. This can be demonstrated with the following
example.
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When the oven temperature decreases waste is supplied. However, when
the waste has a low calorific value the normal waste injection is
insufficient to increase the oven temperature. Then it could be decided
to increase the waste injection, but then also more air is necessary and
this has a decreasing effect on both the temperature and the time that the
air/waste mixture remains in the vortex. Because the incineration process
occurs in the vortex there will be incomplete combustion when the
residence time is too short, so there are situations where, to increase
the oven temperature, heat must be added instead of the supply of (more)
waste.

Because the incinerator is small and, by absence of a brick lining,
has a low heat capacity the variations are too fast to analyse and
readjust by hand. Therefore an automatic system for process optimization
and control has been developed.

This system has been derived via a process model that contains mass
and heat balance equations, heating capacities, mass storage volumes and
sensor/controlier/actuator systems. Validation of this model has been
carried out by comparison of the characteristics of the model with those
of the incinerator during static and dynamic behavior.

With this model the control structure has been designed and the P, I
and D actions of the controllers were optimized. Fig. 4 shows the
response of the model on a change in heat of combustion from 17 to
40 MJ.kg"1. As a last step this model has been translated to a
control system that also contains procedures for automatic start-up,
shut-down, datalogging and information to the operator. More details are
given in Annex 1.

20% 1600 °C 1200°C

1 1

~ ~ — ,

o2r<

TW
> —

/IET

TOVM

IN

250 sec

time

Figure 4. Model response to a change in combustion heat
from 17 to 40 MJ.kg"1. TOVM = oven
temperature (°C); TtflN = afterburner
temperature (°c); O2MET = oxygen content
of flue gases; VAR = speed of shredder.
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RESULTS

During the first experiments under automatic control approx. 600 kg
of non-radioactive waste were burned. Adjustments of the controllers as
calculated with the model were satisfactory. Varying the adjustments gave
less satisfactory results.

It was possible to burn waste compositions ranging from 100% paper
(15 MJ.kg"1) to 100% PE (40 MJ.kg"1). Due to the shredder
characteristics this led to process disturbances by a factor greater than
15 in the heat load. Burnout was always better than 99.5%, even in this
extreme situation.

With the Dodewaard waste mixture (Table 1) the capacity of the
incinerator was 23 kg.h"1 for runs of 6 hours. During the experiments
a total amount of 7000 kg non-radioactive waste was incinerated. The
temperature remained constant within + 100 K (Fig. 5). If the ashes had
been solidified with concrete (50/50%), the weight of the final waste
would have been reduced by a factor of 7 and the volume by a factor of 80.

With the gas burners the oven temperature could be raised to 87b K
within half an hour, after which the injection of waste could be started.
One hour after the last waste injection, all temperatures in the
installation were below 525 K and operator control could be stopped. The
effectiveness of this procedure was demonstrated repeatedly. During these
runs the function of the operator was limited to supplying waste to the
shredder.

About 10% of the ashes was collected in the gas purification system.
No ashes were found behind the bag filter. The dust concentration between
bag filter and HEPA filter was below the detection limit of
10"* kg.nf3 (Fig. 6). During the test period no increase in
pressure drop was measured across the HEPA filter. This is also an
indication that particles do not pass the bag filter. Table 4 shows the
composition of the flue gas just behind the incinerator.

TABLE 4. FLUE-GAS COMPOSITION BY VOLUME.

CO2 9 + 5 %
CO 35 - 60 ppm
O2 8 + 4 %
SO2 0 - 200 ppm
NO 6b - 180 ppm
NO2 nil
HC1 0 - 500 ppm (calculated)
H20 12 % (calculated)
N2 remainder

Experiments with non-radioactive tracers indicated that Co, Sr and Mn
were fully concentrated in the ashes. Some 55% of the Cs could be traced
in the ashes, but the rest could not be accounted for. From gas samples
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It has been concluded that Cesium did not pass the bag filter so the
missing amount must have been somewhere in the gas-purification system. A
more detailed study to the behavior of Cs will be carried out with
radioactive waste in the demonstration plant at Dodewaard. The figures
are comparable with those reported by Alexander et al. (1980) from the
Mound Laboratory, although about 85% of the Cs remained in the oven during
their experiments.

Time
(min)

T 30

20

10-

0

800 1000

Temperature (°C)

0 10 20
—•- % Loss of light transmission

Figure 5. Oven temperature versus Figure 6.
time.

Recording from the smoke
indicator.

During the experiments several construction materials have been
tested. From corrosion tests is appeared that the heat resistant
stainless steel 253MA is a good option. After 275 hours and 51 starts no
defects could be found in the basic material and only a minor amount of
intercrystalline corrosion was found near welds.

During some experiments waste glass wool isolation materials and HEPA
filters were added to a maximum amount of 10% by weight. It appeared that
these non-burnable components melted during the incineration of waste,
resulting in a considerable volume reduction of these materials.

As there is a cementation installation available in the Dod^waard
power station only small scale experiments were carried out on th?
solidification of ashes. It has been demonstrated that the ashes can
easily be incorporated in cement in a 1:1 ratio by dry weight. When the
ashes are mixed with 20-30% Na2B407 and heated to 1475 K a
glass-like endproduct can be formed. A disadvantage of the cementation of
ashes is the formation of some hydrogen from reaction of metallic
aluminium, present in the ashes, and Ca(0H)2 in the cement. However,
with some ventilation during the curing time of 28 days this hydrogen can
easily be removed.
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FUTURE WORK

Based on the results described before, a demonstration facility is
under construction at the Dodewaard nuclear power plant. This
installation will be equipped with a device for the injection of organic
liquids. Continuous feeding of the waste will be realised by
pretreatment. Two shredders will reduce the waste into pieces of
2 x 2 cm2 or smaller; even HEPA filters with metal frames will be
destroyed. Burnable and non-burnable parts will be selected by a
pneumatic classifier. After the selection the shredded burnable waste
will be stored in a buffer (see Fig. 7) so continuous process dependent
feeding will be realised. The incinerator part and the flue gas
purification system are identical with the described KEMA installation.
Because of the very low throughput of nuclei only shielding is provided
for the ash containers in which ash production of several weeks will be
collected. These ashes will be processed in the existing solidification
plant.
The start-up of the demonstration facility is scheduled for spring 1987.

air lock shredders buffer
—•• flue gas

|OD
metal detector

N2-I00D,-

' classifier air supply ash container

Figure 7. Scheme of the waste supply system.

CONCLUSIONS

It has been demonstrated that the KEMA cyclone incinerator can handle
all burnable low level solid waste from a nuclear power plant. Automatic
process control takes care for constant incineration conditions even for
waste with different heat of combustion values (17-40 MJ.kg"1).
Consequently the incineration of waste is always complete. No burnable
components are found in the ashes and no soot and tar are available in the
flue gas.

With a capacity of 23 kg.hr"1, the short start-up and shut-down
period and the minor amount of human handling and control the incinerator
is suitable for use at places where limited amounts of solid waste must be
processed, i.e. nuclear power plants.
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ANNEX 1

THE AUTOMATIC CONTROL SYSTEM

The aim to be achieved with the control system is to burn LLW with
smokeless flue gases and ashes free of carbon. On the basis of the
requirements mentioned before, the following objectives were posed for the
automatic control system:
(1) optimum process conditions should be maintained during operation with

varying waste compositions
(2) the throughput (mass of LLW) should be maximized
(3) the automatic control of all auxiliary apparatus should be included

in the overall automatic control system
(4) exceptional circumstances should be recognized on time and safe

shut-down of the process should be possible
(5) facilities for fully automatic start-up, operation and shut-down

should be included
(6) there should be a display and long-term storage of process data for

monitoring and evaluation of process behavior and performance
(7) the automatic control system should be applicable to and used in the

existing prototype incinerator (Fig. 8).

The optimum process conditions can be stated as:
(1) a constant oven temperature (1223 K) for complete combustion
(2) excess air (about 100%) for smokeless incineration
(3) a temperature increase in the afterburner when soot or tar are

detected in the flue gases.

heat exchangers

shredder

natural gas

gas-purification
system

Figure 8. Schematic drawing of the incineration system
without automatic control.

It is known that the combustion heat of the waste varies between 17
and 40 MJ.kg"1 for combustible components. The waste may also include
non-burnable products such as glass wool or metals. The oven has a small
heat capacity due to the absence of lining. A constant supply rate will
therefore cause great temperature variations. Starting from these points
some conclusions can be drawn about properties and lay-out of the
automatic control system.
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Because a constant oven temperature is required the total heat
supplied to the oven roust be controlled. That heat is produced partly by
the gas burner and partly by combustion of waste. The total heat has to
remain constant and equal to the heat losses of the oven. Consequently,
the rate of waste supply must be varied to maintain a stable and constant
oven temperature for different compositions of waste. Control of the heat
production by the gas burner is necessary to obtain a maximum throughput
of waste. Thus, there must be continuous control of at least
waste-supplial rate and burner operation.

Afterburner action must be controllable because of (1) temperature
limitations for the chamber material of the afterburner and (2) flue gas
flow to the gas-purification system. No heat should be supplied unless
necessary.

When possible, the air supply to the oven should not exceed the
amount actually needed for the 100% excess value. This gives an optimum
condition and the lowest average mass flow of flue gases.

The valve positions are the most important control variables. The
valves allow all air flows into the installation to be varied which
provides degrees of freedom for the following variables that must be
controlled:
(1) temperature and mass of air flow to the oven
(2) temperature drop of the two heat exchangers
(3) inlet temperature of flue gases entering the gas purification system
(4) underpressure in the system
(5) overpressure in the primary circuits of the heat exchangers.

The automatic control system must recognize exceptional processing
conditions and take appropriate action when they occur. This means that
upper and lower limits of different measurement data must be adhered to
and that all apparatus can be switched on and off automatically to bring
the process into another, normal and safe state. Switching of the
apparatus and a defined rate of temperature rise are the most important
aspects during start-up or shut-down.

It was concluded that in combination with the display and datalogging
facilities a process computer with a graphic display had to be
incorporated into the automatic control system. A further conclustion was
that at least nine variables must be controlled:
(1) heat produced by the gas burner for the oven
(2) heat produced by the gas burner for the afterburner
(3) waste supply rate
(4) temperature of the air supplied to the oven
(5) mass flow of the air supplied to the oven
(6/7) two air supplies to the heat exchangers
(8) temperature of flue gases on entering the gas-purification system
(9) pressure in the entire system.

Because of the expected non-linearity and the mutual dependence of
the control variables it appeared necessary to design a mathematical model
of the process for testing and adjustment of control structures before
implementation of an automatic control structure. That would obviate the
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need for critical and time-consuming trial-and error procedures involving
the incinerator.

PROCKSS ANALYSIS: A MODEL FOR THE INCINERATOR

The design of an automatic control for the KEMA incinerator requires
a model for testing and adjustment of a control structure. To obtain a
useful model it is necessary to include the mass and heat balance
equations which characterize static process behavior. The dynamics should
consist of heating capacities, mass-storage volumes and the behavior of
the sensor/controller/actuator systems.

It was chosen to design as simple a model as possible. This has two
advantages: the real physical installation is easily recognized in the
model and validation of the model is easy. Validation consist? of
comparison of measurements in the actual installation with ir>e vdiucs
given by the model.

A non-distributed system was chosen so as to obtain a simple model.
In a non-distributed system all variables are taken to be concent r a ::eu la
one point (viz. the heating capacity of the oven). Furthermore, only the
components which influence the control system were modelled: the oven, the
afterburner chamber, the heat exchangers and the various control loops.
Because of its easy applicability and the optimization facilities, the
simulation tool PSI was chosen for this part of the model (PSI is a
block-orientated simulation tool for non-linear models with various
function blocks e.g., integrating, multiplying, additions, logical
functions, function generators, etc.; cf. Van den Bosch, 1981). An
example, part of the model (the mass balance of the burning waste) is
described by Beuse et al.

The relevant parts of the installation were modelled in this manner.
The numerical constants for the model e.g., heat capacities,
heat-radiation coe'£icients, heat-exchanger K-values, etc., were estimated
on a theoretical basis.

Testing of the Model

The procedure for testing the model can be subdivided into three
parts.
(1) Sensitivity analysis for the various parameters was conducted to test

if there were any with no or too much influence on model behavior.
The only parameter found to be important in this respect was the
temperature difference between the inner wall of the oven and the
oven gas and it turned out to be negligible.

(2) Model output was compared with the actual processing behavior at
923 K with only the gas burners in action. Only slight corrections
to the theoretically estimated parameters had to be made.

(3) It was concluded from the results of the two previous tests that the
model was suitable for its purpose: testing and optimization of
control structures. The final test should be conducted with the
process normally operating and with the automatic control circuit in
place (for the result see the section on performance of the automatic
control system).
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The behavior of air flows dependent on valve settings and
temperatures was modelled directly in a high-level programming language
(BASIC) by iterative solution of the non-linear equations for the strongly
interdependent pressure drops and fan Q-H cruves-

OVERVIEW OF THE AUTOMATIC CONTROL SYSTBM

It could be concluded from the results of the simulation run that
there was a need for different forms of control loops:
(1) automatic control of the burning process itself which has a simple

but very fast dynamic behavior (no lining in the oven)
(2) automatic control of the outlet temperatures of air flows and of the

heat exchanger, both of which have a slow dynamic behavior, but with
a strong interaction.

It was decided that the automatic control of the burning process
should be handled by conventional hardware PID controllers and that
automatic control of the outlet temperatures of air flows and the heat
exchanger could be implemented via software in the computer by means of
algorithms. Start-up and shut-down, some of the failure handling, display
and datalogging would also be a job for the computer.

After testing and optimization the following four control loops were
selected for the fast part (the heart of the process):
(1) temperature of the oven in relation to the waste supply rate
(2) temperature of the oven in relation to the gas supply for the oven

gas burner
(3) concentration of particles in the flue gases in relation to the

gas/air supply to the afterburner
(4) oxygen contents of flue gases in relation to the air supply to the

oven.

Optimization was achieved via the minimization of error signals to
the controllers with various input signals (step, ramp, random and special
functions) to the different process inputs. The interaction was dealt
with in different ways. To maximize the waste throughput it was necessary
to minimize the heat produced by the gas burner. This was accomplished by
choosing a higher set point for the waste supply control than for the gas
burner control, the oven temperature being the control input for both.
Consequently, during normal operation the gas burner heat supply is
reduced to a fixed minimum. To minimize the influence of the afterburner
on the oxygen content of the flue gases, the burner was operated
stoichiomet r ically.

This control structure, with parameters optimized for the average
waste composition, should be able to cope with strong process disturbances
(Fig. 4).

For the slow part of the automatic control, the seven valve positions
were chosen as outputs. The inputs were in total seven temperatures, air
mass flows and pressures. Because of the strong interaction a special
control algorithm was applied. Each valve had its own sampling PI
controller included in the software. By means of priority scheduling, a
decision can be made which input, with its own control parameters, is to be
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used for a controller. The PI control actions were determined for
theoretical values estimated via Z transforms for sampling control systems
incorporating the effects of the non-linearities of the valves and the
process dynamics. An example is given by Beuse et al.

The following were chosen as sensors:
(1) thermocouples for temperature
(2) venturi tubes multiplexed over one pressure difference transducer for

air and flue gas velocity
(3) ultrasonic echo metering for level.

PID-types with three-point step output and remote set-point input
were applied as hardware controllers. The actuator types were:
(1) electro-mechanical servos for valve and gas burner control
(2) a hydraulic speed variator with an electro-hydraulic servo for waste

supply rate.

Apart from valve control, the process computer deals with exception
handling via logic schemes, start-up and shut-down procedures. For
starting and stopping the computer switches the auxiliary apparatus in
correct sequence and changes the set-points as a function of time to
obtain smooth temperature changes.

All input process measurement data are used for handling of
exceptional processing conditions. Four procedures can be started,
ranging from a short-time stop of waste supply to an emergency stop, if
determined necessary by the computer. Essential exceptions and failures
(for instance oven temperature too high) are always detected and handled
by both software and a fully independent hardware circuit so that
redundancy is obtained. A "watchdog" monitors computer operation and
starts a fast stop procedure when computer soft- or hardware fails.

The operation of the process computer and the display are fully
menu-driven. Several displays are possible (a general display showing the
most important process information; others showing all flows, all
temperatures, etc.). The history of the most important process
measurements during the last 90 minutes can be displayed in graphics.

Normally, only the general information display is needed to get an
overview of the process status. All process measurements can be
datalogged on a floppy disk. The software is written in a multi-tasking
BASIC, running on a 16-bit word-length computer with a mathematical
co-processor. The software consists of an approx. 90 kByte source code
and is split over 14 concurrent tasks.
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THE ECONOMICS OF PVC INCINERATION

David H. DaCosta and Thomas M. Starr
Koch Process Systems, Inc.

ABSTRACT

The various alternatives available for the
volume reduction of polyvinyl chloride (PVC) in
dry active waste (DAW) are compared. Operating
costs are calculated to show the extent of
capital investment that can be just i f ied with
results presented for both BWR's and PWR's at
PVC levels of 0-25%u Incineration is shown to
be the most attractive alternative at present.

INTRODUCTION

Polyvinyl chloride (PVC) material is widely used to control
contamination at nuclear power plants. It is an excellent barrier for
liquid and particulate contamination, is durable for the intended
service, has fire retardant properties, and is reasonably priced.
Normally disposed of as low level radwaste, PVC material typically
represents from 10 to 25% of total dry active waste (DAW) produced at a
plant. Traditionally, PVC has been compacted with other dry active
waste in drum or box compactors prior to disposal in shallow land burial
sites.

With the evolution of radwaste incineration, an alternative volume
reduction technique is available. Several factors must be considered
prior to burning PVC. These factors affect the methods used for
processing PVC and the volume reduction factors that can be achieved,
and have a corresponding economic impact on plant operations.

This paper examines the various options of PVC volume reduction
when an incinerator is available. The economic impact of each option is
assessed. The results provide a guide that can assist decision making
regarding PVC materials.

INCINERATION CONCERNS AND ALTERNATIVES

When PVC is incinerated, hydrochloric acid (HC1) is formed during
combustion. In order to eliminate this corrosive and noxious gas from
the incinerator gas effluent, power plant radwaste incinerators in the
U.S. employ wet scrubbing systems. Sodium hydroxide (caustic) is
usually used in the scrub solution to neutralize the HC1, forming Nad,
The caustic is added to control the solution pH at a level that
minimizes corrosive effects on the scrubber materials.
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A liquid blowdown stream is required to prevent salt precipitation
and the resultant plugging of nozzles, piping and vessels. This stream
must be treated as liquid radwaste. Power plant incinerators remove the
water from the blowdown stream by evaporation, leaving a dry salt
residue. The volume of salt produced is proportional to the quantity of
PVC being burned and adversely effects the overall volume reduction
factor achieved by the incineration system.

Therefore, PVC incineration results in three main concerns: HC1
emissions (easily removed), corrosive effects of the chloride-containing
scrub solut^^n, and blowdown rate. Some incineration systems can
process any level of PVC while others limit the amount of chloride due
to blowdown handling limitations. Any concentration of PVC will result
in a scrub solution that is wery corrosive due to chloride concentration
and the scrubber system must be constructed of suitable materials.

Descriptions of the three alternatives for processing PVC follow.

Sorting/Compaction/Incineration

System blowdown limitations can establish a maximum level of PVC
that can be processed, typically 0.5 weight percent. Other systems
cannot deal with chlorides at any level due to material limitations and
must have all PVC removed. However, in either case, this means that PVC
must be separated from the DAW and compacted. Because the volume
reduction (VR) obtainable with compaction is much less than with
incineration, the total volume of waste for burial is increased.
Finally, both an incinerator and compactor are required.

Incineration of DAW and PVC

Incinerators that do not limit the PVC feed content to 0.5 percent
are also available. This type of system eliminates the need for a
compactor for DAW and the administrative controls needed for waste
segregation, but it produces a quantity of salt that must be solidified
and buried. It also has the added cost of caustic for HC1
neutralization.

Substitution of NCLH for PVC

The PVC concern can be eliminated if the PVC is eliminated. Non-
chlorinated low halogenated (NCLH) materials are available to replace
PVC in the plant. NCLH materials, however, are not without limitations.
They can be more expensive and many do not perform as well as PVC when
formed into garments. However, their use eliminates the generation of
large quantities of salt and thereby improves the potential waste volume
reduction.
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ANALYSIS

The three alternatives have been compared by calculating the
present worth values of their total operating costs. This basis was
chosen to allow any plant to evaluate its own situation, taking into
account existing equipment or preferences. Historic plant data were
used for DAW generation rates and current (1986) costs were used for
expenses. Income taxes were not considered. Costs were calculated for
PVC contents from 0 to 25% in 5% increments.

The following data and assumptions were used:

Calculations were based on a single unit. BUR's and PWR's were
considered separately.

For waste generation rates, activities and densities, data from EPRI-
3370 (as presented in reference 1) were used.

Only combustible DAW (compactible and non-compactible) was considered.
Spent resin, filter sludge, liquid concentrates and filter cartridges
were excluded.

DAW was assumed to be 3% ash 'vy weight.

A compactor performance of 40 pounds per cubic foot was assumed for PVC
compaction. Supercompaction of all DAW was also considered. A final
density of 70 pounds per cubic foot was assumed.

For the calculation of present value, a discount rate of 10% per year
for thirty years was used. Operating costs were escalated at 7% per
year.

The additional assumptions in Tables 1-4 were used in calculating annual
operating costs.

TABLE 1. OPERATING COST ASSUMPTIONS

Electricity $0.05 per KWh
Cooling Water $0,001 per gallon
Service Water $0.01 per gallon
Labor $2880 per month
Maintenance

Incinerator 50% of labor
Solidifier 20% of labor
Compactor 20% of labor
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TABLE 2. MATERIAL COST ASSUMPTIONS

55 Gallon Drum & Mixer $50 per drum
Cement $0.04 per pound
Caustic $0.14 per pound

TABLE 3. TRANSPORTATION COST ASSUMPTIONS

Drum Weight 1000 pounds per drum of
* solidified ash/salt

Shipment Size 45,000 lbs or 150 drums
(unshielded truck)

Distance to Site 500 miles
Cost of Shipment $1.94 per mile (one way)

TABLE 4. BURIAL COST ASSUMPTIONS

Basis Barnweli Rate Schedule
(6-1-86)

Surcharges
Weight N/A
Curie Per Shipment
Radiation N/A

Tax 2.4% -
Other 10 $/ft for shipment from

outside the Southeast
Compact

RESULTS

The operating costs of compaction, supercompaction, incineration
and PVC compaction with incineration of the balance are presented in
Figures 1 and 2 for BWR's and PWR's, respectively. These figures show
that there is a large incentive to use incineration. This incentive
becomes more signif icant for mult i -unit stations (the figures show costs
for single uni ts) . For example, for a two-unit BWR station with no PVC,
the operating cost savings to incinerate rather than supercompact has a
present value of approximately $11.2 mi l l ion . At 25% PVC in the DAW,
the savings over supercompaction is $9.2 mi l l ion .
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There are significant cost savings to incinerate PVC rather than
segregate and compact it (see Figure 3). The savings are $440,000 for a
single unit BWR and $240,000 for a PWR at 25S PVC in the waste. These
are operating costs (present value) and do not consider the capital cost
of the incinerator or the added capital cost of the compactor.
Therefore, there are additional savings when the need for the compactor
is eliminated.

Note that what is compared here is incinerating or compacting only
the PVC portion of DAW. As mentioned above, incineration always yields
a greater cost savings over compaction and supercompaction, regardless
of PVC content.

While sensitivity studies were not done, it is apparent that these
costs are sensitive to the manpower assumptions. It is believed that
these results are conservative (actual cost savings would be greater).

The economic impact of substituting NCLH material for PVC could not
be adequately analyzed because of the absence of a completely suitable
substitute. There are several choices commercially available (e.g.,
Tyvek , Loretex , polyethylene), but none of these materials is widely
used by the industry. When formed into garments, some also exhibit
problem leakage at the seams. The cost is expected to be the same or
less than the cost of PVC garments.

CONCLUSIONS

There are savings associated with incinerating a plant's PVC with its
DAW rather than compacting it. While this may require an incinerator
system designed to allow PVC burning, such systems are available.

It is possible that greater savings may be achieved by the substitution
of NCLH materials for PVC, but further testing and possibly some
development is required to gain acceptance of these materials by the
nuclear industry.

?Tyvek is a trademark of DuPont
Loretex is a trademark of Protective Plastics, Inc.
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START-UP EXPERIENCE AND OPERATIONS OF AN
INCINERATOR AND SUPER-COMPACTOR

Cary R. Bowles
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BABCOCK & WILCOX COMPANY
Wiste Technology Services

Lynchburg, V i r g i n i a
Apol lo, Pennsylvania

ABSTRACT

The Babcock & Wilcox Waste Reduction Center (WRC), located
in Parks Township, PA, is a commercial, low-level
radioactive waste (LLRW) volume reduction facility. The
first such commercial facility in the United States, the WRC
will use both an incinerator and a super-compactor to
process dry solids, contaminated oils, liquid scintillation
vials, and biological waste from nuclear power plants,
institutional facilities and industrial plants.

The WRC construction is essentially complete. An informal
hearing on the facility's Nuclear Regulatory Commission
(NRC) license amendment application is scheduled for
September 30 and October 1, 1986. Commercial operations are
scheduled to begin in early 1987, pending the receipt of the
necessary licenses and permits. This paper discusses the
WRC construction highlights and the recently completed
licensing actions with the NRC and the Pennsylvania
Department of Environmental Resources (DER). A technical
review of the incinerator and super-compactor start-up
testing is included.

FACILITY CONSTRUCTION

The WRC is housed in a former nuclear fuel fabrication plant that has
been renovated. That portion of the building which presently houses the
process equipment and feed conveyors had been a warehouse. The physical
transformation from warehouse to Waste Reduction Center took only eleven
months (the preliminary engineering work preceded the construction by about
six months). A significant amount of the engineering effort took place
coincident with equipment manufacture and building modifications. The WRC
construction was accelerated ("fast-tracked") in anticipation of timely
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issuance of a NRC license amendment and a Pennsylvania Air Quality Permit
The following paragraphs give a chronological review of the steps taken to
bring the WRC into a condition to support startup and operations.

January and February of 1984 were devoted to selecting the desired
volume reduction technology(s). Selection criteria for the volume reduction
technology(s) were that it must:

o be previously developed and commercially available,
o provide a commercially acceptable volume-reduction ratio, and
o be suitable for integration into an automated facility.

Based upon the above criteria, the conclusion was reached that no one
technology would fully serve the needs of both utility and institutional
customers. Therefore, two volume reduction technologies were selected —
super-compaction and incineration.

The WRC conceptual design effort was completed in three months, March
through June of 1984. Conceptual designs utilizing three separate existing
buildings in Apollo, PA) were developed. These designs took into
consideration the following factors:
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o radiological protection for public and site personnel,
o auxiliary equipment,
o licensing basis,
o operational basis, and
o site and facilities.

In June, 1984 the Parks Township facility was selected as the WRC site
and the final design work began. Purchase orders were placed for the four
major pieces of equipment in August 1984. These purchase orders covered the
incinerator; super-compactor; remotely- controlled, automated, overhead
bridge crane; and liquid waste solidification system. Final design of the
WRC facility stretched from June 1984 through February 1985. Since
construction of the facility was in a "fast-track" mode, construction was
ongoing while final design efforts were being performed. The design for the
modifications to the building structure, mechanical systems, electrical
systems, and site work were performed by a consulting engineering firm as
was the design of the "Skyshine" radiological shielding. The design of the
radiological shielding for personnel within the facility and the interface
conditions between equipment and building structure were performed by B&W.
The following major building modifications/additions (see Figure 1) were
made:

o covered truck ramp and depressed loading dock,
o concrete pad and connecting halls to the outside of the building

for the three-trailer incinerator system,
o 10-ton overhead bridge crane,
o mezzanine crane control room,
o structural steel to support the bridge crane and mezzanine control

room,
o shield walls around the inside perimeter of the building, and
o shield walls throughout the facility.

In November of 1984, outside construction activities were begun. These
activities included:

o site rough grading,
o installing underground utilities (i.e., natural gas, fire protection

and service water, heat tracing, and electrical power supply),
o placing concrete incinerator slab (60' x 60' x 1' thick), and
o installing track ramp and loading dock.

This outside construction was completed in early February 1985. Completion
of the truck ramp and loading dock were critical action items because they
were essential to installing the equipment and facilitating the structural
modifications to the existing building. Without their availability, a
portion of the building's roof would have had to have been temporarily
removed during the installation of the super-compactor press.

Inside construction began in March of 1985 and was originally scheduled
to be completed by mid-August. However, construction continued through the
end of October 1985, due to unscheduled work stoppages that were necessary
to allow the larger pieces of equipment to be installed and coordination
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problems between the general contractor and various subcontractors. The WRC
fac i l i t y construction was completed on November 1 , 1985. Super-compactor
startup testing and other equipment testing have been ongoing since October
1, 1985. The WRC currently features a super-compactor; l iqu id waste
sol id i f icat ion system; closed-circuit television system; remotely operated,
automatic crane for placing and retrieving incinerator ash containers;
HEPA-filtered f ac i l i t y venti lation system; environmental a i r sampling
system; and automated inventory and control system, CENTRK®, run on an IBM
PC AT Network.

SUPER-COMPACTOR SYSTEM TESTING

The super-compactor system has undergone two phases of testing. The
first phase was performed at the manufacturer's location (in Holland) prior
to shipment. Objectives of this first phase were to determine:

o compactability of specific materials, and
o springback of specific materials.

The test results, in most instances, confirmed pre-test assumptions
regarding post-compaction final form and material compactability. Also, the
tests showed that for the short term (one day to one year), springback was
not a problem.

Results of this first phase were used as the basis to set up the next
phase of tests to be conducted after the equipment was installed in the WRC.
The objectives of the second phase of testing (carried out at the WRC)
were:

1. start up equipment (i.e., fine tune controls and adjustments),
2. train and qualify operators,
3. increase the database relative to material compactability and

springback beyond that information gained during the first phase
of testing,

4. gain operating experience to improve system efficiency, and
5. uncover any communication problems between the super-compactor's

process computer and the WRC computer network system.

To date, approximately 400 drums (55-gallon) have been compacted and
placed into overpack drums (approximately 70-gallon). Super-compactor
operators have been trained and qualified. The process computer has been
interfaced with the WRC computer network, CENTRK*, which characterizes,
tracks, and classifies all waste processed at the facility in addition to
preparing shipment manifests for processed waste and reports on current and
historic waste activities. The WRC system provides data to the
super-compactor process computer on the identity, weight, curie content, and
radiation level of each 55-gallon drum processed. The super-compactor
system in turn provides to the WRC system the identification number of the
overpack, its total weight, and the identification numbers of the individual
compacted drums placed inside the overpack.
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INCINERATOR TESTING

B&W contracted with AECC for the lease of a mobile volume reduction
system (MVRS) in June 1984. The MVRS consists of a twc-stage,
controlled-air incinerator and a liquid off-gas treatment system. The unit
is contained in three mobile trailers and is designed to process dry solid
waste, biological waste, scintillation fluids, and lubricating/hydraulic
oils. The decision to include incineration technology at the WRC was
primarily influenced by a commitment to handle more types of LLRW, including
the wastes generated by institutional/industrial facilities (i.e.,
biological wastes). The incinerator also provides vastly superior volume
reduction factor for many types of waste.

The MVRS for the WRC is the second of its kind; the first is committed
to Commonwealth Edison Company to be used by AECC as a service to the
Dresden Nuclear Station and other Commonwealth Edison sites. The Dresden
and the WRC MVRS's are essentially the same except that the WRC unit will
use natural gas (versus propane) and will include a charcoal adsorber (to
filter iodine from the institutional/industrial waste). The similarity of
the two units and the close construction and delivery schedules allow for
much of the first-of-a-kind testing performed on the Dresden unit to be
abbreviated or omitted for the WRC unit.

AECC has completed the assembly, functional checkout, calibration,
incinerator performance, and off-gas system performance testing for the
Dresden MVRS. The performance tests conducted on paper and cardboard showed
an average feedrate of 358 #/hr. The feedrate for varying mixtures of
polyethylene and Kraft paper averaged 130 #/hr. Prior to testing, a
volume-reduction factor of approximately 30:1 was expected. Performance
testing demonstrated a factor that ranged from approximately 20:1 (under
worst-case conditions) to approximately 80:1.

The assembly, functional checkout, and calibration testing of the WRC
MVRS has been completed. Future plans call for additional performance
testing of the MVRS in Sacramento and additional testing after setup at the
WRC. The primary purpose of this WRC testing is to establish a benchmark
for the performance of the WRC MVRS. The test plan calls for incinerating
solid waste (with varying amounts of PVC, sulfur, and polyethylene),
hydraulic and lubricating oils, scintillation fluids diluted with varying
quantities of oils, and animal carcasses. This is an important part of the
MVRS testing as institutional/industrial type waste hasn't been processed in
the Dresden testing.

LICENSING ACTIVITIES

Many different factors have influenced the licensing process for the
WRC. Most of these are attributable to the fact that this is one of the
first facilities of its type in the United States. These factors, coupled
with the public concern about nuclear waste and the limited data available
for institutional and industrial waste streams, have contributed to
protracted licensing activities.

During initial meetings with regulatory personnel, it was determined
that necessary licensing would consist of (1) an amendment to the existing
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NRC special nuclear materials license (SNM-414) and (2) an Air Quality
Permit (AQP) from the Pennsylvania Department of Environmental Resources
(PaDER) (for non-radioactive air releases from the incinerator). The NRC
license amendment request was submitted in October 1984 and the PaDER
incinerator AQP application in November 1984. Both submittals contained an
Environmental Analysis prepared for the WRC and the incinerator vendor's
NRC-approved Topical Report AECC-4-NP-A. The following sections discuss the
regulatory activities subsequent to these initial submittals.

Super-Compactor Licensing Activities

The Environmental Analysis provided radioactive material release
estimates for operation of the super-compactor, brief descriptions of the
super-compactor system and its operation, and a completed occupational
radiation exposure estimate for the WRC. In December of 1984, the NRC
requested additional information on WRC occupational radiation exposure and
on the super-compactor design and operation. A detailed occupational
radiation exposure analysis prepared for the WRC was forwarded to the NRC in
February 1985 and a complete facility description manual was forwarded in
March 1985.

In June 1984, PaDER indicated that an AQP for the super-compactor was
required due to the public controversy surrounding the WRC. Following
corresposndence over the need for this requirement, two additional AQP
applications were submitted for the super-compactor in December 1985. One
would allow compaction of power-plant waste; the other for compaction of
power plant and institutional facility waste.

Incinerator Licensing Activities

Incinerator operation and the associated release of radioactive
materials have generated the greatest amount of public concern. The
following paragraphs summarize actions the various governmental agencies
have taken as <t result of that concern.

Petitions for a public hearing were filed with the NRC in February of
1985. The petitions primarily dealt with releases from the operation of the
incinerator and health effects due to those releases. The NRC staff
attorneys recommended that an informal hearing be granted and the NRC
Commissioners agreed. The informal hearing order was issued in July 1985.
An administrative judge was appointed for the hearing and subsequently
granted standing to one petitioner group in October of 1985. The judge also
ruled that the petitioner would have an opportunity to file further
contentions on the NRC staff reports [Environmental Assessment (EA) and
Safety Evaluation Report (SER)] when they were issued.

The time required for the NRC staff review has been protracted due to
two problems. First, in August 1985, an error was discovered in the
carbon-14 food pathway dose estimate submitted by B&W. The error was
introduced to the Morton & Potter proprietary computer code DOSG when the
code was modified to calculate off-site dose due to iodine-125. Corrections
were made to the environmental analysis and throughput restrictions were
added by B&W to linnt the release of radioactive materials that contributed
to off-site exposure. All these throughput restrictions apply to the
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institutional/industrial waste streams and are designe to ensure that the
off-site dose will not exceed ten percent of the 40 CFR 190 limits. The ten
percent value was chosen to ensure that the off-site exposure is as low as
reasonably achievable (ALARA).

Second, in November 1985, the incinerator vendor, Aerojet Energy
Conversion Company (AECC), discovered during testing that the incinerator
off-gas scrubber did not perform as predicted and caused premature clogging
of the HEPA filters. To address this problem, AECC decided to add a
secondary scrubber in series with the primary venturi scrubber. This added
component could not be placed within the existing trailer confines. As a
result, the Topical Report AECC-4-NP-A had to be revised and resubmitted to
the NRC for review. The WRC license amendment application referenced the
AECC Topical Report, and therefore, its review was delayed by the
incinerator Topical Report resubmittal. A secondary scrubber skid was
designed and constructed and the incinerator is currently undergoing final
testing.

PaDER decided to add radiological conditions to the incinerator AQP and
requested detailed waste characterization information in March of 1985.
PaDER also questioned whether incineration was the best available technology
for wastes containing tritium and carbon-14. In August 1985, detailed waste
characterization data and best available technology justification for using
incineration to process wastes containing tritium and carbon-14 were
supplied.

Licensing Status

Commercial operations of the super-compactor and incinerator are
awaiting several items. First, the NRC staff reports had to be issued. Cn
March 6, 1986, the first of the two staff reports, the "Environmental
Assesment of Babcock & Wilcox's Volume Reduction Service Facility, Parks
Township, Pennsylvania," was issued along with notification of an intent to
publish in the Federal Register a proposed Finding of No Significant Impact.
The EA concluded that "the environmental impact of construction and
operations at the <Waste Reduction Center> would be insignificant...a
proposed finding of no significant impact is warranted."

The second of the two NRC staff reports, the Safety Evaluation Report,
was issued on April 9, 1986. The SER concluded that "The issuance of the
amendment will not be inimical to the common defense and security or to the
health and safety of the public." The SER contained one open item on the
results of scrubber testing. The petitioner granted standing in the
informal hearings provided comments on the two NRC staff reports. B&W then
provided comments on the petitioners' comments. On June 23, 1986, the
administrative judge issued an order listing a total of 14 complaints for
the hearing. Tesimony for the hearing was filed on August 1, 1986 by all
parties. Questions for the parties were filed on August 22, 1986. On
September 8, 1986, the judge admitted the questions and added his own. The
questions will be answered at the oral portion of the hearing on September
30 and October 1. Following favorable findings by the judge, the NRC staff
would issue the WRC license amendments.
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Finally, PaDER will hold a public meeting and then issue the AQPs.
This will occur approximately 45 days after the NRC issues the license
amendments. The license amendment and permit for the super-compactor are
expected to be issued first. Solid waste handling permits may also be
required and would be handled in parallel with the AQPs.

CONCLUSIONS

The WRC is complete and operational except for the incinerator and some
material handling equipment. The facility was completed in only 18 months
as result of a "fast-track" mode of construction, equipment procurement, and
facility design. The reason for the "fast-track" construction was to
complete the facility in conjunction with its licensing for operation. The
licensing process has been delayed by the actions of a local special
interest group, an incinerator performance problem, and an error in the
original environmental analysis. All of these licensing delays are directly
related to the incinerator and a commitment to process certain
institutional/industrial waste.

Upon receipt of the necessary NRC license amendments and PaDER permits,
the WRC will commence super-compaction operations. Prior to commencing
incineration operations, the incinerator must be delivered and acceptance
testing on institutional and industrial waste forms completed. Also, the
last of the material handling equipment must be installed before the WRC is
fully operational. Current plans call for the WRC to be in commercial
operation with the super-compactor by early, 1987; with the incinerator a
few months later; and fully operational by the middle of 1987.

5 6 6



REMOTE HANDLING FEATURES OF THE PRO.TE.O. MOCK-UP
FACILITIES FOR VITRIFIED H.L.W. CANISTERS

A. Canonico, P. f.ataloni, E. Scoditti
ENEA - Trisaia Centre

ABSTRACT

R & D activity in the vitrification field has been
occurring in Italy for several years. An inactive
pilot plant (called IVET) has been installed in the late
seventies at Trisaia Centre for chemical engineering
parameters evaluation at full scale of a pot
vitrification process.
PROTEO plant is a mock-up facility, coupled with IVET,
built for studing remote handling operations
concerned with the process cycle of a canister from its
transfer within the vitrification cell to the interim
storage. The operational areas (Station 'A' and 'B'),
representing respectively the vitrification and the
canister conditioning sections, are the main facilities
of the PROTEO.
Excluding minor interventions carried out in both
Stations by means of a couple of M/S type manipulators,
all performed operations are completely automatized
and controlled by microprocessor devices.
This paner deals with facilities and lay-out. Early
experimental activities carried out during the year
1985 and operational problems encountered are also
described.

INTRODUCTION

R & D in the fuel reprocessing and waste treatment and
conditioning, initiated in the early sixties by ENEA, were
focused on the chemical problems concerning actinides and fission
products separation. Only a limited activity was addressed exclusively
to the development of some remote equipment associated with the
operation of EUREX and ITREC, the two pilot plants owned and operated
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by ENEA.

The ITREC plant, in particular, was designed and constructed on
the basis of the rack removal system (Hot cell). This concept allowed
the development of remote technology for rack connections and
maintenance.

In this field is underlined the use of the "MASCOT" (a double
arm bilateral servo/manipulator) designed by ENEA in the early sixties,
for a remote handling program. The main task of a short-term program,
initiated in the PROTEO facility, is to fill this gap and to improve
specific tecniques for full scale development, mock-up, and testing
of remote handling equipment and maintenance requirements.

EQUIPMENT DESCRIPTION

Design criteria for PROTEO are based upon the needs and
specifications of planned demonstrations in small work space coupled
with the canister remote handling and maintenance operations in a HLW
vitrification cell. Remote equipment and auxiliary support devices,
associated with two work areas, include (FIG. 1):

- Work area "A"
a) a movable mock viewing window
b) a furnace mock-up
c) a mockups corridor

- Work area "B"
a) a mock viewing window
b) a four machine-tools carousel.

Both work areas are also equipped with a couple of master-slave
type manipulators (model HWM/A/100 KAE) and are served by a bridge
crane (5 ton) that travels the length of the cell. A twist-lock
connection provides the canister closure and a central attachment
point (mushroom headed) at the top of the canister provides a
connection for a grapple system for the vertical canister handling.

The following items constitute the basic electronic equipment
installed on both stations:

- Computer Control System
- Video Computer Terminal
- Stepping Motor Control System
- I/O Modules
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- Alphanumeric Control Keyboard
- Manual Push Botton Panel
- Phonic Synthesizer.

The consoles are located at the two cell windows where an
operator can follow process sequences while operating the system.
In manual mode (using the manual push botton panel), the computer
system is bypassed and the system is controlled directly. In automatic
mode (using the alphanumeric control keyboard), the operator can carry
on a dialog with the plant easily. In fact the operator, in most cases,
examines the computer query and limits his answering to a type of
positive or negative logic (yes-no).

Work Area "A"

Work area "A" is designed to simulate a vitrification cell. In a
5m wide x 4m long cell, full scale process equipment mockups are
installed for development of remote handling techniques (FIG. 2).

Movable mock window

The mock viewing window is provided at several elevations in the
mockups corridor (max height 6m), to manage the equipment control and
the maintenance at various height. An electric motor allows horizontal
window adjustement on a single rail along the mock-up wall in order
to reach any process equipment installed on a rack.

A platform, equipped with a computer console and manipulator
controls, large enough to accomodate two operators, is employed to
provide tests after window placement. Two in-cell hoists (1.5 and 2
ton) are used to lift the work position and for some equipment removal
and replacement operations (e.g. canister handling).

A couple of Master-Slave type manipulators are available; they
are reserved for moderate handling tasks only. An overhead crane (5
ton) is employed to transport heavy test assemblies or for special
cases.

Furnace mock-up

The main facility installed in this area consists of an induction
furnace mock-up (a copy of the five sections furnace used in the
vitrification pilot plant IVET) and its ancillary equipment. This
mock-up provides the capability to perform all operations concerning
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the canister handling in a vitrification cell:

- canister positioning
- canister lid removal/replacement
- canister-furnace/plant connection
- internal/external thermocouple positioning.

All these automatic operations are carried out by electropneumatic
systems and controlled by microprocessor devices.

Mockup corridor

This area was designed to simulate a full scale corridor (15 m
long, 4.5 m wide x 7 m high) where process components (e.g. condenser,
sampling apparatus, Ru filter, pipe connections, etc.) are located
along the mock-up wall. A movable mock viewing window can be adjusted
both horizontally and vertically so that manipulators can be used to
perform tests within the reach and handling capability of the
equipment.

In this area both experimental procedures development and
operators familiarity with remote handling techniques are performed.
The principal tool to be used in the corridor is a controlled electric
impact wrench which is attached to the in-cell hoist hook. In the
same area (in accordance with problems of logistics) is located a
maintenance bay equipped with an inner hoist (1 ton) for removable
process equipment or tools lifting.

The bay is designed to be connected to the cell roof. Containment
is preserved by an air-tight system consisting of two coupled doors
which are opened inside the bay so that the failed equipment is then
lifted. Next, the coupled doors are closed and the bay can be
transferred without spreading contamination to work areas.

Work Area "B"

The work area "B" is used to simulate all remote operations
connected with the canister conditioning in a cell before
decontamination and storage (FIG. 3).

Mock viewing window

This unit is basically rectangular frame providing a wall (4 m
high and 1 m thick) and a shielding window (0.6 x 0.6 m ) . It is
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equipped with two Master-Slave (M/S) manipulators to be employed for
those operations requiring high dexterity manipulations. The unit
is located on a platform (2 m long x 3 m wide x 1 m high) which also
accomodates the control consoles of the remote facilities.

Machine-tools carousel

Carousel consists of a platform (3 m long x 3 m wide) where four
machine tools are positioned in semicircle. Mockups and testing
performed in this area include:

- Welding apparatus
- Weld seal check (Helium leak detector)
- " " " (Ultrasonic scanner)
- Defective weld removal head.

A canister container supported by a pneumatic trolley allows the
canister alignment with above mentioned machine tools. All operations
in the sequence of events are performed and controlled by
microprocessor devices.

Welding apparatus- The welding technique consists of fusing the
lid to the canister by using a tungsten inert gas welding apparatus,
which is attached to a rotation mechanism. Only a small lip (2 : 3 mm)
is welded over the canister to obtain a perfect closure (FIG. 4).

Operation sequences in the weld process are indicated below:

- Position the canister in the container and moving the
pneumatic trolley align the canister with the welding head.

- Position the weldino torch over the surface of the canister and
adjust the electrode to 3 mm above the twist lock closure.

- Fuse the lid previously tack-welded in three locations 120-deg,
apart to the canister top using the following parameters:

Argon flowing : 20 Nl/min
Arc voltage : 25 : 35 Volt
Travelling speed : 30 : 60 cm/min.

- Transfer the canister to Helium leak-checking and ultrasonic
inspection equipment for the weld completion.

- Before e?ch inspection, the equipment is calibrated on a
standard weld with known defects.
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Helium detector (EDWARDS 205 LT)- The canister top is placed in
a sealed chamber. Before canister closure in station "A", a 500 nil
stainless steel bottle, containing Helium, is attached to the lower
lid surface (FIG. 5).

A calibrated valve (open before lid welding) allows Helium escape
from the bottle into the canister in some two hours. The sealed
chamber is then evacuated through a Helium leak detector and the weld
is checked for eventual flaws.

In the PROTEO facility the leak tightness of the seal weld is
checked with a Helium mass spectrometer leak tester with sensibility

of 6 x 10 atm ml/S, the apparatus is provided with a calibrated

Helium escape of 10 and the max leak rate accepted is 10 atm
ml/S.

Ultrasonic scanner (RG-20)- The canister is positioned under a
sealed bell jar. Two transducers (trasmitter and receiver) are rotated
around the weld, immerged in refrigerated water.

Any defects are then detected and recorded. The.scanner used is a
RG-20 detector and ultrasonic frequency range employed is 1 : 10 MHz.
The carousel is also equipped with an additional bell jar provided
with an adapt tool to remove the eventual defective weld.

INITIAL EXPERIMENTAL TESTS

PROTEO began operations in 1985. In the early 1986 several tests
have been performed. A major part of the experimental program was
dealing with remote facilities setting up and with the canister
handling. Another important part of the program was devoted to the
personnel training and to the development of remote maintenance
techniques.

Six qualified canisters have been employed in the preliminary
program. It consisted of the canisters conditioning in the station "B"
after having submitted them to a complete vitrification cycle. Initial
experimental tests at the PROTEO included:

- Helium bottle inserting and canister lid positioning (Station
A)

- Canister's lid welding
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- Helium leak test
- Ultrasonic inspection
- Weld removal (standard twist lock closures only).

After canisters were conditioned, they were subjected to drop
testing from 9 m onto a target plate and from 1 m onto a steel
punch (0t50 mm), both designed to cause maximum damage- Then several
destructive tests were carried out on the canisters and in particular
the twist lock closure was sectioned along various cutting planes.

All welding sections have been subjected to metallurgic
examinations. Some macrographs showed an adequate welding penetration
with sufficient fusion of both lid and canisca.\ bu^ a zone without
fusion due to an excessive overlap between i'r\2 lid and the canister
(FIG. 6).

These first results have been positive and the present testing
is addressed to a new design of the lid canister overlap in
order to avoid this penetration gap and to optimize the fusion. Since
the initial experimental tests in the PROTEO, operators have become
familiar with remote handling equipment and operating procedures
have been developed through the intensive mockup testing program.

This activity is still under development at PROTEO, it requires
in fact a continuous setting up of machines and tools in order to
optimize the equipment reliability and refine the handling technique
in hostile environment.

CONCLUSION

One year experience carried out with PROTEO facilities has
permitted us to gain good results in all areas. The achievements on
one hand have demostrated the reliability of the systems associated
with canister handling into the stations, and on the other hands
permitted to continue gaining experience to follow the program whose
objectives are to:

- Establish guidelines for future plant and equipment
specifications

- Indicate the direction in which the medium and longer term R &
D should proceed

- Provide the first stage of a comprehensive and coordinated
program in advanced robotics, teleoperators, and process plant
technology.
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IX

FIG. 3 - General view of Station "B"
(Canister conditioning mock-
up) -

FIG. 4 - Canister closure lid welding
machine -



Mo .'able work position

Maintenance Bay

Carousel:

a- Pneumatic Trolley

b- Welding Machine

c- Helium Leak Tester

d- Ultrasoni c scanner

e- Welding Removal Machine

FIG. 1 - Schematic PROTEO plant lay out -

FIG. 2 - General view of
Station "A" -
(Vitrification
cell) -

7 5



Lifting Stud

Canister

FIG. 5 - Schematic drawing of the twist lock closure
(Helium bottle attached) -

FIG. 6 - Macrophotograph of closure weld cross section -
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PROGRESS IN THE REMOTE HANDLING EQUIPMENT

M. Yamamoto, H. Kashihara, S. Hayashi,
M. Maeda, Y. Fujita

Power Reactor and Nuclear Fuel
Development Corporation,

Akasaka, Minatoku, Tokyo, Japan

ABSTRACT

Power Reactor and Nuclear Fuel Development Corporation
(PNC) is now undertaking the development of new remote
maintenance technologies that will be applied to the
high-level liquid waste vitrification plant which is also
now designed by PNC. This paper presents the development
of two arm bilateral servomanipulator system (prototype II
manipulator) and radiation hardened high-definition TV.

INTRODUCTION

PNC is designing the vitrification plant that is for the solidification
of high-level liquid waste (HLLW) which arises from the Tokai reprocessing
plant, and for the demonstration of the vitrification technology. The
detailed design of the plant which started in 1982 was completed in 1984.
The construction will be started in autumn 1987. The plant has a large
shielded cell with low flow ventilation, and employs rack module system,
and high performance two arm servomanipulator system to accomplish the
fully remote operations and maintenance. Vitrification process equipment
are placed in the standardized racks, the size is 3m in length, 3m in width
and 6.5m height, and they are installed in two lines along the longitudinal
cell wall. Pipes between rack modules are connected with remote connec-
tors. Figure 1 shows the conceptual drawing of the main cell. As remote
maintenance equipment in the cell, application of two arm sevomanipulators,
in-cell cranes with 20 ton capacity and TV cameras for observation are
being considered. To support the maintenance design of the plant, PNC has
started the development of new concept on manipulator and TV system since
1983. Two types of manipulators (Prototype I and single-arm trial model)
have been studied.

The prototype I manipulator was constructed based on an elbow-side
design philosophy and each arm has 8 degrees of freedom. Wrist portion has
4 degrees of freedom with combined universal joint to realize dextrous
motion of the wrist. This manipulator has been used for remote handling
test of equipment in the rack module.

The single-arm trial model is made for the study of torque tube drive
mechanism and based on an elbow-down design. All actuators are centralized
at the shoulder portion and torque of actuators are transmitted to each
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joint through torque tubes and gears. The trial model which employs
degital control system has been used for the development of control
technics, such as compensation of cross-coupling, self-weight, inertia and
so on.

Transfer Cell
Inspection Cell

Crane

Storage Cell

Canister Handling Equipment

Two-arm Munipulator

Rack Module

Glass Melter

Fig. 1 Bird View of Main Cell

Based on the experience of previous two manipulators' development, a
prototype II manipulator is currently in progress. This manipulator has
the unique feature that a posture of arms can be transformed from elbow-
down to elbow-up position and also the other way around. The centralized
actuators and torque tube drive mechanism is adopted for the upper arms,
and dispersed actuators and gears drive mechanism are used for the lower
arms.

In accordance with the development of HDTV system, the irradiation
tests have been conducted on camera-head components such as lens, pick-up
tube, prism and electronic devices. The design of radiation hardened
miniaturized camera-head will be completed in 1987.
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1. Development of the prototype II manipulator

Based on R&D achieved in the past, all the specifications and the
mechanism have been reviewed. Main concerning with the specification and
features of the mechanism are to be related in accordance with the items
below.

1) Speed of motion
2) Arrangement of servomotors and way of power transmission
3) Configuration of the slave arm

The speed of motion requested in prototype II manipulator has been
discussed, and in order to find the optimum speed for the manipulator, the
motion speed of operators is measured by using mechanical master-slave
manipulator and master arm of Bilarm 83A and prototype I manipulator in the
no load condition. Thus the speed of motion of the prototype II is decided
experimentally through the test in consideration of a size and capacity of
the drive motors to the operator can move the master arm without any
anxiety.

The result is as follows, and Figure 2 shows schematic drawing of the
prototype II.

Shoulder pitch 40 deg/sec
roll 60 deg/sec

Elbow pitch 60 deg/sec
Wrist pitch 160 deg/sec

yaw 160 deg/sec
Grip 100 mm/sec

The driving motors are placed in the separate location, the shoulder
has 3 motors for shoulder pitch and roll and elbow pitch, and in the lower
arm 4 motors are installed for driving lower 4 degrees of freedom, which
system is derived from the collection of the best advantageous data based
on the past experience of PNC's servomanipulator design and operation. In
particular the power transmission mechanism has been devised carefully to
eliminate mutual interference between joints and to simplify the control
system. Upper 3 degrees of freedom-shoulder pitch and roll and elbow pitch
are driven by torque tube and gear without any mechanical interference,
(see Figure 3) and the 4 degrees of freedom in the lower arm are driven
localy by high speed motors with a high speed gear reduction. The
mechanism of the lower arm has a unique feature called flexible wrist which
is constructed by double structure of the universal joint.
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Shoulder Pitch
-1-135-
- 45*

Elbow Pitch
+•35* -215-

Shoulder Roll
+ 45*
- 6 0 "

Wrist Roll

±150*

Fig. 3 Prototype II Mechanism
of Slave Shoulder &
Elbow

Fig. 2 Prototype II Manipulator

Figure 4 is a drawing of flexible wrist construction with four degrees
of freedom, that is, two ways bending as similar to human wrist, plus
rotation and grip of the finger portion. To realize these movements, a
double universal joint structure are adopted. Two degrees of freedom which
move left to right and up and down are driven by combination of push-pull
rods movement. And wrist rotation is done by making the outer universal
joint rotate. The finger is moved by center shaft rotation. In this
system, however, the bending angle of wrist portion is restricted in +45°
in any direction. PNC will evaluate this mechanism through actual task by
prototype II. To cover the restriction of motion range of the wrist, a
configuration of the slave arm are discussed. A style of elbow-down is
considered most suitable for the work toward the front or wall surface of
the maintenance equipment. For the downward on the floor, etc., on the
other hand, there is a prediction that the posture of elbow-up are
considered to be superior. Therefore, the both functions, elbow-down mode
and elbow-up mode, have been included in the design of prototaype II.

In addition to the functions of the manipulator discussed above, a
slave arm equiped in the hostile environments is required good
self-maintainability, especially for the prototype II, it is necessary to
be able to fix failured part by remote operation using another operational
manipulator. For the purpose of the realization of increasing
self-maintainability, a separeble module configuration is adopted to
facilitate disassembly and reassembly. The division of module is exhibited
in Figure 5.
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Fig. 4 Mechanism of Flexible Wrist

Fig. 5 Prototype II
Slave Maintenance
Division Modules

2. Development of radiation hardened high-definition TV (HDTV) system

In the remoto maintenance cell, maintenance operation and in-cell
observation will be carried out mainly through TV monitoring system. PNC
has been studying radiation hardened HDTV system for future plants since
1983. HDTV system which has twice as many as scanning lines (1125 lines)
compared with the conventional TV system gives operators very high quality
picture on the TV monitor to understand the depth of working area.

TV camera system can be devided into following 4 elements that is,
electronic circuit including signal transmission, lense, pick up tube, and
prism. Among these elements, the key points of the electronic circuit
development for use in the radiation field is following.

1. Minimum use of the electronic devices in camera head
2. Secure wide frequency characteristic (25 MHz Flat)
3. Measure against the decline of current amplification factor
4. Replace MOS-ICs with BIPOLAR-ICs and TRANSISTORS
5. Adopt TTL-ICs instead of MOS-ICs in the logical circuit
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Since 1983 PNC conducted irradiation test on electronic parts to
inverstigate reliable devices against radiation and based on the result
obtained so far, block circuit have been designed, fabricated and tested on
the characteristics during and after irradiation. The result which
obtained by 1985 shows in Table 1.

PNC is scheduled to make first model of radiation hardined miniaturized
color-camera for the HDTV by 1987.

Table 1

CIRCUIT

PREAMPLIFIER

VIDEO AMPLIFIER

HORIZONTAL DEFLECTION
CIRCUIT

VERTICAL DtaECTION
CIRCUIT

SYNCRONOUS CIRCUIT

D/A CONVERTER

POWER CIRCUIT

SERVO AMPLIFIER FOR
LENSE CONTROL

RESULTS

S/N RATIO WAS A LITTLE LOW BUT
USABLE

OUTPUT GAIN WAS LITTLE DECREASED
BUT WITHIN THE ADJUSTABLE RANGE

THE CIRCUIT FUNCTIONED NORMALLY

THE CIRCUIT FUNCTIONED NORMALLY

THE CIRCUIT FUNCTIONED NORMALLY

OUTPUT GAIN WAS LITTLE DECREASED
BUT USABLE

THE CIRUCIT FUNCTIONED NORMALLY

OUTPUT GAIN WAS LITTLE DECREASED
BUT USABLE
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Consolidated Fuel Reprocessing Program

REMOTE MAINTENANCE FOR WASTE HANDLING: APPLICATION OF
SERVOMANIPULATORS TO A NEW GENERATION OF HOT CELLS*

M. 0. Feidman, N. R. Grant, and J. N. Herndon
Fuel Recycle Division

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831

ABSTRACT

For several years the Consolidated Fuel Reprocessing
Program at the Oak Ridge National Laboratory has been
developing facility concepts, designing specialized
equipment, and testing prototypical hardware for re-
processing spent fuel from fast breeder reactors. The
major facility conceptual design, the Hot Experimental
Facility, was based on total remote maintenance to
increase plant availability and to reduce radiation
exposure. This thrust included designing modular
equipment to facilitate maintenance and the manipulation
necessary to accomplish maintenance. Included in the
design repetoire was the development effort in advanced
servomanipulator systems, a remote sampling system,
television viewing, and a transporter for manipulator
positioning. Demonstration of these developed items is
currently ongoing, and the technology is available for
applications where production operations in highly
radioactive environments are required.

INTRODUCTION

For several years the Consolidated Fuel Reprocessing Program (CFRP) at
the Oak Ridge National Laboratory (ORNL) has been developing facility con-
cepts, designing specialized equipment, and testing prototypical hardware for
reprocessing spent fuel from fast breeder reactors. A perceived lack of need
for breeder reactors has delayed the construction of a reprocessing plant
that would verify the technical and economic advantages of the developments
that have evolved. However, many of the research efforts have continued
because these development activities had a broad application In areas where
hostile environments were encountered. In particular a comprehensive remote
system technology development has produced new concepts and prototypical
equipment.1 Much of the experience gained by the CFRP Is applicable to any

* Research sponsored by the Office of Facilities, Fuel Cycle, and Test
Programs, U.S. Department of Energy, under Contract No. DE-AC05-840R21400
with Martin Marietta Energy Systems, Inc.
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new large hot-cell production facility, and, therefore, should be of
interest to many of the waste-handling programs being discussed at this
meeting.

In preparing for a reprocessing facility design, several goals were
established. Two of these goals, increased plant availability and reduced
radiation exposure, played a major role in the decisions on the approach to
remote handling. The major facility design completed by the program was the
Hot Experimental Facility (HEF). The HEF was capable of reprocessing 0.5
metric tons of heavy metal per day from any light-water reactor or liquid-
metal fast breeder reactor in existence or under consideration (in 1978).
The hot cell was "H" shaped, with each of the "legs" an open cell (no
partitions). These cells contained over 100 equipment racks for the
chemical processing, as well as a mechanical head end for reduction of the
fueled portion of fuel assemblies into acceptable feed for dissolution.
The use of standardized racks to house chemical and mechanical equipment
provided a design basis for a unique maintenance concept and also provided
a structure for the introduction of a robotic chemical-sampling system.
The design was for a 30-year plant life with no planned human entry. All
maintenance was to be accomplished remotely utilizing overhead cranes along
with overhead and floor-mounted transporters carrying servomanipulator
systems. All viewing was by closed-circuit television systems.

The concept for the HEF required several development efforts. A mock-up
area to test prototypical HEF equipment was built and is in operation.
Existing servomanipulators were tested, and based on their limitations, a new
concept for a servomanipulator that would have greater reliability and that
could be remotely maintained was accomplished. The first prototype of this
manipulator is currently being tested. State-of-the-art electronics that
have increased radiation resistance, as well as capabilities for sophis-
ticated computer control programs, were applied to this equipment. Other
areas of development include radiation-hardened television cameras, wireless
signal transmission, and the design of a new concept for an in-cell trans-
porter for the manipulators. The field of ergonomics was utilized to provide
the maintenance operators with the best man-machine interface.

FACILITY DESIGN

The reprocessing cell of the HEF was designed to be operated and
maintained remotely and, therefore, incorporated many of the remote
maintenance features to be discussed.2 The "H"-shaped hot cell was totally
open to allow the overhead bridges and floor transporters to move freely in
their individual "legs" (process cells) of the "H" (Fig. 1). Each process
cell was about 183 m (600 ft) long, 26 m (84 ft) high, and 12 m (40 ft) wide.
The decontamination and maintenance cell (DMC) located in the crossbar of the
"H" was approximately 22 m (72 ft) long between the process cells, 41 m
(133 ft) high, and 15 m (50 ft) wide. The extra height of the DMC extended
into the process cells to allow the DMC overhead crane bridge to remove
trolleys from the process cell bridges for maintenance, remove the process
cell bridges, or move a full rack to or from the rack transfer station 1n the
DMC to or from a process cell.
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Fig. 1. HEF Plan View of Process Cells

Equipment racks (F ig. 2) were positioned on both sides of the process
ce l l s , leaving a center a is le for travel of the manipulator transporters
and crane-carried loads. The transporters and the overhead cranes and
telescoping tubes provided the remote maintenance capabi l i ty . Each f loor
and overhead transporter carr ied a package consisting of a pair of servo-
manipulator slave arms, a 445-kg (1000-lb) ho i s t , and te lev is ion cameras.
Mult iple units were located in each process ce l l to ensure a redundancy of
maintenance capabi l i ty ana to provide a means of repairing one uni t with one
of the other uni ts. In add i t ion , the f loor transporters could be moved
through the DMC to the other process c e l l , i f necessary.

The f a c i l i t y had a 30-year design l i f e , and anything that was estimated
not to need maintenance during that period was welded to the rack frame.
Everything else was remotely replaceable. For example, the shel l of a heat
exchanger would be welded to the frame, but the tube bundle would be
supported from a flanged head so that i t could be removed i f any of the tubes
developed a leak. Al l f l u i d tubing/pipes and electr ical / instrument wiring
were connected to removable equipment by remotely removable jumpers. All the
removable items were located so that the servomanipuiator arms could reach
them. As a last resort , the ent i re rack including the permanently placed
equipment could be removed with the overhead system and taken to the DMC for
repair.

The HEF was designed to reduce personnel exposure levels to as low as
reasonably achievable. With the remote handling features incorporated into
the design, i t was f e l t that 500 mi l l irem/person/year was an achievable goal .
One other benefit provided by th is handling system was the a b i l i t y to ensure
remote decontamination and decommissioning at the end of plant l i f e .

SAMPLING SYSTEM

Earl ier planned and operating reprocessing f a c i l i t i e s have routed
sampling l ines out of the process cel l into glove boxes or shielded cubicles
to obtain l i qu id samples of process systems. This procedure creates two
serious problems: increased exposure to personnel obtaining the samples, and
a potential route for the surrept i t ious removal of sensitive ( f issionable)
material from the process c e l l . The presence of uniform equipment racks in
the HEF created the poss ib i l i t y of locating a l l of the sampling points at a
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common elevation near the top of the rack. What was needed was a robot
capable of retrieving the sample bottles from the sampling points.

The advanced technology liquid sampling system is a track-guided,
battery-powered electric vehicle installed on the rack support structure
(Fig. 3). The vehicle is 213 cm (84 in.) high, 91 cm (36 in.) wide, 76 cm
(30 in.) deep, and weighs approximately 590 kg (1300 lb). It is of modular
construction so that failed components can be removed and replaced remotely.

With the vehicle in its base station, the on-board microcomputer
receives a series of locations to obtain sample bottles via wireless
transmission from the master computer located in the control room. The
vehicle moves to the first location, retrieves and identifies the sample
bottle, places a fresh bottle on the station, and moves to the next location.
The sequence is repeated until the mission is completed, and the vehicle
returns to its home base where the batteries are recharged. The sample
bottles are removed by a manipulator and transferred to the analytical cell
by pneumatic carrier. A prototype of the sampling system was fabricated and
is in operation in the mock-up area. The remote maintenance features have
been verified.

at.

Fig. 2. HEF Equipment Rack Fig. 3. Advanced Technology Liquid
Sampling Vehicle

SERVOMANIPULATORS

Three sets of servomanipulators have been tested at the CFRP, two of
which were commercial units. The first was a TeleOperator System (TOS)
Corporation Model SM-229 (Fig. 4). 3 It was used primarily for human factors
evaluations of camera viewing issues and to establish the operability of
completely remote systems (Fig. 5). In addition, the unit was used to
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Fig. 4. TeleOperator Systems
SM-229 Slave Arms

Model Fig. 5. Operator Control Station
for SM-229 Master Arms

evaluate signal transmission techniques, computerized obstacle avoidance,
automated te lev is ion t rack ing, and l im i ted robotic slave funct ions.

The second servomanipulator is the Model M-2 purchased from the Central
Research Laboratories (CRL) Division of Sargent Industr ies. The M-2 was a
j o i n t development between CRL and ORNL in which ORNL developed the
a l l - d i g i t a l electronics control system.^ The M-2 was the f i r s t successful
demonstration of an a l l - d i g i t a l b i l a te ra l servomanipulator (F ig . 6 ) . 5 The
system comprises a pair of fo rce- re f lec t ing servomanipulator arms, three
te lev is ion cameras, l i g h t i n g , an aux i l i a ry ho i s t , the control system, and a
pair of master arms (F ig . 7 ) . 6 The M-2 system has been operated very
successfully for three years, demonstrating maintenance capab i l i t y on
prototype reprocessing equipment.

The th i rd unit is the Advanced Servomanipulator (ASM) System. The
design for the ASM slave arms ~"s based on the use of gears and torque tubes
to replace the more normally used tendons of metal tapes and cables in the
drive t ra in and is in the elbows-dcwn conf igurat ion. '7 This geared approach
f a c i l i t a t e s modularity so that the slave arms can be repaired in s i t u by
another ASM via spare module replacement (Figs. 8 and 9) . The geared
approach also increases r e l i a b i l i t y , but at the expense of increased
i n e r t i a , f r i c t i o n , and backlash. To help compensate for these negative
fac to rs , the repl ica master arms are extremely l i gh t weight and are cable
driven (F ig . 10),e In add i t ion , d i g i t a l control algorithms are used to
moderate the effects of the negative factors . The control system also



Fig. 5. Cerni"a'' Research
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Fig. 7. Operator Control Station
for M-2 Master Arms
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Fig. 8. Ajvanced Servomanipulator
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Fig. 9. Advanced Servomanipulator
Slave Arms
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Fig. 10. Advanced Servomanipulator Master Arms

provides electronic counterbalance for the slave arms.9 The system has
been in operation for several months and has performed without problems.

TRANSPORTER

For many years the typical stiff-arm transporter for hot cells has
consisted of a series of internally nested concentric tubes, the largest tube
at the top, and the smallest tube at the bottom supporting the manipulator.
As the weight of manipulator arms have been increased, the tubes have been
made larger, thus making it more difficult to maintain rigidity. In
addition, the highest reach is limited by the length of the top tube. The
CFRP investigated the stacker/retriever crane concept for use as a
transporter for the ASM. The design had to be modified so that the
transporter would be remotely maintainable, and an interface package was
added to support the television systems and the hoist (Fig. II). 1 0 With this
design, rigidity is excellent and the ASM can reach from the floor to the
bottom of the overhead bridge. The negative aspects of the design are that
the unit is larger, and there is a fixed mast whose length must be slightly
over half the distance between the bridge and the floor. This means that the
transporter must have an aisle in which to travel. The transporter has been
operating in concert with the ASM for several months.

VIEWING SYSTEMS

The use of servomanipulators dictated the need for radiation-resistant
television systems. Because the cameras must be reasonably close to the
slave arms, the entire camera must be radiation hardened when applied to
large, mobile systems. Tests showed that operators could perform maintenance
on stainless steel equipment as well with black and white systems as they
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could with color systems and that 3D systems resulted in operator
fatigue.11 An extensive review of commercially available black and white
cameras was conducted. Although a number of camera systems are available
with advertised radiation resistance to a dose of 108 rad, many of the
vendors cannot document this radiation resistance with test data. In
addition, almost all the available radiation-hardened cameras depend on the
concept of removing the majority of the electronics outside the radiation
area. This approach requires complex cabling, usually with a separation
limitation between the camera head and control electronics of 15 to 30 m
(50 to 100 ft).

After the surveys of available hardware were completed, a Dage/MTI
microscope camera system was selected. The control box of this camera was
radiation hardened by ORNL engineers, who used a selective component
replacement approach. The lens is a radiation-hardened motorized zoom lens
from Fujinon.

The entire camera system, including control electronics, has been
radiation tested at ORNL and verified to be radiation hardened to doses
exceeding 107 rad.

SIGNAL TRANSMISSION

A number of concepts have been studied to provide wireless signal
transmission to a large mobile maintenance system. These include a
confined-path radio frequency system, a free-space radio frequency system, an
optical system, and an inductive system. Confined path rf and optic systems
have been operated in conjunction with the TOS servomanipulator. However,
the selected approach for a large cell is a free-space system using narrow-
beam microwave techniques for an extremely high-bandwidth system while
avoiding the multipath problem associated with normal free-space radio
transmission. This type of system presents very few remote handling prob-
lems, and the associated high-frequency electronic components are relatively
radiation hardened. A ten-channel demonstration system has been fabricated
and installed with the transporter/ASM at the ORNL to demonstrate the
concept. The system allows for five television, three digital data, and two
audio channels over a single, bidirectional microwave link.

OPERATOR CONTROL STATION

Considerable attention was devoted to optimizing the man-machine
interface for the ASM operator control station.12 Early tests with the
SM-229 servomanipulator provided the first input. Knowledge gained in
operating the M-2 control room was added, and general requirements concerning
human interface with control room equipment were gathered from standard human
engineering reference documents. After preparing a conceptual design for the
operator control station, a foam-core mock-up was built, and a wide range of
our work force was tested covering the 5th percentile female to 95th
percentile male operator population requirement. The resulting design was
based on a two-person team with the primary operator handling the master
manipulator controller and the secondary operator the television system and
transporter and crane controls (Fig. 12). The operators are close enough for
normal conversation and have a clear view of each other without obstructing
their respective views of the monitors.

5 9 0



Fig. 11. Transporter for ASM Fig. 12. Operator Control
Station for ASM

APPLICATION TO OTHER PROGRAMS

This paper has ?ummarized a ten-year e f fo r t associated with designing a
remotely operated fuel reprocessing f a c i l i t y and the equipment to maintain
i t . The question i s : Where can this knowledge be applied in today's market?
I t is our opinion that what has been described can be u t i l i zed in any major
production hot-cel l f a c i l i t y such as repackaging reactor fuel for a permanent
repository and for a high-level waste v i t r i f i c a t i o n plant. Some features may
even be usable for the underground ac t i v i t i es associated with a repository.
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INCORPORATING FUNCTIONAL REQUIREMENTS INTO
THE STRUCTURAL DESIGN OF THE DWPF

Charles K. Ng, Frank J. Hsiu, and A. M. Almuti
Advanced Technology Division

Bechtel National, Inc.

ABSTRACT

The vitrification building of the DWPF plants
is designed to process radioactive defense
wastes for future disposal. Special structural
consideration and design features were given to
the building design to accommodate the unique
remote features and requirements of handling
nuclear waste within the structure. Innovative
ideas and close coordination are required to
achieve the requirements of radioactive shield-
ing; remotability and tolerance control;
constructibility and functional operations;
decontaminability; and structural strength and
stability.

The vitrification building houses the regulated process operations
carried out remotely behind shielding barrier walls. It also provides
control facilities for the process and power operations. Due to the
special remote features and handling of nuclear waste in the vitrifica-
tion building, special attention was given to the structural design.

Structural design took into considerations the following influences:

1. Radioactive Shielding
2. Remotability and Tolerance Control
3. Constructibility and functional Operation
4. Decontaminability
5. Structural strength and stability

RADIOACTIVE SHIELDING REQUIREMENTS

The vitrification building is divided into a number of regulated and
unregulated areas. Regulated cells, which contain the main processes and
equipment are confined by concrete walls, stainless steel liner plates,

*The information contained in this article was developed during the
course of work under Contract No. DE-AC09-76SR00001 with the U. S.
Department of Energy.
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ond concrete hatch covers. Pipes connecting the in-cel'i equipment to the
outside facilities ire embedded in the thick shielding concrete walls.
Special design conside>atio'is were required to determine the pipe bend
locations, configurai/oi., «..'' special materials used.

Embedding the pipes in the walls presented structural design and
radiation shielding challenges that were addressed in the design process.

REMOTABILITY AND TOLERANCE CONTROL

Main requirements for remotely controlled facilities include pre-
cision design and accessibility for remotely controlled cranes and other
equipment. In order to satisfy the tight remote control requirements,
close tolerance specifications were imposed on all in-cell structures.
During the initial stages of design, geometry, orientation and layout of
the conceptual design were reviewed for remotability and crane accessi-
bility to ensure no interferences and smooth operations. To allow for
easy removal, equipment supoorts were designed without vertical tie-
downs. Special trunnion guides were designed to guide the tanks into
their final positions during the installation process. Leg attachments
at the bottom of the tanks were reinforced to reduce rotational and
bending displacements.

In order to provide a close tolerance support structure for the wall
nozzles, nozzle boxes and electrical support brackets were designed to
achieve these goals. Since all items within the cells are designed to be
remotely removable, all jumper pipes, equipment and supporting frames
were designed with lifting hooks located for perfect balance of each
item. Detailed removal and replacement procedures for equipment were
developed to optimize design and ease plant operations.

CONSTRUCTIBILITY

Special consideration was given to construction and welding require-
ments. The concrete formwork and rebar supporting framework were designed
to achieve the desired structural tolerances and spacing requirements.
Nozzle boxes and electrical support brackets along the cell walls were
specially designed to serve as a kick plate device which is required for
the operation of the jumper pipe connector mechanism and also to provide
means of adjusting the nozzle location of embedded piping after placement
of concrete. The welding equipment, procedures and welding methods for
structural connections were selected to achieve the tolerance require-
ments. Due to the density of embedded piping, long embedded support
plates were designed to accommodate multiple pipe support brackets. The
concrete foundation slab was placed in checker board pattern to reduce
settlement effects, concrete shrinkage effects and preload of the
rebars. Rebar locations were determined in conjunction with embedded
items to minimize construction interferences.

DECONTAMINABILITY

For decontamination purposes, spray nozzles are provided on the cell
walls and stainless steel liner plates are provided in highly corrosive
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cells. Special coatings selected for specific chemical environments are
used for other cells, and closed section shapes of structural elements
are used for all structural supports inside the cells. Seal welded
joints are used to prevent entrappment of contaminants and process
leakages.

STRUCTURAL STRENGTH AND STABILITY

To satisfy the layout for the operational requirements, a canyon
type structure was chosen for the vitrification building design. Expan-
sion joints were designed into the long walls inside the canyon to pro-
vide for the thermal expansion of the structure. To maintain the lateral
stability of the in-cell equipment and framing supports, two levels of
trunnions were provided. The vitrification building is also designed for
a Design Base Earthquake and tornado loads under which conditions no
release of radioactivity to the environment is allowed. The loss of
strength due to the volume of concrete displaced by the embedded lead
shielding plates and embedded piping were allowed for in the design.
Special design details were developed to absorb all the piping movements
for embedded pipes that crossed expansion joints.

In summary, the DWPF virtrification building is a special structure
with its own unique features and design needs. The designer must provide
these unique features to enhance remote operations and decontaminability
and to satisfy shielding requirements while maintaining good construct-
ability and economy. Thermal loads, close tolerances, rebar congestion
and stringent code requirements present unique design problems. Solution
of these problems presents a challenge and demands close coordination
among all members of the design team. The use of physical models on the
DWPF Project was found to provide a tremendous tool in enhancing the
solution.
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APPLICATION OF LASERS TO CANDU NUCLEAR FUEL REPROCESSING

K. B. Woodall, L. Mannik, and H.D. Morrison

Ontario Hydro Research Division
Toronto, Ontario

ABSTRACT

A study has been made of the application of lasers to CANDU
nuclear fuel reprocessing. We looked for ways to reduce the
costs or to improve the safety and efficiency of reprocess-
ing spent nuclear fuel. Among the areas adopted for further
investigation were fuel decladding and process monitoring.
These studies were initiated as part of a program of assis-
tance to AECL in which the goal was to develop a reprocess-
ing procedure specifically for CANDU fuel which would take
advantage of the lower burnup and the lower levels of fis-
sionable materials in the fuel in order to reduce costs.

INTRODUCTION

We have reviewed Atomic Energy of Canada Limited (AECL)'s proposed flow-
sheets for CANDU fuel reprocessing and have identified several areas where
lasers could be used to reduce the costs or improve the safety and ef-
ficiency of reprocessing. Areas investigated include laser decladding and
the monitoring of low level components in process and waste streams. We
also looked at the use of light to replace the need for chemicals in uranium
oxidation and in plutonium reduction and at laser driven by-product recovery
from spent nuclear fuel. As decladding and monitoring held the most promise
of improving fuel reprocessing, they were studied in more detail. Although
light can be used to alter the oxidation states of uranium and plutonium,
the technical difficulties of delivering light to the opaque liquids of that
part of the reprocessing flowsheet made this application less attractive
than several others. Even though the recovery of valuable by-products from
spent fuel could, in principle, offset some reprocessing costs and simplify
nuclear waste disposal, we did not study this option in any detail because
by-product recovery is not an essential feature of any reprocessing flow-
sheet.

FUEL DECLADDING

Background

In light water reactor fuel reprocessing, a large hydraulic shear is
used to chop up fuel rods to expose the fuel so that it can be dissolved
prior to plutonium and uranium recovery. Blade replacement is frequent

5 9 6



requiring an elaborate, complex, and expensive remote maintenance system.
Shearing of fuel rods leads to "pillowing" (partial closing of fuel rod
ends) and substantial dust generation. Grid spacers and other subassembly
parts can also jam the shear(l,2).

In laser decladding, a laser beam replaces the blade of the shear. Be-
cause this is a non-contacting method of cutting, no forces are exerted on
the fuel and there is no tool wear. The main advantage of laser decladding
is that much of the high technology equipment requiring maintenance can be
located outside the hot cell.

Lasers are being used either experimentally or routinely to disassemble
fast reactor fuel in Britain(3-7), France(8), and the United States(9-ll).
They are being tested experimentally by the United Kingdom Nuclear Power
Development Authority for the decladding of LWR fuel at Springfields Nuclear
Power Development Laboratories(6) and are being used routinely by Westing-
house(lO) to recover nuclear fuel pellets from fuel bundles that fail
quality control tests. Also in the US, Rockwell and Oak Ridge are assessing
the use of lasers for the decladding of fast reactor fuel.

ZIICAIO* I f AUNG PADS
IltCAIOT fUIt SHIATH
ZIICA1OT fNO SUPPOiT PlAti
UIANIUM OIOUDI MllCfS
W i t ! f t fMlHI SPACEIS
cooiANr run
CAtANDIU lUt l

Figure 1. A CANDU reactor fuel bundle.

CANDU fuel (Figure 1) lends itself particularly well to laser declad-
ding. The fuel bundles are small (about 50 CM long by 15 cm in dianeter).
Instead of containing a large shear and decontamination equipment, the hot
cell need be little bigger than the size of the fuel bundle and the
automated workpiece motion system. Light Is transmitted into the hot cell
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by either an optical fiber (YAG laser) or a ZnSe window (C0£ laser). YAG
lasers cost more per watt than C0£ lasers but their energy is more effec-
tively absorbed by zircaloy cladding. In preliminary cutting tests per-
formed for us at Raytheon{12), 90 W of YAG laser power cut zircaloy cladding
at the rate of 2 cm/second. Even faster cutting rates are expected at this
power level but these preliminary tests did not attempt to measure maximum
cutting rates. About twice as much power would be required if a carbon
dioxide laser were used for this purpose but this would not increase the
capital cost of the laser cutting system.

CANDU fuel bundles typically contain from 28 to 35 fuel elements ar-
ranged in concentric circles. Each element is about 12 mm in diameter.
During fabrication the uranium dioxide fuel pellets slide easily into the
fuel elements. They are not bonded to the zircaloy fuel sheath. Each fuel
element is welded to two end support plates. The diameter of each of these
welds is about 2 mm.

Laser Peel adding

In order to dissolve the spent fuel prior to reprocessing, the zircaloy
cladding which is about 0.38 mm (0.015 inches) thick must be cut. Because
of the geometrical arrangement shown in Figure 1, a laser cannot easily
access the inner fuel elements without the prior removal of the outer ele-
ments. Any laser decladding process must therefore involve two steps.
First the fuel bundle must be separated into individual fuel elements and
then the laser must cut into the zircaloy cladding in each fuel element.

Separating the fuel elements can be accomplished in two ways. Lasers can
either cut the welds or cut the end plates. Cutting the welds involves
directing two laser beams toward the side of the bundle. The focus of each
laser beam is adjusted by a cam that simultaneously contacts both the fuel
rod and the end plate in order to locate the exact position of each weld.
For a 28 element fuel bundle with each weld taken to be a piece of zircaloy
2 mm x 2 mm x 2 mm, 11.2 cm of 2 mm thick zircaloy must be cut. Alternately
to cut the 1.5 mm thick end plates we must make 72 cuts one cm long for a
total cutting length of 72 cm in 1.5 mm thick zircaloy. In this case the
laser focus is controlled by a cam contacting the end plate. Non-contacting
sensors could also be used to determine workpiece position in order to set
the laser focus. This can be done using optical techniques or even by
measuring the pressure in an open ended tube containing flowing gas and
facing the workpiece.

Laser cutting rates for zircaloy are extremely fast. For example, a 3 mm
thick sheet can be cut at a rate of 6 m/min or 10 cm/sec by a 500 W carbon
dioxide laser(13). This is more than double the rutting rate for steel.
The same laser would cut 2 mm zircaloy at about 10 m/min (16 cm/sec) and 1.5
mm zircaloy at about 12 m/min or 20 cm/sec. A 200 W YAG laser beam will cut
1.5 mm thick zircaloy at the rate of about 7.7 m/min or 13 cm/sec. Cutting
the welds with two 200 W YAG beams or two 500 W carbon dioxide laser beams
would take a total laser cutting time per fuel bundle of 0.35 or 0.25
seconds respectively. Allowing one second for the laser to focus on each
fuel element we predict a weld cutting time of about 30 seconds per fuel
bundle. Cutting the end plates with the same two YAG or carbon dioxide
lasers would take 2.8 or 1.8 seconds respectively. In this approach, laser
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repositioning time for all the cuts would be unlikely to exceed 10 seconds.
In each of the above approaches it may be necessary to catch each separated
fuel element with a robot arm and place it on a support tray for quick
retrieval. This is estimated to require a processing time of 30 seconds per
fuel bundle regardless of which type of laser cutting is used.

Having separated the fuel elements the next step is to expose the fuel by
cutting into the zircaloy cladding. To do this the output from two 400 W
YAG lasers or from one 1500 W carbon dioxide laser is split into eight equal
beams in an optical system external to the hot cell. A robot arm would
grasp each element in the center and spin it through one rotation while
eight equally spaced circular cuts about 6 cm apart are made. Cutting times
of about 0.15 seconds per fuel element are estimated. It should be possible
to process each element in about a second for a processing time of about 30
seconds per fuel bundle. The total processing time for both separating the
fuel elements and decladding is estimated to be one minute per fuel bundle.
Note that the laser cutting time will be a small fraction of this minute.

The laser beams that do the cutting are tightly focused. The higher melting
uranium oxide fuel beneath the cladding will not be melted or vaporized by
the laser beam. When a laser beam cuts zircaloy, part of the material is
vaporized and part is liquefied and removed as a liquid. In our trial tests
cutting empty tubes the removed material solidified into small particles at
the opposite side of the tube from the cut. When cutting fueled tubes, we
may find it necessary to put a suction and filter device around each laser
nozzle to capture the small amount of removed material.

Cost Estimates and Future Work

A 1.5 kW carbon dioxide laser costs about $120,000 and two 400 W YAG
lasers would cost $160,000 to $200,000. The carbon dioxide laser appears at
this time to be the lowest cost option. Since automation systems generally
cost one to two times the cost of the laser(14), the workpiece motion sys-
tems are expected to cost between $120,000 and $240,000. Hydro's Design and
Development Division has told us that a complete French mechanical shearing
system and hot cell for LWR fuel costs about $25 million. With our first
estimate of the cost of the laser system near 1% of this cost and with a hot
cell only about three times the size of the very small CANDU fuel bundle,
there is an excellent chance that decladding CANDU fuel could be done for
less than J0% of the cost of a shearing system. We are planning to acquire
a 1.5 kW carbon dioxide laser system that could be used to demonstrate CANDU
fuel decladding. This laser will enable us to improve our cost estimates
for the laser decladding process and also enable us to demonstrate shorter
term cutting and welding applications within Ontario Hydro.

PROCESS MONITORING

The most important monitoring needs that have been identified are the
monitoring of low levels of iodine-129 in effluent gases and the monitoring
of piutonium valence states.
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Iodine-129 Monitoring

Background

Neglecting U-238, iodine makes up 0.36% by weight of spent nuclear fuel
from CANDU reactors(14,15). About 80% of ihe iodine is radioactive iodine-
129. which has a half-life of 1.6 x 10 7 years, and the rest is stable
iodine-127. (The expected 5-year storage period for spent fuel ensures that
all the other iodine isotopes have decayed to negligible quantities.) Fuel
reprocessing releases iodine as a gas. Prior to discharging the effluent
gases to the atmosphere, most of the iodine will be removed by a silver im-
pregnated solid sorbent filter. Measurements of iodine-129 concentration
are required before and after filtering, with typical concentrations ranging
from 30 ppm before the filter to 100 ppb after the filter.

Since conventional counting techniques are impractical due to the low
activity of iodine-129, attention has turned to optical methods, which are
well suited to on-line, real-time monitoring applications. Earlier work by
Vikis at WNRE(16) explored several laser-based techniques for detecting
iodine, including optical absorption and laser induced fluorescence (LIF)
using a helium-neon (He-Ne) laser. The best sensitivity was obtained with
an intracavity LIF method which yielded a detection limit of 1 ppb.
However, none of these techniques is adequate in the presence of NO?, which
is present at the 2 to 3% level and which also fluoresces under He-Ne laser
excitation.

Similar problems were encountered by researchers in the US. A group at
Naval Research Laboratory developed a prototype iodma-129 detector using
LIF excited by an isotopic helium-neon laser (3He- Ne)(17). This gave a
detection limit of 10 ppb but again the presence of N0 2, in this case at the
0.3% level, represented a serious interference with iodine-129 measurements
at concentrations below 300 ppb.

The aim of the present research was to again explore LIF as a detection
technique, since it represents a highly sensitive method that lends itself
to remote, on-line monitoring, but to avoid NO? interference by selecting an
excitation wavelength where I2 fluoresces but N0 2 does not. Since there was
reason to believe that I2 would fluoresce over most of the visible and
ultraviolet spectral range, the study focused on the ultraviolet region near
250 nm where NO? fluorescence is expected to be minimal. This is because
N02 has a very low absorption coefficient at this wavelength and absorption
is a prerequisite for fluorescence.

Ultraviolet Laser Induced Fluorescence of Iodine

The Quantel NdrYAG pumped dye laser has a tuning range of 295 to 750 nm.
Previous experience in our laboratory with extending the tuning range into
the infrared using non-linear crystal mixing techniques(18) proved useful in
the present conversion into the ultraviolet using similar methods.

Figure 2 is a schematic of the ultraviolet laser design. The Nd:YAG
laser operates at a fixed wavelength of 1.06 microns which is frequency
doubled to 532 nm. The remaining 1.06 micron beam is optically delayed
using a set of mirrors and the appropriate polarization for mixing is
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selected using quarter-wave plates. The green 532 nm beam pumps the dye
laser (rhodamine 640 dye) to generate tunable output in the red near 654 nm
which is frequency doubled to yield ultraviolet output near 327 nm. A glass
filter rejects the 654 nm beam and passes the 327 nm and 1.06 micron beams
which are combined in a crystal of KDP (potassium dihydrogen phosphate). By
angle tuning this crystal, it is possible to generate output near 250 nm by
the process of sum frequency mixing; ie, 1.06 microns (9,434 ̂ m"1) + 327 nm
(30,566 cm"1) produces uv radiation at 250 nm ( 40,000 cm" 1). The three
beams emerging from the mixing crystal are spatially separated by a prism
and the 250 nm beam, whose wavelength is adjustable by tuning the dye laser,
is passed into the iodine fluorescence cell. In this way, pulse energies of
0.5 to 1 mJ were generated in the ultraviolet.

An all-quartz cell consisting of three quartz windows fused onto the
cell body was constructed for these measurements(19). This design is
preferable to the simpler approach of sealing windows onto the cell because
iodine vapor attacks most sealing compounds(20).

Monochromator

Quart!
Cell

Nd.YAG Loser
1.06 urn; 53! nm

Dispersing
Prism

Nonlinear
Crystal

Filter

Dye Loser
651 nm: 327 nm

Figure 2. Generation of Tunable Ultraviolet Output
Monitoring Using Nonlinear Mixing.

For Iodine-129

Iodine crystals were placed in a finger attached to the bottom of the
fluorescence cell. At room temperature (23°C) the vapor pressure of iodine,
as calculated from an equation in reference 20, is 284 mtorr.

The iodine fluorescence passed through a window at 90° to the laser beam
and was spectrally analyzed with a monochromator (Monospec) connected to a
photomultiplier detector (Hamamatsu R446). The monochromator was scanned
while recording the photomultiplier output on a strip chart recorder, using
a lock-in amplifier to improve the signal to noise.
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With ultraviolet excitation the only signr's detected were a sharp
line at the excitation wavelength and a broad, featureless emission at
higher wavelengths. These were ascribed to scattering and fluorescence
originating in the quartz input window and transferred along the wall of the
cell to the viewing window. It is certain that the observed fluorescence is
not due to iodine since there was no change in the measured spectrum when
the iodine was removed from the path of the laser beam by freezing out with
liquid nitrogen.

There is one reference in the literature to earlier attempts to measure
the fluorescence of iodine using excitation near 250 nm provided by a low
pressure mercury lamp(21). In that investigation, fluorescence was only
detected at high temperature (500°C) and at a pressure of 100 torr and
became intense only at atmospheric pressure (760 torr). Other studies of
iodine fluorescence stimulated by vacuum ultraviolet excitation (below
200 nm) have demonstrated that the addition of a buffer gas increases the
fluorescence intensity(22).

These observations suggest that one promising approach for enhancing the
fluorescence of iodine near 250 nm would be to add enough nitrogen buffer to
bring the total pressure up to one atmosphere and to operate at higher
temperatures by enclosing the cell in an oven. Another advantage of using
the buffer gas is that it would make the experimental conditions more
representative of the situation in a reprocessing plant where trace amounts
of iodine would be present in an atmosphere of air.

Alternative Approaches

As mentioned above, the fluorescence of iodine has been observed under
vacuum ultraviolet excitation, specifically using an argon fluoride (ArF)
laser at 193 nm(22). Since NO2 is not expected to fluoresce in this
spectral region, this represents one alternative approach that may be worth
investigating. Excimer lasers such as ArF have undergone rapid development
over the past several years and commercial units are currently available for
$20,000.

Another iodine detection system that we have considered is two-photon
spectroscopy(23). Research on this subject has been performed by J.R.
Robins of our research group(20) using two tunable dye lasers to populate an
upper level in two steps and measuring the subsequent emission from this
upper level. This method can be readily adapted to detect any of the
isotopic forms of iodine and would probably have adequate sensitivity.
While at first glance the cost of two lasers may seem prohibitive, there are
compact nitrogen laser pumped dye lasers on the market for as little as
$5,000. It may also be possible to design the process so that both photons
are generated by a single dye laser system.

Plutonium Valence States

Efficient processing of spent nuclear fuel requires measurement of the
relative concentrations of plutonium valence states, Pu(III), Pu(IV), and
Pu(VI), at various stages in the process. These concentrations are cur-
rently measured off-line with a relative accuracy of 5% using a uv-visible
spectrometer. It is desirable to detect the Pu(III) and Pu(VI) states down
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to 0.1% or 4 x 10"6 moles/1, the projected concentration in the head end of
a CANDU fuel reprocessing plant. An on-line detection method for these
plutonium valence states would improve process efficiency.

A recent report by Stumpe et al.(24) describes a laser technique that
has demonstrated measurement of state-specific Pu concentrations to less
than 10"' moles per liter (equivalent to 0.0025%) We believe that this
method can be converted to an on-line method which meets the required
detection limit of 4 x 10"" moles per litre. The technique used is known as
photoacoustic spectroscopy. It employs a single beam from a pulsed tunable
dye laser which passes through a sample cell containing solute and solvent,
and a reference cell that only contains solvent. The absorption of light in
the cells generates pressure (sound) waves that are detected by
piezoelectric transducers. Greater or lesser absorption produces pressure
waves of greater or lesser intensity. By scanning the wavelengths of the
dye laser, a photoacoustic spectrum similar to the light absorption spectrum
can be generated. The magnitude of the photoacoustic signal is directly
proportional to the ion concentration and to the light absorption
coefficient so that absolute concentrations can be obtained by a simple
calibration procedure. The reference cell is employed to provide the
background spectrum of the solvent. Subtraction of the reference spectrum
from the sample spectrum eliminates the signal due to the solvent and
increases the detection sensitivity of the dissolved ions. Sensitivities of
7 x 10"a moles/litre have been reported for Pu(IV) and 3 x 10"° moles/litre
have been reported for Pu(VI) in aqueous solutions. Sensitivity data for
Pu(III) have not yet been reported. This work is required before attempts
to build an on-line device begin.

One important aspect of photoacoustic spectroscopy is that for ease of
maintenance and for protection of the equipment from radiation both the
laser and the signal processing electronics can be positioned remotely from
the solvent cells. This feature could prove important in the development
of an on-line measurement system. However, the problems of particulates
suspended in process solvents and of environmental acoustical noise will
need to be examined before this technique can be applied on-line.
Particulates which scatter and absorb laser light can shorten the light
penetration depth to a few millimeters and acoustical noise can interfere
with the piezoelectric sensors. Even if these problems are found to
preclude on-line operation, photoacoustic spectroscopy can provide much more
sensitivity than conventional techniques.

BY-PRODUCT SEPARATION

By the year 2000 Ontario Hydro's spent nuclear fuel stockpile will
contain elements and isotopes worth billions of dollars at current market
prices. If any of these can be recovered economically from the waste
streams, the sale of that material would reduce reprocessing costs. Many
lanthanides and most actinides can, in principle, be separated merely by
shining uv light on them(25,26). The light induces the actinide or
lanthanide to change oxidation state. This can cause the ion to precipitate
from solution or cause it to change from the organic phase to the inorganic
phase (or vice versa) during solvent extraction. We have examined a
modified Purex flowsheet (one of the approaches being evaluated for CANDU

6 0 3



fuel reprocessing) for streams that can take advantage of optical separation
techniques. A potential problem with optical separation schemes is the as
yet unknown impact of the suspended solids in these streams. As the ionic
solutions pass from one stage of the process to the next, they become
progressively clearer. Optical separation techniques may have to be
restricted to side streams and later portions of the process stream. The
absorption of uv radiation by tributyl phosphate is another potential
problem. The actinides (except for uranium and plutonium) and the
lanthanides which would be susceptible to optical separation methods are
located mainly in the aqueous waste stream of the Purex process.

OTHER APPLICATIONS

We also examined the possibility of using optical techniques instead of
chemicals to alter the oxidation states of uranium and plutonium right in
the heart of the Purex flowsheet(26). The reservations concerning suspended
solids and the the light absorption properties of tributyl phosphate
mentioned above apply particularly strongly to this application.

We are currently demonstrating in our laboratory a laser method of
removing tritium from waste water streams(27). The tritium in the water is
exchanged with CF3H and removed from the CF3H stream by tuning a carbon
dioxide laser to selectively dissociate the CF3T containing molecules. The
TF created by this dissociation process is readily separated from the
undissociated CF3H by absorption on a sodium fluoride bed. This work may
also be applicable to cleaning up the waste water streams at reprocessing
facilities.

CONCLUSIONS

We have examined several potential applications for lasers in CANDU fuel
reprocessing and have identified three applications which could either
reduce costs or improve safety and efficiency. Laser decladding is
technically feasible and has the potential of significantly reducing
reprocessing costs. Laser monitoring systems could also have the potential
to increase sensitivity and provide on-line monitoring for iodine-129 and
plutonium valence states but the development and implimentation of these
techniques for a reprocessing plant will present many challenges.
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REMOTE HANDLING AND SIZE REDUCTION OF SOLID ALPHA-ACTIVE WASTE

Brian Edwin Meredith
BSc

ABSTRACT

Handling techniques are reviewed to identify those suitable
for adaptation to transporting of large items of plutonium
contaminated plant equipment to a remotely operated size
reduction facility, moving them into the facility,
presenting them to size reduction equipment and loading the
processed waste into drums. An integrated system based on
a combination of slatted conveyors, roller tables, air
transporters and manipulators merits further consideration.
Use of lasers to effect size reduction of waste is also
considered.

INTRODUCTION

The nuclear industry produces substantial quantities of intermediate
level solid waste, including large items of plutonium contaminated plant
equipment. Treatment of this type of waste requires it to be packed into
200 a drums, and there is a need therefore for facilities where large items
can be reduced in size under well controlled conditions. To minimise
operator exposure such facilities should be remotely operated, and this
requires the development of specialised size reduction and handling
equipment.

Much work has already been done on the adaptation of conventional size
reduction equipment for remote operation and maintenance, but only limited
progress has been made on the development of an integrated handling system
capable of moving large items of waste into the facility, presenting them to
the size reduction equipment, and loading the processed waste into drums.

This paper reviews handling techniques to identify those suitable for
adaptation for use in a remotely operated disposal facility. Use of lasers
to effect size reduction of waste is also considered.

WASTE CHARACTERISTICS

The waste to be treated in facilities of the type currently being
developed in the UK will consist of gloveboxes of a variety of designs and
sizes, associated equipment, and other radioactive plant. The gloveboxes
may contain plant equipment such as lathes and rotary swages, but loose
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waste (tissues, gloves, etc.) will normally have been removed. The waste
and redundant plant will be contaminated with plutonium-bearing materials,
which will be the sole source of radioactivity.

Much of the redundant equipment will have been stored following
decommissioning, and will arrive at the treatment facility in storage wraps
or crates. Alternatively, plant wastes may be moved from the operational
area directly to the facility in purpose built transit containers or on
pallets. The outer surfaces of all waste packages will be uncontaminated,
but it is possible that the inner surfaces of some transporter crates will
be contaminated, in which case they will be treated as additional waste to
be processed in the disposal facility. For a typical facility, the maximum
crate size will be limited to 4.6 m long x 2.7 m high x 1.8 m wide, with a
maximum total weight (i.e. crate plus contents) of 10 tonnes.

HANDLING SYSTEM REQUIREMENTS

General Specification

The broad design principle which has been adopted for remotely operated
waste treatment facilities is that active material, whether surface or
air-borne, should move uni-directionally from reception to the main
breakdown area where it can be disposed of with the scrap or, if air-borne,
trapped in filters for subsequent disposal. This requirement applies
equally to the handling equipment, and it would be undesirable, for example,
for any portion of the handling equipment to move from the breakdown area
into the airlock during posting in of waste. It will also be necessary to
ensure that operation of the handling equipment causes minimum interference
with the uni-directional ventilation system.

It is desirable that the handling system should not require features
such as guide rails or channels to be built into the internal surfaces of
the facility, since this will make the task of decontamination more
difficult. The equipment itself should be designed with ease of remote
decontamination and maintenance in mind, and bulk should be minimised to
reduce the amount of scrap to be disposed of at the end of working life.
Where possible, equipment should be capable of performing more than one
function to minimise the total number of items within the facility.

Specific Handling Operations

The following handling operations will be involved in the treatment of
redundant plant and decommissioning waste:

i) Loading of waste into crates or onto pallets, and transport to a
storage area or to the treatment facility.

ii) Off loading of the crated or palleted waste from the transport
vehicle.

iii) Posting of the waste into the treatment facility via an airlock.

iv) Presentation of waste to the size reduction equipment.
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v) Picking up pieces of waste following size reduction operations,
and loading into containers.

Remote handling of equipment will also be necessary during maintenance
operations.

CANDIDATE HANDLING SYSTEMS

Crating And Transport Of Waste

Methods of loading waste into crates, and transporting the crates to a
long term storage building, have been examined by Cole and Drew, Engineering
Projects Division, Harwell. On the basis of practical trials they
recommended the use of a proprietary tracked system for loading palleted
waste into crates, and loading crates onto the transporter. The system uses
hand powered hydraulically operated jacking beam/roller conveyors which
operate in pairs in portable tracks. The track can be quickly laid from the
storage position to the inside of a crate; the floor must be reasonably
level but no special finish is required. After transfer of the palleted
waste to the crate the roller conveyor units and tracks are withdrawn.
Transfer of the crates to a transporter is accomplished in the same manner.
Loads of up to 10 tons can be handled. One of the chief advantages claimed
for this system was that it overcame the problem of limited access, which
frequently made the use of overhead cranes impracticable. Three types of
road transporter for movement between buildings were investigated and it was
suggested that a specialised ground level loading trailer would meet all
requirements. Many alternative commercial handling systems are available
and choice will normally be dictated by local circumstances.

Off Loading At The Waste Treatment Facility

No problems are expected in off loading the waste in the reception area
of the treatment facility. Since the waste will arrive in sealed
containers, and the reception area will be maintained in a non—contaminated
condition, remote handling will not be necessary. Adequate working space
will be available, allowing the use of an overhead crane for all handling
operations in this area.

After unloading from the transport vehicle (using slings), the first
operation will be to drill one or more holes in the crate and insert a
monitor to determine whether the inner surface of the crate is contaminated.
If no contamination is detected, the lid and sides of the crate will be
removed, probably using hand-held tools, and the exposed waste lifted from
the base of the crate by the overhead crane and transferred to the entrance
of the airlock. Any crate found to be contaminated will be transferred
intact to the airlock.

Posting In Via The Airlock

The types of handling equipment which have been considered for moving
waste into the disposal facility via an airlock are:
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Disposable skates
Overhead monorail crane
Guided linear motors
Fork lifts
Air transporters
Roller tables/slatted conveyors

Disposable Skates

The type of device used would depend on the size and weight of the item
to be moved; for the large packages, weighing up to 10 tonnes, a substantial
wheeled structure could be required. The waste package would be placed on
the skate close to the entrance to the airlock using the overhead crane, and
the whole package pushed into the airlock either manually or using a
purpose-built tractor. Transfer would be completed by pulling the skate
into the breakdown area using commercial pulling equipment or an overhead
gantry crane fitted with a rigid mast. The pulling equipment could be
connected to the skate using manipulators, or an automatic latching
mechanism could be provided. Use of this system would leave the floor
surface completely free of handling equipment allowing easy decontamination.
The major disadvantage of this system is that the skates are not re-usable
and they increase the amount of waste requiring treatment.

Overhead Monorail Crane

This system does not meet the design requirements set out earlier,
since the monorail would have to extend from the contaminated size reduction
area to the reception area via the airlock, and some back-transfer of
contaminated material would be inevitable.

Guided Linear Motors

Linear motors are not ideally suited to the movement of heavy items at
low speed, and whilst it would be possible in principle to design a system
capable of moving the heavier crates, it is likely that there would be
difficulty in achieving a satisfactory degree of control over inertia
effects.

The system would suffer the same disadvantage as the monorail system,
i.e. there would be a risk of transferring contaminated material from the
size reduction area to the reception area as a result of movement of the
transfer mechanisms between these areas. Back transfer could be minimised
by placing the waste on a cheap disposable wheeled stillage but this would
add to the amount of waste requiring treatment.

Fork Lifts

A transfer system based on the use of the fork lift principle is
potentially attractive, offering the possibility of keeping the airlock
completely free of handling equipment, with a relatively small risk of back
contamination.
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The waste would be picked up in the reception area by a fork lift
device and placed in the airlock, with the inner door closed. After
retracting the fork lift, the outer door would be closed and the inner one
opened, allowing a secod fork lift device, installed in the working area, to
reach in and pick up the waste. During this operation, the ventilation
system should prevent back transfer of air-borne contamination, and since
the fork lift would not come into physical contact with anything other than
the waste packaging, the danger of transferring any contaminated material
resting on the surface of the forks should be small. The forks could be
carried on an overhead crane system, or they could be an integral part of a
purpose-built handling machine of the type used for transport vehicle
loading and unloading.

The major disadvantage of this system is that the maximum load which
could be lifted would be quite low since many of the waste packages would be
long (up to 4.6 m), resulting in marked cantilever loading. Currently
available commercial equipment has a load limit of around 200 kg for a reach
of 4.6 m.

Air Transporter

The advantage of an air transporter is that the installation of guide
rails, channels, etc. is not necessary and the surfaces of the facility are
left free of any features which increase the difficulty of decontamination.
However, some back transfer of air-borne contaminated material from the size
reduction area would be almost inevitable during movement of the transporter
between the airlock and the work area. An air transporter is therefore
considered unsuitable for movements between airlock and size reduction area.

Use of an air transporter to move waste from the reception area into
the airlock might be acceptable on back transfer considerations, but some
ancillary equipment would be required for transferring the waste package
from the transporter to the work area. One possibility would be to fit the
top surface of the air transporter with powered rollers, and equip the work
area with a matching set of rollers. The waste package would be loaded onto
the air transporter in the reception area by overhead crane, and the
transporter guided into the airlock with the inner airlock door closed. The
air supply to the transporter would be shut off, the outer door closed, the
inner one opened, and the powered rollers activated to complete the transfer
of the waste. The advantage of this system is that the air transporter
could serve the whole of the reception area, thus simplifying the
requirements of the ancillary overhead crane, and the airlock would be
completely free of handling equipment, allowing easy decontamination in the
event of any back-transfer. However, if the air transporter also became
contaminated during transfer operations it too would have to be disposed of
and replaced.

Roller Tables/Slatted Conveyors

Roller tables or slatted conveyors offer a well tried simple method of
moving materials. Back transfer of contaminated material would be
eliminated or greatly reduced by having separate conveyor units in reception
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area, airlock and work area. A crate would pass over the gaps between units
without difficulty. Items such as gloveboxes might require the use of a
pallet.

Slatted conveyors would be powered; roller tables oould have powered
rollers, or idle rollers could be used and the waste pushed/pulled through
the airlock. Commercial equipment would require development to ease
decontamination and maintenance problems. In the event of gross
contamination of the airlock it might be necessary to tow the conveyor into
the work area for disposal.

Presentation Of Waste To Size Reduction Equipment

Remote handling of the larger heavier crates would be difficult and
would require generous manoeuvring space. The problem could be avoided by
opening up the crates in the position occupied on completion of the
posting-in operation, allowing removal of the contents, which would be
easier to handle than the intact crate. If the contents of the crate were
in one piece, e.g. a very large glovebox, some preliminary sub-division or
size reduction in situ might be necessary before individual items were
sufficiently small to be transferred to other areas of the facility for
further treatment. Any repositioning of the crate necessary to allow
complete accessibility for immobile limited-reach cutting equipment could
introduce difficulties if the crate were carried on a skate or a roller
table, both of which offer only limited manoeuvrability. Improved
flexibility could be achieved by carrying the crate on a dedicated air
transporter, allowing movement anywhere within the work area.

The contents of the crate would be removed by manipulator or a fork
lift device, the choice depending on the weight and geometry of the item of
waste. The weight of objects which could be removed by heavy duty
manipulator would be limited to about 1000 kg. A fork lift should be
capable of lifting items weighing 3000 kg or more since the reach required
would be modest for the maximum width of crate (i.e. 1.8 m) and therefore
the cantilever effect would not be excessive. The forks or manipulators
could be incorporated into a rigid telescopic mast carried on an overhead
gantry crane, allowing work to be presented to any piece of size reduction
equipment, but this would significantly increase the size and complexity of
the facility; also remote maintenance, decontamination and final
decommissioning would be difficult. A more attractive alternative would be
to mount a fork lift or manipulator on an air transporter. This would have
a high degree of manoeuvrability and could carry additional tools, allowing
the faci3ity to be simplified and reduced in size. An air transporter would
make some extra demand on the ventilation system, but the air supply
required to operate a transporter on a good surface would b^ very modest -
probably not in excess of about 1200 litre/min for the maximum loads (less
than 1% of the ventilation requirement).

After initial presentation of the waste to size reduction equipment,
additional manipulation will be necessary as work proceeds, to give access
to other portions of the waste - e.g. a glovebox will have to be turned over
to allow cutting of the base. This could be achieved by placing the waste
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on a separate turntable fitted with sets of arms which can be raised or
lowered through 90°. Additional specialised handling aids could be required
on some pieces of size reduction equipment.

Loading Of Waste Into Containers

Waste will be packed into 200 j, drums or possibly larger containers,
and the aim will be to develop a system which ensures that the filled and
sealed container is free from external contamination when despatched from
the facility. The waste will be posted through a port in the facility wall
or floor into a container temporarily sealed to the external surface.
Handling equipment will be required to pick up waste from the areas round
the various size reduction machines and transfer it to the posting port.

The pieces of waste produced during size reduction operations will be
small and most will be easily handled by a remotely operated manipulator.
Flat plate, which has dropped onto the floor, might be awkward to pick up
using conventional jaws; a suction device, attached to a manipulator, would
be more effective. There is a wide choice of manipulators suitable for this
task, including standard MSMs, and the pantograph arm manipulator. If fixed
position manipulators were used it might be necessary to pass waste from one
to another to reach the posting-out port. It would be more convenient to
use one mobile manipulator mounted on an overhead crane or an air
transporter, and fitted with a receptacle capable of accepting a reasonable
quantity of waste in order to minimise the number of trips to the
posting-out port.

Removal Of Waste Containers

Removal of filled and sealed waste containers from the waste treatment
facility would present no problems; handling techniques similar to those
used for transporting untreated waste to the facility would be used.

SIZE REDUCTION BY LASER CUTTING

The nuclear industry is developing several techniques for size
reduction of radioactive solid waste, including mechanical cutting,
mechanical crushing, plasma-arc cutting and laser cutting. It is likely
that it will be necessary to use a combination of techniques, but there is a
particular interest in laser cutting since it offers a more versatile system
than any other single alternative:

i) It is capable of cutting all the materials likely to be
encountered.

ii) It is a non-reactive technique and therefore makes the minimum
demand on handling equipment.

iii) It is well suited to remote operation and can be automated to
follow complex workpiece profiles.

iv) Most of the equipment can be sited outside the work area, keeping
active maintenance requirements to a ninimum.
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v) It minimises the problems associated with relief of internal
stresses, which can cause jamming of mechanical cutting tools.

vi) The kerf width can be kept very narrow to minimise the amount of
debris and fume generated during cutting.

In view of these advantages studies were undertaken to establish the
feasibility of using lasers for the size reduction of alpha-contaminated
solid waste. The initial study covered cutting of 19 mm thick marine
plywood and 24 mm thick block board (packing case materials), perspex up to
25 mm thick, mild steel sheet up to 19 mm thick some of which was painted
with acrylic paint, and mild steel box sections (painted and unpainted) of
6 mm plate with a 32 mm air gap

The equipment used was a 5 kW CO laser manufactured by Culham
Laboratory, fitted with a Cassegrain off-axis laser beam focussing unit
incorporating a 3 mirror optics system. The mirrors were water-cooled to
accommodate the high powers available. Most of the trials used argon as the
cutting gas, delivered through multiple off-axis nozzles, but nitrogen, air
and oxygen were also assessed.

The trials established that wood and perspex could be cut with ease at
speeds up to 50 mm/sec (wood) and 33 mm/sec (perspex). Minimum fume was
generated using lower powers (0.9 - 1 kW) with argon as the cutting gas;
results were sensitive to gas nozzle geometry, with 5 mm diameter nozzles
giving the best results. The mild steel plate could be cut at speeds in
excess of 16 mm/sec, and it was possible to cut through the two plates of
the box section simultaneously, with very little fume production when using
argon as the cutting gas.

In view of these promising results further work was undertaken to
demonstrate the practicability of dismantling a typical glovebox using a
laser as the sole size reduction tool, and simple handling equipment to move
the glovebox past a fixed laser cutting head. "he glovebox, measuring
2.6 x 1 x 1 m, was constructed from 5 mm mild steel, with 12.5 mm perspex
windows and 3 mm neoprene gaskets. The glovebox was suspended from a
turntable carried on an A frame gantry which provided movement in the
horizontal and vertical directions at speeds of up to 16 mm/sec. At higher
speeds considerable vibration of the glovebox was induced, but no attempt
was made to cure this since one of the aims of the programme was to
demonstrate that precision handling was not necessary. The whole glovebox
was successfully dismantled into small pieces suitable for packing in a
200 2. drum. The laser was operated at power levels in the range 0.9 - 4 kW
and was able to deal with all components, including steel/neoprene/perspex
flanged sections of up to 64 mm total thickness. The latter required
multiple passes to effect complete separation.

The work described above demonstrated that dismantling of a glovebox
using a laser and relatively crude handling equipment is practicable.
Although a system based on movement of the workpiece past a fixed laser
cutting head can be envisaged, in practice the workpiece would be traversed
horizontally past a laser head capable of moving in a vertical plane, thus
giving access to all portions of the waste. An alternative approach is

6 14



possible in which the workpiece is stationary, and an articulated laser beam
guide supported by a robotic arm is used to move the laser cutting head over
the workpiece.

CONCLUSIONS

There is a wide range of commercial handling equipment available
suitable for transporting waste to a treatment facility and removing it
after treatment and packaging. Movement of waste into and within the
treatment facility will demand more specialised handling equipment, but it
should be possible to meet most requirements by adapting currently available
commercial equipment. The most demanding requirements arise in the
breakdown area and the associated airlock. As far as possible the use of
overhead cranes should be avoided since they demand considerable space and
are difficult to maintain and decontaminate. An integrated system based on
a combination of slatted conveyors, roller tables, air transporters and
manipulators appears attractive.

High power CO lasers offer considerable advantages for size reduction
of solid waste. It has been demonstrated that it is practicable to
dismantle a typical glovebox using a laser and relatively crude handling
equipment.
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ABSTRACT

The decommissioning of nuclear power plants unlike conven-
tional plants raises a number of specific technical and
economic problems, because of the radioactivity involved.
These are, e.g., safety and licensing problems, protective
measures against radiation, handling and dismantling of
large activated components, dismantling, procedures and
techniques, decontamination, release of material, trans-
port and storage of large quantities of radioactive waste.

Consequently, it is necessary to study the technical
problems connected with decommissioning and remote opera-
tion of demolition tools. The Niederaichbach Nuclear Power
Plant is a good example of demonstration; it was shut down
in 1974, has already been transferred into the "safe enclo-
sure" condition and its activity inventory is relatively
low.
It is intended to outline in this paper the demolition of
the NPP with special regard given to automated or remotely
handled tools. Procedures as well as equipment and some
related experimental results will be discussed.

DECOMMISSIONING OF THE NIEDERAICHBACH NUCLEAR POWER STATION (KKN)

Construction work on the nuclear power plant at Niederaichbach began in
1966. The plant was designed as a prototype ^-gas-cooled pressure tube
reactor with a nominal output of 100 MWe moderated by D2O. After the first
criticality in December 1972, reconstruction work and commissioning tests
were carried out. The plant was shut down on July, 31, 1974, due to diffi-
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culties with the steam generators. At the end of 1974 it was decided to
shut down the plant for good. In 1975 decommissioning work, stage 1, began.
In 1981 the license for stage 1 was issued.
In 1979 the owner of the plant - KfK - concluded a contract with the Noell/
Nis joint venture for complete demolition of the plant. The license was
issued in June 1986.

SEQUENCE OF WORK FOR COMPLETE DEMOLITION

The contract for demolition provides for two phases. Phase one comprises
all planning, construction and preparation work including licensing. Phase
two involves the actual demolition procedure up to the "green field" con-
dition.
The total demolition of the plant will be carried out in five stages:
- preparatory work,
- dismantling of inactive and contaminated areas,
- dismantling of the active reactor area,
- dismantling of the biological shield,
- conventional demolition of the buildings.

The planning of demolition starts from the fact that those parts and mate-
rials are considered as radioactive waste whose artifical specific activi-
ties are above the values fixed in Art. 4, Sect. 4, Item 2 e of the Radia-
tion Protection Ordinance or whose contamination exceeds the values in
annex IX, column 4, of the same ordinance of October 13, 1976, e.g. for
cobalt-60 1x10"^ Ci/g for activated or 1x10"^ ,uCi/cm2 for contaminated
parts. '

In Fig. 1 the three major areas inside the containment building to be con-
sidered are shown schematically. All facilities and equipment above the
upper reactor floor can be considered as inactive system. Below the upper
reactor floor all installations, components and equipment are contaminated
at a more or less high degree. The nuclear reactor parts within the bio-
logical shield (reactor and shields) between the upper and lower neutron
shield levels are activated and contain an activity inventory of approx.
2xlO3 Ci. According to the classification into three major areas in Fig. 1,
approximately the following masses will have to be handled during the
demolition.
- non-radioactive plant items approx. 800 metric tons
- contaminated plant items(degree of conta-
mination between 10"2 and 10~5 ,uCi/cnr) approx. 1700 metric tons

- activated plant items (activity inventory
approx. 2x10^ Ci) approx. 500 metric tons

- activated concrete approx. 500 metric tons
- inactive construction rubble approx. 130000 metric tons.
The existing control area has to be extended for providing a hygienics
area for the workers. Extensive additional facilities are required, such as
a material lock between the reactor building and the turbine hall, an air-
ventilation system, energy supply, a "hot laboratory", and sewage collec-
tion. The dismantling vithin the containment can be started after
providing these inst~ ,ns. Work will proceed as follows:
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- dismantling of the inactive plant items
" H ^ m f lV-ng °l Jue c o n t a m i n ated components outside the biological shield
- dismantling of the activated and/or contaminated parts inside the bio-

logical snield.

inactive

-octivoled

inside
confaiivneflt*
contonratd

Fig. 1 Inactive, contaminated and activated
systems areas inside the safe con-
tainment.

REMOTE DISMANTLING OF THE REACTOR

The nuclear part of the Niederaichbach NPP, consisted of a heavv-water-mo-
derated and C02-cooled pressure tube reactor with natural uranium as [he

The installed parts will be dismantled within the biological shield (reac-
tor and shied almost exclusively by remotely controlled operation with-
out water shielding, because filling the reactor system with water would
call for considerable efforts in construction and produce addUiJSnVf waste.

The following reactor components of the activated area will be dismantled
and removed by remote operation and require special remotely operated tools
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Moderator tank
Pressure tubes
Pressure tube shafts
Seals and plugs
Neutron shields
Thermal shield

Total mass

32
21
35
49

218
137

492

and manipulators, which will be discussed lateron. Table 1 also gives the
amounts of masses to be handled.

Table 1: Dismantling the Niederaichbach NPP radiactive area
Radioactive parts to be removed by remote control

Component Weight Material

Austenite
Special material
Ferri te
Austenite/ferrite
Austenite
Ferrite

For dismantling, removal, packaging and transportation of these parts spe-
cial devices and additional equipment were designed which must be installed
into the plant.

A crushing house with appropriate recrushing facilities and, directly ad-
jacent to it, a radiation-shielded control station, from where all crus-
hing and transports are made, will be assembled on the reactor platform
(Fig. 2). Furthermore, a packaging station will be added to the crushing
station. Here the arriving batches with crushed plant parts are put into
containers and mixed with concrete, then the containers are closed.

A rotary manipulator, which picks up the separating tools, and a manipulator
crane which lifts and transports the cut-off parts will be set up in the
crushing house. Both manipulator devices can be handled by remote control
and can operate simultaneously within the cylindrical biological shield.
The remotely operated rotary manipulator is shown in Fig. 3. It consists of
a ring girder which will be placed into the bearing of the removed reactor
plug. That girder allows rotary motion of the manipulator up to 360°. A
horizontal slide, which holds the manipulator mast, is arranged excentrical-
ly on that ring girder and serves for transverse motion. The rigid mast,
extensible by a separate mast sprout allows 360° rotary motions and serves
as the track for the vertical slide which is equipped with a gripper/
clutch to pick up the tools and special grippers. Through slits provided in
the horizontal slide in the rotary bearing of the mast, the vertical slide
can pass from a position above the reactor floor down into the reactor area.
With this design tools can be picked up from the upper reactor floor and
also parts from the reactor can be picked up and transferred to the reactor
platform. There the manipulator crane picks up the parts and transfers them
to the crushing station for further segmenting and packaging.

Remotely operated dismantling is performed with this equipment and with
direct and/or remote view from the control room, see Fig. 4.
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-10

1 Crane manipulator
2 Crushing station
3 Control station
4 Multi-directional manipulator

(rotary manipulator)
5 Crushing machines

6 Waste batches
7 Barrel filling
8 Shielding cask
9 Polar crane
10 Barrel supply

Fig. 2 Section through reactor upper operating floor, crus-
hing house & control station

Dismantling starts with milling off the pressure tube shafts followed by
cutting of the pressure tubes just above the lower neutron shield; then the
upper neutron shield is opened, the steel shielding spheres are sucked out
and the shield is separated mechanically and thermally. Then the pressure
tubes are lifted out in batches. Dismantling work continues until the in-
side space of the moderator vessel is totally cleared. All dismantling
and lifting work required within the cylindrical moderator vessel is carried
out with the rotary manipulator and the various separating tools; see
table 2. Then follows cutting to the moderator vessel and the enclosing ther-
mal shield with a rotary saw equipment specifically designed for this type
of work.
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1 Ring girder
2 Horizontal slide
3 Mast
4 Vertical slide
5 Rotating and

lifting gears

Fig. 3 Multi-directional manipulator with rotating ring girder
(rotary manipulator) transmittance as necessary e.g. for
feeding dismantled parts into the crushing machines

The rotary saw equipment consists of a ring girder with eight integrated
hydraulic jacks for self bracing in a cylindrical vessel. A rotating frame
positioned on top of that girder is equipped with a horizontal and vertical
slide supporting the cutting tool. The blade is introduced into the mate-
rial by a hydraulic drive.

The rotary circular sawiry device will be adjusted inside the moderator ves-
sel or thermic shield from the bottom with 3 adjusting beams integrated in
the intermediate floor (compare Fig. 4). The saw, which is self braced by
its hydraulic jacks, will cut the cylindrical vessels following a chess-
board pattern by sawing in the vertical and circumferencial directions.

The rotary manipulator must hold the parts during cut off and transport
them to the upper reactor floor for further crushing and packaging.

DISMANTLING OF THE BIOLOGICAL SHIELD

After all plant parts have been dismantled from the inner space of the bio-
logical shield, the activated inner shell of the biological shield has to
be demolished down to a depth of 60 cm. This work is expected to be diffi-
cult due to the strong 5-layer, high-tensile steel reinforcement within the
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Fig. 4: Niederaichbach Reactor with dismantling installations

border zones of the baryte concrete biological shield.

Based on blast experiments which were performed successfully at test blocks
similar to the biological shield of the Niederaichbach NPP, the originally
planned removal of the inner shell of the biological shield using the ro-
tary saw and drilling off the segments was abandoned in favor of explosive
cuttings for separating the activated shielding layer.

LIFTING THE CONTROLLED AREA AND CONVENTIONAL DEMOLITION

When this work will have been completed all areas still contaminated at
that time will have to be decontaminated for clearance. The dismantling de-
vices remaining in the controlled area will be dismounted to be decontamina-
ted as far as necessary and possible and to be packaged. After subsequent
decontamination of the control area for clearance it is intended to obtain
the cancelation of security restrictions on the controlled area and its lif-
ting and consequently, release of the nuclear power plant from licenses un-
der the Atomic Energy Act by the licensing Authority. Then the remaining
buildings and facilities will be demolished by conventional methods.
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Table 2 AUTOMATED AND REMOTELY CONTROLLED TOOLS FOR THE ROTARY MANIPULATOR

Tool Manipulator Control Range of Application

Ul

Inside tube grinding unit
Circular cut milling unit

Abrasive wheel cutter

Positioning

Positioning

Guiding

Self-acting,remote

Self-acting,remote

.remote

Miniature abrasive wheel
cutter
Plasma torch separating unit

Nut runner unit
Shaft/bolt drilling off unit
Vacuum unit

Combined ball/
jaw gripper unit

Vacuum gripper

Universal latch gripper

Guiding

Guiding
Guiding
Positioning
Positioning

Guiding

Guiding
Guiding

.remote

.remote

.remote
Self-acting,remote
Self-acti ng,remote

.remote

,remote
.remote

Separating pressure tubes, shafts, bushings
Circular cut of neutron shield insulation
layers around pressure tubes

Linear cut of neutron shield insulation
layers between pressure tubes
Cutting off piping and internals of thin
walls
Separating internals with thick walls
Screw off bolts
Drilling off fixed bolts and shafts
Sucking off steel shielding spheres and
chips
Picking up and lifting spacers, plugs,
shieldings from the fuel element arrange-
ment and pressure tubes
Picking up & handling flat and smooth parts
Picking up & handling large components in-
side the reactor and transporting them
to the crushing house.
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ABSTRACT

This paper describes the evolution of equipment racks and improve-
ments to these racks for the past 40 years. These racks function as the
support for and positioning of process equipment in remotely maintained
hot cells. The improvements have evolved relatively slowly primarily
because of limitations in the capabilities of remote maintenance equip-
ment. In recent years however, technological advances in electronics and
a perceived need have led the Oak Ridge National Laboratory to the
development of bridge-mounted servomanipulators that are operated
from a remote control station and that have dexterity and maneuver-
ability approaching those of a man within the hostile environment. These
advances permit greater flexibility in the layout of equipment, thereby
improving maintenance efficiency and plant availability. The conceptual
design of a fuel reprocessing facility, which takes full advantage of the
increased capabilities of the maintenance equipment, is also described.

I. INTRODUCTION

Equipment racks have been used to support process equipment in radioactive facilities
for many years. Improvements in the design of these racks have evolved relatively slowly pri-
marily as a result of limitations in the capabilities of maintenance equipment; that is, tasks

•Research sponsored by the Office of Facilities, Fuel Cycle, and Test Programs, U.S. Department of Energy,
under Contract No. DE- AC05-840R21400 with Martin Marietta Energy Systems, Inc.

tOperatcd by Martin Marietta Energy Systems, Inc. for the U.S. Department of Energy.
$Westinghouse Electric Company performs work for the Fuel Recycle Division of the Oak Ridge National

Laboratory under subcontract 1IX-07809C.
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could only be approached from above using bridge cranes with viewing primarily through
periscopes. In recent years, however, technological advances have been made by the Consoli-
dated Fuel Reprocessing Program (CFRP) at Oak Ridge National Laboratory (ORNL) in
bridge-mounted servomanipulators with on-board auxiliary hoists and television viewing
systems. These advances permit full cell coverage by the manipulator arms which, in turn,
allow maintenance tasks to be approached horizontally as well as from above. Maintainable
equipment items can be stacked vertically on a rack because total overhead access is less
important and maintenance tasks that would not have been attempted in the past can now be
performed.

These advances permit greater flexibility in the design and cell layout of the racks and
lead to concepts that could significantly increase the availability of a facility. The evolution
of rack design and a description of the alternative concepts based on current maintenance
systems capabilities are presented in this paper.

II. EVOLUTION OF RACK DESIGNS

Equipment Racks- 1940s and 1950s

The use of structures called equipment racks to support process equipment in nuclear
facilities was incorporated into the design of the first plants built in the United States to
recover plutonium from irradiated uranium. One of the reasons the rack concept was incor-
porated was to facilitate remote replacement of equipment due to the radioactive nature of
the operations. Equipment maintenance or replacement was to be accomplished from
overhead utilizing a bridge crane for lifting and transporting and impact wrenches for bolt
turning.

The Bismuth Phosphate Process Plant was one of the facilities constructed during the
early 1940s.1 This plant consisted of a series of heavily shielded identical cells. Each cell was
equipped with identical support and location pads for equipment or equipment racks and an
array of pipe connections near the top of each cell configured for remote connectors. These
cells were being constructed while process equipment was still being designed. Fitting various
equipment into the same framework resulted in less than optimum space utilization but
accelerated the completion of the plant. Following equipment fabrication, a mock-up of a cell
with the locational support pads and pipe connections was used to check all prefabricated
assemblies, whether racks of equipment, individual tanks, or piping jumpers. This procedure
ensured that when the equipment was installed in the building, no field adjustment would be
expected or required. The elimination of any field adjustment is a primary tenet of the equip-
ment rack system in a remotely maintained plant.

The next major plants to be constructed were the Hanford Purex Plant2 and the Savan-
nah River Plant3 (SRP). Both of these plants incorporated equipment arrangement concepts
comparable to the Bismuth Phosphate Plant but were markedly different in the approach to
the accurate location grid for the equipment. The Purex plant provided location pads and pip-
ing connectors embedded in the concrete and designed for the process equipment to be placed
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in the particular section of the canyon. The SRP was constructed with a flat floor, an equip-
ment trunnion locator, and an array of piping connectors repeated every 15 ft. Equipment
was then designed to be accommodated by this pattern. This latter approach is similar to the
Bismuth Phosphate Plant arrangement but incorporated improvements derived from the origi-
nal plants. Both of these newer plants also incorporated the long-canyon concept with mainte-
nance to be performed from above using a shielded cab on a bridge crane equipped with
appropriate hoists and impact wrenches. Viewing of the operations was via a periscope from
the shielded cab.

The significant difference between the Hanford Purex and Savannah River plants can
best be illustrated by comparing the shop mock-up facilities. The Hanford plant mock-up
consists of a large section of simulated wall and floor that is adjusted to duplicate the specific
area of the cell or equipment to be worked on as shown by the as-built drawings. The SRP
mock-up is an accurate duplication of a 43-ft long segment of the cells and includes three
equipment stations 15 ft apart, a complete array of the embedded piping, and the adjacent
pipe way. The mock-up areas of both plants are equipped with hoists and maintenance tools
identical to those in the canyons to permit checking for operability of all the remote opera-
tions. The certified equipment is then transported to the process building for installation. The
Hanford mock-up serves a cell 1000 ft long, while the SRP mock-up serves four cells, each
600 ft long.

The versatility of the rack system can best be illustrated by two instances at the Hanford
plant when major process improvements were developed a number of years after the start of
operations. Large racks containing new and different equipment were fabricated and tested in
the mock-up shop. One of these is shown in Fig. 1 as it is being lifted from a truck. Many
features of these 40-ft tall, multiton racks had to be adapted to fit into the existing canyon
configuration. The attention to detail, both during initial construction and at this later date,
ensured that these racks could be remotely installed many years after initial startup.

Equipment Racks—

Of the three commercial ventures in the United States involving remotely maintained
plants for fuel reprocessing; Nuclear Fuel Services (NFS), Midwest Fuel Recovery Plant
(MFRP), and Allied General Nuclear Services (AGNS), only MFRP adapted what can be
classified as a form of equipment rack system, although all three utilized various concepts
and components from the facilities previously described. NFS and AGNS limited the
remotely maintained areas to the head-end or high radiation operations. The lesser quantity
of equipment requiring remote replacement was accommodated by custom fabrication and
reliance upon as-built measurements to reproduce the components involved. The predominant
mode of replacement for the remotely maintained equipment was still from overhead. The
MFRP incorporated a rack concept in which individual items of equipment, along with the
necessary service piping, were prefabricated and supported on wall-mounted brackets. The
upper part of the cell above the equipment was made wider and configured with a shielded
labyrinth to accommodate the horizontal routing of the attached service piping. This arrange-
ment made the service piping accessible for contact makeup outside the cell but behind
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Figure 1. Lifting of equipment rack from carrier for
installation in the Hanford Purex Plant.

shielding. Intracell connections between process equipment racks are made with remote
connector-equipped piping jumpers using a remotely operated overhead crane-impact wrench
system. A similar, albeit smaller system,4 is shown in Fig. 2 to illustrate the concept.

Small Equipment Racks

The previous discussion on equipment racks dealt primarily with large equipment that
was serviced by bridge cranes and used appropriate large tools to maintain or assemble the
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Figure 2. Rack system similar to midwest fuel recovery plant concept.

equipment. This section will describe an approach used in the design of much smaller equip-
ment racks.

During the 1950s and 1960s a number of facilities were built that utilized master-slave
manipulators for operation and maintenance. These were mainly analytical or experimental
facilities that provided a service to the nuclear industry. One of the facilities constructed dur-
ing this period was the Transuranium Processing Facility5 at the ORNL. This facility was to
include a chemical processing system that would use all the steps required in a nuclear fuel
reprocessing plant but at a much lower throughput. The low throughput lent itself to being
incorporated into the master-/slave-equipped hot cell but required a concept that would
include metallic equipment of a size and configuration different from the glass beaker and
test tubes normally associated with the master-slave manipulator.

The reach capabilities of the manipulators determined the positioning of accessible
equipment as well as the volume in the cell that could be serviced by the manipulators. The
expected levels of radiation and contamination resulting from the processing of the tran-
suranic elements dictated that all operations and maintenance would be totally remote. A
requirement was set, and it has proven to be invaluable during 20 years of operation, that
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everything in the cell would be remotely replaceable using the manipulators or externally con-
trolled tools.

Frontal access to three racks of equipment in each of four cells was provided. Figure 3
illustrates two racks in position with the tracks for a third rack on the left. These 1000-lb
racks were 18 X 36 X 72 in. high, small by reactor fuel reprocessing standards, but contain-
ing similar equipment such as valves, pumps, and other chemical equipment. The equipment
recognized as having a high probability for replacement was mounted on the front of a rack,
while the less vulnerable pipe and tanks were mounted behind the removable items but within
the rack structure. The front and rear of a typical rack are shown in Figs. 4 and 5. Of the 12
racks, each has been replaced remotely one or more times to improve operations or provide
new processing capabilities. A more thorough description of this facility and the operations
conducted while maintaining full containment of radioactivity are reported in refs. 6, 7,
and 8.

III. APPLICATION OF ADVANCED MAINTENANCE SYSTEMS
TO EQUIPMENT RACKS

The previous section described existing hot-cell facilities built prior to the 1970s. This
section briefly describes advances in cell maintenance systems that occurred in the 1970s and
1980s. These advances have permitted the designer of hot-cell equipment to take a different
approach in the layout of equipment in the cell with the potential for improvements in
maintenance efficiency and plant availability.

ORNL-PHOTO 81995

Figure 3. Equipment racks installed in the Transuranium Processing Facility.
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Figure 4, Front view of a typical rack for the Trans-
uranium Processing Facility.

»igure 5. Rear view of a typical rack for the Trans-
uranium Processing Facility.



The primary technological advancement in remote maintenance capabilities that took
place in this time period was a resurgence of the development of electronically controlled ser-
vomanipulators. These manipulators,9 which themselves are designed to be remotely main-
tainable, provide the dexterity of master-slave manipulators and, when mounted on a suitable
transporter system, can provide full volume coverage of a cell. The systems being developed
include multiple on-board, radiation-hardened television cameras; lighting, low-capacity
(approximately 1000 lb) hoists; and wireless, high-speed data transmission techniques. The
systems can emulate the ability of a human in a hostile environment and be operated from a
remotely located control station.

Several types of transporter systems to support and provide mobility to the servomanipu-
lators have been considered including both bridge-mounted and floor-mounted telescoping
tube concepts. The one eventually selected and developed was a bridge-mounted, stacker-
crane concept, which is also designed to be remotely maintainable. This type of transporter
provides a very rigid support for the servomanipulators and can be designed to provide total
cell coverage from the floor to the bottom of the bridge beam.

The incorporation of these advanced maintenance systems into the design of equipment
racks permits a maintenance task to be approached horizontally as well as from above. By
providing suitable internal clearances, equipment items can be stacked vertically on a rack
structure and still be accessible to the manipulators for remote maintenance. Further, the
racks can be positioned along the walls of the cell, with interconnecting piping behind the
racks, leaving a center aisle free of obstructions for moving equipment into or out of the cell.
This can result in a reduction in the total required height of the shielded cell volume because
vertical clearances no longer must be provided for moving equipment over the top of other
equipment.

The utilization of advanced maintenance systems also improves the potential for develop-
ing tools and techniques to remotely and efficiently cut and weld in-cell piping,10 thus reduc-
ing the multitude of remote pipe connectors that in the past have been required in a remotely
maintained cell. The manipulators also have sufficient dexterity and force-reflecting capabili-
ties to allow consideration of standard, off-the-shelf piping, tubing, and electrical connectors
to replace the high-cost connectors specially designed for remote operations.

The following section describes cell layouts and equipment rack features ,that take
advantage of the improved capabilities of these current generation maintenance systems.

IV. EQUIPMENT RACKS—1970s AND 1980s

During the mid-1970s, ORNL became involved in the design of reprocessing facilities for
breeder fuels. The early designs utilized technology available at that time, which did not
include the advanced maintenance systems described in the previous section, and led to a con-
cept that was very similar to the Hanford Purex Plant. Equipment racks, arranged in two
rows with piping between the rows, were utilized to expedite fabrication, installation, and
decommissioning, hat each rack was custom designed. An innovation incorporated in that
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early design, however, was the concept that all in-cell equipment including the service line
penetration plugs would be easily removable for final decommissioning. Also, the equipment
racks incorporated one attribute that has remained constant throughout the design evolution.
The primary structural frame consisted of a strong back-and-base frame to permit transport
in either a horizontal or vertical orientation. A minimum of equipment support structure
would be added to enhance accessibility by the maintenance equipment. Equipment that was
recognized as requiring removal for repairs was arranged in a cascading configuration to pro-
vide a maximum of access from above for the tools to reach the object. Equipment con-
sidered susceptible to malfunction or plugging such as pumps, steam jets, valves or the like
fell into this category. A photograph of a model of this cell is shown in Fig. 6.

When additional time became available because of delays in the breeder reactor pro-
gram, the conceptual design of the reprocessing facility was modified to incorporate the then
evolving advanced maintenance system described in Sect. III.

In essence, what evolved was a remotely operated cell wherein the restricted range of the
fixed master-slave and lead-glass window arrangement with small equipment racks, as previ-
ously described for the Transuranium Process Facility, would be replaced by the transported
servomanipulators and television cameras for viewing to service large equipment racks. Many
components such as valves and remote disconnects would remain small, while the tanks and
processing equipment would increase in size by orders of magnitude. The height of the equip-
ment rack is dictated by the chemical equipment to be used, and division of the various pro-
cess steps into logical and manageable groups determines the other dimensions. A standard
rack size for this plant evolved that was 10 X 12 X 50 ft tall and weighing a maximum of
50 tons. Two of these racks were detailed and are included in a model of the cell shown in
Fig. 7. These two racks are representative of the 90 racks that would have been required had
this plant, referred to as the Hot Experimental Facility (HEF), been built.11 It should be
noted that, in the HEF, access to the equipment racks by the maintenance systems was from
above and from the front. Insufficient space remained between racks to permit full side
access to the sides of the racks with the servomanipulators.

The rack concept with its accompanying maintenance system of transporter mounted ser-
vomanipulators was next adapted for use in the Breeder Reprocessing Engineering Test12

(BRET) facility. The BRET equipment, designed to reprocess small quantities (100 kg heavy
metal/ day) of breeder reactor fuel, was to be housed in a large shielded cell in the Fuels and
Materials Examination Facility (FMEF), located adjacent to the Fast Flux Test Facility on
the Hanford reservation. This cell was originally intended to be used for the examination of
breeder fuel following irradiation.

The equipment to perform the planned processing rate of 100 kg/d was arranged in the
existing cell similar tu the HEF but with certain aspects dictated by the existing facility con-
figuration. The concept of total cell volume coverage, frontal approach, and total remote
maintainability was still the basic criteria. The size of the equipment racks was dictated by
the existing facility pathway restrictions and crane capacities. This resulted in two levels of
equipment racks with footprints of 5 by 5 ft, the lower tier being 13 ft tall and the upper tier
17 ft tall. Subsequent modifications to some of the facility constraints permitted a second
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Figure 6. Model of a process cell designed in the 1970's
using only overhead maintenance systems.

Figure 7. Model of a process cell designed in the 1970%s using overhead and
frontal access by servomaiupulators.



iteration in the rack design. Specifically, the weight limitation was increased from 5 to
7.5 tons, and the entry path into the cell was enlarged. The one entry path restriction that
could not be overcome, however, was the maximum equipment height limitation of 17 ft. This
limitation dictated there would be two tiers of racks and that the taller process equipment
would be split between the two tiers. This constraint also led to a more complex support
arrangement for the accurately located equipment racks.

The modifications of the facility constraints allowed greater flexibility in the design of
the equipment racks and permitted tailoring their size to the reach capabilities of the ser-
vomanipulator arms. Further, the racks could now be arranged in the cell so that side access
by the manipulators was possible for the upper tier of racks. The final size of the racks
increased to a footprint of 8 ft 2 in. wide by 5 ft deep for the lower tier of racks and 5 ft
4 in. wide by 7 ft deep for the upper tier of racks. The height of the racks remained at 13 ft
for the lower racks and 17 ft for the upper racks.

These improvements were incorporated into the design of a representative pair of equip-
ment racks and were the basis for constructing a test area at ORNL. This test area, complete
with maintenance equipment and shown in Fig. 8, is now in operation to prove that the con-
cept is sound and also to test various equipment arrangements to provide a basis for future
designs and assurance of success in a future plant. An exploded view of one side of the upper
rack is shown in Fig. 9 and includes a side view of the servomanipulator arms, hoist, and
transporter mast.

The most recent equipment rack configuration has been concepted for application in a
reprocessing facility that would be included as one entity of the total fuel cycle. The site
would include a number of liquid metal cooled reactors, three 400-MW(e) units as an exam-
ple. Fuel reprocessing and fuel fabrication facilities would be included to support these
reactors.13 The equipment racks for the reprocessing portion, an outline of one is shown in
Fig. 10, would be arranged as shown in Fig. 11 in the facility. In addition to the frontal
access, the upper portion of adjacent racks would be arranged to provide side access as well
as access to the service penetrations in the cell wall. This will provide maximum access to
chemical process equipment. It is believed that this arrangement includes all of the positive
attributes that have evolved during the many concepts developed at ORNL.

The application of the total remote maintenance concept has been encouraged by ORNL
since the mid 1970s. The equipment racks are one segment of the overall concept. The total
concept will provide the means to operate the facility with minimum exposure to personnel
during routine processing, maintenance, and finally at the decommissioning stage.
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Figure 8. Area for maintenance testing of BRET equipment
racks.

Figure 9. Exploded view of upper acid fractionator rack for BRET.
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ABSTRACT

A method was required to transfer elemental mercury from
remote radio-active process vessels. The application
presented a number of difficult constraints and special
criteria. A survey of available pumps revealed no
appropriate candidates. A new pumping method was
developed utilizing water displacement. This pump was
tested and found to be the simplest and most reliable
method of meeting the requirements. A brief review of
commercially available pumps, development of present
design, test procedures and results are described.

INTRODUCTION

1Z million gallons of high-level liquid wastes are temporarily stored
in large underground tanks at the Savannah River Plant (SRP) in Aiken,
South Carolina.' The Defense Waste Processing Facility (DWPF) is being
designed and constructed at SRP for the purpose of processing these
wastes. The SRP wastes contain small amounts of mercury in the form of
mercuric nitrate. Mercuric nitrate is added during the separations
process to aid in the dissolution of the aluminum cladding on fuel
elements. It is then necessary to remove the mercury to minimize
contamination and build-up in downstream DWPF process equipment. Once
removed, the mercury is then processed and recyled for use in other areas
of SRP. To obtain elemental mercury, decomposition is accomplished by
means of formic acid reduction and steam distillation. Provisions
therefore had to be made to remove mercury from several different
vessels. The maximum accumulation predicted for the most active vessel
is approximately 2 gallons per 86-hour batch cycle. The vessels with
small mercury collection potential may accumulate one gallon every
12 months or longer. Because of the small quantities of mercury
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involved, an extremely low flow pump (less than 5 gpm) was required. As
well as the low flow requirement, the most desirable pump would start,
transfer a maximum 2 gallons of mercury with little or no slurry
particulates, and then stop rapidly with no additional slurry carryover.

The design criteria required that the pump be capable of lifting the
mercury to a height of 40". Adding anticipated fractional losses in the
transfer line, the pump would be required to develop a discharge pressure
of approximately 250 psi. Only top entry is permitted in remote
radioactive tank design, thus the obvious solution of bleeding the
mercury from the bottom of the tank is prohibited.

The separated mercury should be as clean as possible and free of the
radioactive sludge slurry and glass frit of the stream from which it is
collected. 100% separation of particulates is probably not achievable
with sludge particles in the 10 micron range or with borosilicate glass
frit in the 250 micron range. However, a pump design that would allow
separation by utilizing the large density differential between mercury
(13.5 g/cc) and the sludge/frit particulates (1.6 to 2.43 g/cc) was
considered desirable.

Pump designs utilizing elastomers were considered undesirable because
of the radiation levels of the 5 to 15 year old defense waste, which is
calculated to deliver 3.0 x 10 4 rads/hr in the most active process
vessels. Rotating or sliding shaft seals that require flushing or any
manner of adjustment had to be avoided due to potential abrasive
particulate damage. Similarly, bearings cannot be positioned inside a
vessel.

DISCUSSION

Research into commercially available pumps quickly revealed that no
such pump would be appropriate for this unusual application.

Vertical cantilevered centrifugal pumps could not reliably meet low
flow requirements while meeting the extremely difficult suction lift
requirements. The smallest centrifugal pumps do operate in the range of
5 gpm to 25 gpm but at only 10 to 40 ft. total discharge head.

Most DWPF vessels that may require mercury transfer pumps are over
15" tall. Thus, suction lift requirements precluded the use of virtually
all pumps that could be mounted at the top of process vessels. Bearings
or flushed bushings of any kind are to be strictly avoided in the severe
in-tank environment. These restrictions led to the necessity of a pump
that could be positioned at or near the bottom of the vessel.

Submerged centrifugal pumps could handle the suction lift but still
would not have the necessary hydraulic characteristics. An innovative
unusual configuration of an electromagnetic pump was considered. This
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design utilized Faraday's Law to generate a motive force on a conductive
fluid (i.e., mercury) by passing current through it in the presence of a
changing magnetic field^. This concept was ultimately abandoned
because pressure requirements could not be met.

Extremely low capacity, high discharge pressure, and suction lift
requirements appeared to make remote transfer of the mercury unfeasible
with an existing of available pump.

It was apparent that a new type of pump had to be designed.

NEW PUMP DESIGN

DESCRIPTION

The new pump was conceived and designed by Bechtel and tested by
Du Pont at SRP. This new pump utilizes pressurized water to displace the
mercury and was developed specifically for the DWPF project. The Water
Displacement Mercury Pump (U.S. Patent No. 4,534,709) possesses features
that best satisfy all of the design criteria in a simple and reliable
manner.

The mercury pump is a long, slender, vertical assembly without any
rotating parts. It is located completely within the process cell tank
(ref. to Figure 1). Total length of longer units is approximately 19 ft.
The pump is supported by a rigid mounting flange on top of the process
cell tank. The bottom of the pump is located within a sump of the
process cell tank. The principal operating parts of the mercury pump
consist of the following (see Figure 2):

1) A pressure canister at the bottom of the pump. The pressure
canister is cylindrical, measuring (10.75 inches O.D. by
6.75 inches high). The top of the pressure canister consists of
a valve plate. This plate has a 1 inch valve opening that allows
mercury to flow into the pressure canister.

2) A valve shaft with a valve plug- The valve shaft can move
vertically 2-1/2 inches and is opened and closed by a double
acting pneumatic cylinder. The material for the valve plug and
valve seat is Stellite No. 6.

3) A 1/2 inch diameter water inlet which is located at the top of
the pressure canister and has sparger holes that act as a
diffuser.

4) A 1/2 inch diameter out let.
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Figure 1
ELEVATION OF PROCESS CELL MERCURY PUMP

5) Various pump support members consisting of the following:

Mercury Pump Mounting Flange
Upper Support Shaft, 24 in. O.D. tapering
Lower Support Shaft, 12 in. O.D.
Valve Shaft, 2 in. O.D.
Valve Shaft Guides (cruciform)
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OPERATION

The mercury pump out is a batch operation. Tha mercury levels are
shown on Figure 2, both at the start of the pump out cycle and at the end
of the pump out cycle. After initial accumulation, the mercury level is
always above the 1 inch valve opening.

Sensors located in the process cell tank sense the high mercury level
at the start of the cycle. The valve shaft, operated by the Pneumatic
Air Cylinder, moves downward until the valve plug seats against the valve
seat and closes it. This allows the canister to be pressurized.

The high pressure Canister Pressurizing Water is initiated through
the inlet line and pumps (or lifts) the mercury out through the outlet to
Mercury Water Wash Tank line.

After the mercury is pumped out, the valve plug is opened again by
actuating the Pneumatic Air Cylinder. The pumping operation lasts
approximately 5 minutes and is repeated on average every 86 hours for the
most active vessel.

A diffuser is used to pressurize the canister evenly to prevent the
motive water from flowing through the mercury directly to the discharge
pipe. Indication cf pump performance is achieved by monitoring the back
pressure on the high pressure water system.

TESTING

Prototype testing was performed at SRP to confirm process and
mechanical design.

Figure 3 illustrates the test stand set-up for the prototype te^c.
On an average, transfer of 2.5 gallons of mercury took 4-1/2 minutes.
Figure 4 is a pressure vs. time plot of a typical transfer cycle. Toward
the end of the transfer cycle, the remaining trace amounts of the product
mercury were easily moved by th" motive water as it continued to
discharge. The mercury in the cannister was evacuated down to the level
of the cannister discharge entrance with no sign of motive water
problems. After testing various discharge line diameters, a 1/2"
transfer line size was chosen based on line pluggage considerations and
water consumption efficiency data. It is essential to minimize water
use, since it has to subsequently be removed by evaporation.

Further testing confirmed the valve design, valve actuator
performance, valve sealing and the ability of mercury to float out solids.
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Figure 2
PRESSURE CANISTER DETAIL

The support shafts have cutouts to permit the process fluid and
mercury to enter the valve opening. All pump materials are Alloy-C-276
except for the Stellite No. 6 valve seat and plug facings. The longer
(19 feet) mercury pumps weigh up to 1850 lbs. due in part to the
substantial mounting plate (1-1/2" thick x 3O"0).
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The mechanical design of the prototype test pump confirmed that
proper alignment between the valve and the seat is necessary for adequate
sealing and maximize the life of the two components, extremely important
considerations for this SRP application. Initial valve actuation
problems revealed that a coupling is required on the shaft assembly that
will allow some lateral freedom to the shaft centerline. The coupling
will allow for inevitable fabrication and assembly tolerances. Pipe
straightness specifications must be imposed to ensure that the valve
shaft runs true.
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Leakage tests on the valve and seat produced a .25 gal/min leak at
various cannister and air piston pressures. Ho appreciable improvement
was made by increasing the sealing pressure on the air cylinder. After
cyclic testing, the rate was found to be .32 gal/min. However, these
leaks did not hamper mercury transfer.

SETTLING

During disassembly, the purnp was raised from its sump position and
held out of the tank for one half hour. Agitation of the slurry was
discontinued to allow the suspended solids to settle out. Some concern
had been expressed that these solids would necessitate the use of
excessive force to re-install the pump into the tank sump. However,
because of the weight of the pump and the fluidity of the suspension, no
additional force was required to properly reposition the mercury pump.

FINAL DESIGN

The prototype testing provided further assurance that the design
concept was sound and appropriate for DWPF to use in the remote transfer
of mercury. Final design details, however still needed to be addressed.

It was felt that the actual position of the valve needed to be
known. It was possible that the valve could be come stuck in its valve
seat or be prevented from closing due to misalignment or physical
obstruction. Electronic limit switches could not be used due to space
and service restrictions in the cell outside the tank. Therefore,
special sight indicator (see Figure 5) was designed that could be mounted
on top of the support flange and would rely on an indirect visual
inspection by means of the closed circuit TV system.

Another design detail resulted from the need for hack flow
prevention. The detail shown in Figure 5 shows the system for prevention
of backflow that will be used in the mercury pump application. The shaft
spring shown will cause the canister plug valve to fail open and thus
relieve pressure in the system.

A final design detail resulted from the need to determine when enough
mercury had accumulated to require a transfer. This has been resolved by
the incorporation of a shallow trough in the vessel bottom. This trough
intersects the side wall of the deeper mercury sump and runs
approximately 30 inches away to allow the installation of a bubbler next
to the mercury pump. The bubbler will indicate the presence of mercury
in the trough by means of density comparison. It is also anticipated
that the trough will allow mercury to settle somewhat out of the
agitation flow path.
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CONCLUSIONS

Final design and the results of the testing performed thus far show
that the water displacement of mercury to a height of 40 feet is feasible
with just 6 gallons of motive water. Control of the transfer is achieved
by monitoring the pump discharge pressure (see pres. vs. time plot of
typical transfer cycle Figure 4). An air actuated plug valve
configuration successfully contained the required discharge pressure of
260 psi. The requirements of low flow and maximum separation of mercury
from particulates are achieved through the configuration of the pressure
cannister. The pump is capable of transferring a discrete amount of
mercury with little additional slurry particulates.

The success of this new pumping configuration is highlighted by the
fact that it was the inspiration for other remote transfer applications
tested at SRP. These applications include a successful prototype pump
designed at Pacific Northwest Laboratories (PNL).^ The PNL pump was
designed for the purpose of metering waste slurries to an electric melter.

Upon completion of final pump fabrication, the DWPF facility will, as
required, have a simple and highly reliable method for remotely
transferring small discrete batches of mercury from radioactive process
vessels.
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PNEUMATICALLY OPERATED GRAPPLE FOR HANDLING
NUCLEAR WASTE PACKAGES

R. V. Richardson
Westinghouse Electric Corporation
Waste Technology Services Division

Madison, Pennsylvania 15663-286, USA

ABSTRACT

The grapple mechanism is a small but vital component in
the handling of nuclear waste packages, at the waste
processing facility as well as the repository facility for
above ground handling, emplacement, and retrieval of the
packages. Many grapple designs have been developed in the
industry, some of them specifically for nuclear waste
package handling. However, many of them have the
drawbacks of being too complex or lacking the flexibility
to recover from postulated component failures. This paper
presents a pneumatically operated grapple that eliminates
those shortcomings.

INTRODUCTION

The pneumatically operated grapple with a manual override presented
here was specifically designed as an integral part of a shielded caslt for
on site transportation and vertical emplacement of highly radioactive
waste packages in an experimental area of a salt repository. However, the
simple design concepts utilized make it applicable to a variety of
industrial applications, either manned or remote, and in a wide range of
hostile environments.

DESCRIPTION

Figure 1 shows the general arrangement of equipment in the repository
to demonstrate the use of the grapple when the waste package is being
emplaced vertically at a storage or disposal site. A floor shield valve
is placed over the emplacement hole and the transfer cask containing the
waste package is mounted on top of the valve. Both the cask shield valve
and the floor shield valve are then opened and the waste package lowered
to the bottom of the emplacement hole. The grapple is then retracted, the
shield valves closed and the cask removed. For retrieval, the transfer
cask is mounted on the floor shield valve and the waste package retrieved
in the reverse order of emplacement.
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WASTE PACKAGE
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Figure 1. Waste Package Emplacement Equipment Configuration
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Based on the usage described above and overall program
requirements, the following design requirements were established for the
grapple. The grapple shall:

1. Interface with the waste package pintle and capture
it so that it can not slide out.

2. Lift 9,290 kgm. (20,500 lbs.) using a factor of 3 on
yield strength or 5 on ultimate strength.

3. Have a design life of 25 years.

4. Withstand intermittent temperatures to 150°C
(300°F).

5. Withstand radiation dose rates from the waste
packages on the order of 100 to 200 gray/hr. (10,000
to 20,000 rad/hr.).

6. Provide shielding through the height of the grapple
equivalent to 22.9 cm. (9.0 in.) of carbon steel.
This is required since the grapple is an integral
part of the cask and must provide personnel shielding
while maintaining a compact configuration.

7. Use materials of construction which contain no iron
where contact with the waste package or the cask
inner surface occurs.

8. Be suitable for operation in a salt dust environment.

9. Fit within the cask and provide lead-in over a tilted
and off center waste package pintle for grappling
during retrieval. It must Llso be retractable into
the cask without interference.

10. Utilize failsafe principles of design and incorporate
a mechanical locking feature to inhibit grapple
opening under load. The mechanical lock is required
protection against a spurious release signal which
may drop a waste package.

11. Be operated remotely for normal operations and
incorporate an easily operable manual override to
open the grapple in the event of a system failure.
Hands-on disassembly is not possible due to radiation
and equipment configuration and therefore the
override must be simple and require only minimal
viewing.

12. Provide electrical indication of the grapple status.
Since the operation is totally "blind", the operator
needs indication signals for the presence of the
pintle in the grapple, slack wire rope, and whether
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the arms are open or closed. Visual indication
viewed from above the grapple shall also be provided
to indicate arms "open" or "closed" for off normal
conditions.

Based on these requirements, key design goals were established.
The grapple must be simple in concept with a minimum of precision fits or
components that are exposed to the dusty environment, and be reliable for
normal operations. It should also have a simple manual override feature
to permit recovery from off-normal conditions without requiring additional
handling or transporting of the waste package.

Literature contains many grapple design concepts and several that
are specifically used for nuclear applications. However, a literature
survey did not yield any designs that would meet the design requirements.
Most grapples for nuclear applications were designed for use at the end of
long concentric shafts so that forces could be applied directly to open or
close the grapple. However, for use in the cask, suspending the grapple
from wire rope is the most efficient method for lifting and therefore
eliminates these. Other grapples, some designed specifically for waste
packages, used electric motors and gear trains or screw jacks. These
concepts were eventually discarded as being too complex and difficult to
incorporate a manual override mechanism. Furthermore, the high ambient
temperature of 150°C (300°F) is too severe for most off-the-shelf
motors and lubricants.

The design selected (reference Figure 2) has a minimum of moving
parts and may be likened to a pair of pneumatically opened grappling
hooks. It uses two lifting arms pivoted at the top in a support
structure, large compression springs to force the arms closed under the
head of the pintle, and a pneumatically operated formed bellows to force
the arms open. It is supported from wire rope and requires a wire and
tubing cable for indication and pneumatic power. A movable core located
in the center of the support structure is directly connected to the main
wire rope and can move axially with respect to the lifting arms. This
relative motion is used to actuate the mechanical lock on the lifting arms
so they may not open during a lift. A conical lead-in feature is utilized
on the bottom of the grapple to guide it over the pintle to the seated
position and restrain the pintle from sliding off of the two arms. The
manual override is a system of two levers and cams arranged so that when
the lever is rotated up,the cam pushes the respective lifting arm to the
open position against the springs. Actuation of the levers is provided by
two small wire ropes connected to the lever ends and terminated in rings
located on the top of the grapple. These rings are accessible for remote
equipment to hook and release the grapple. Limit switches are utilized to
indicate open or closed arm position, presence of a pintle, and slack wire
rope. Small flags are attached ;o the lifting arms and visible from above
to provide a secondary indication of arm position for off normal
conditions.

Though the basic design is simple, there are a number of
interesting aspects worthy of mention. The primary load path is through
the movable core into the top plate, down through the bolts, into the
support structure, through the lifting arm pins, and down the arms to the
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Figure 2. Pneumatically Operated Grapple
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lift surfaces. The lifting arm pins are located closer to the center than
the lift surfaces and tend to hold the arms engaged under the pintle.
Since the waste package can be significantly tilted, the arms are designed
to individually support the design load. To avoid ferrous contamination
of the waste package and cask inside diameter, titanium is used for the
lift arms, bottom plate, lead-in cone, and outer surface of the grapple.
Since the grapple must provide axial shielding, the outer surface is
stepped and the lifting arms are set in close fitting pockets in the
support structure which are also stepped to reduce streaming paths. This
shielding requirement presented a problem for the lifting arms since
titanium is a poor shield material. Therefore the upper part of the arms
are made of steel and joined with a "TM groove joint in the radial
direction.

The lifting arm lock feature is a short, upward facing cup
attached to the bottom of the movable core, When lifted, the cup overlaps
a downward pointing projection on each arm and restrains the arms from
pivoting open. Since the weight of the grapple is about 385 kgm. (850
lbs.), there is a potential for overstressing the corners of these
overlapping features if the operating sequence is not properly followed.
Therefore, spring washers are used in the attachment of the cup to the
movable core to limit contact forces.

For proper operation of the grapple, the movable core must be free
to move and not hang up. A number of features are employed to reject and
eject foreign particles that may cause binding. An overlapping dust skirt
is used just below the attachment point to keep particles out. An 0-ring
was considered for the application, but rejected because of the potential
to stick after long periods of inactivity. All diameter changes are
tapered to allow any particles, that get pas$ the dust skirt, to fall
through. The bottom of the lock cup has many large perforations to
eliminate particle buildup that would cause the lock not to function.

The lifting arm actuating system of bellows and springs was .
designed to maximize forces to overcome any friction while maintaining
reasonable sizes and requiring an opening pressure of less than 689 kpa.
(100 psig). A "Firestone Airstroke" actuator was originally selected for
use because of its inherent ability to function in a dusty environment.
However, due to the temperature and radiation limits of the "Airstroke",
the concept was revised to incorporate a 12.0 cm. (4.8 in.) diameter,
stainless steel, formed bellows. A system of springs was designed using
two sets of double nested springs to close each arm. Spring caps are
designed to hold the springs compressed during assembly with a bolt which
is later removed. The final spring force generated at the lifting surface
of the arms in the closed position is 110 kgm. (240 lbs). A pneumatic
pressure of 200 kpa. (29 psig) is required to initiate arm opening and a
pressure of 358 kpa. (52 psig) will hold it completely open. Based on
these calculated pressures, a regulated pressure of 440 kpa. (65 psig) is
recommended for operation. Then, sinca the bellows has a design pressure
well in excess of 689 kpa. (100 psig), the system can be periodically
proof tested before use at about 689 kpa, (100 psig) which is generally
readily available.

Since the grapple is operated remotely, electrical indication is
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needed for interlock logic. Two rotary switches, wired in series are
actuated by the arms to give an open or closed indication. The switch
wiring requires both arms to be in the same position to give an
indication. The presence of the pintle in the grapple is indicated by
either of two push switches that contact the top of the pintle. These
switches require a large overtravel to maintain the indication during the
lift when the clearance between the arm lifting surface and the bottom of
the pintle is removed. Finally, a limit switch which detects the full
down position of the movable core, is used to indicate that the grapple is
completely seated and unlocked and can be opened or closed.

CONCLUSIONS

A simple and reliable grapple design suitable for use in the
handling of nuclear waste packages either at the waste generator facility
or at the storage/disposal site has been presented. Though this grapple
has been designed for remote operation in a very severe environment, it
could well be used in other applications and may allow some
simplifications. For instance,for a hands-on normal working environment,
the shielding and indicators could be removed; the metal bellows could be
replaced with a more rugged "Airstroke" actuator; titanium could be
replaced with steel; and a small electric compressor might be carried on
board if a compressed air source is not available.
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MANUALLY-OPERATED VERTICAL ARTICULATED MANIPULATOR
DEVELOPED FOR INVESTIGATION OF SUB-CORE REGIONS

James A. Weissburg, P.E.
Consultant to GPU Nuclear Corp.

Three Mile Island Nuclear Station, Unit 2

and

Carl Jennrich
Sargent Industries, Central Research Lab. Div.

ABSTRACT

This paper describes the development and features of a
long-reach, small-cross section mechanical tool used for TV
Camera manipulation and sample retrieval in remote loca-
tions in the lower head region of the damaged TMI-2 reactor.

The Three Mile Island Unit 2 (TMI-2) accident resulted in a portion of
the core fuel material being relocated to the reactor pressure vessel (RPV)
lower head region under the core support assembly (CSA) flow divider plate
as shown on Figure 1.

It was considered important that information concerning the quantity,
distribution, and physical properties of the material deposited in the
lower head region be determined early in the Recovery Program, long before
the damaged fuel was to have been completely removed from the pre-accident
nominal core position. Access to this region was limited to several small
holes that penetrated the CSA flange. The holes, shown on Figure 2, were
inside the RPV at the top of the annular region outside the CSA.
Additional smaller holes shown on the figure were available for insertion
of lights into the region being investigated. A tool with a unique
combination of features was needed to satisfy the needs of the data
acquisition program.

The following restrictions were placed on the tool:

o Tool must be manually operated, with no electric, hydraulic, or
pneumatic boost;

o Vertical reach must be in excess of 12 m (40 ft);

o Must pass through 9.8 cm (3.87 in.) dia. holes in the CSA flange;

o No local region of the tool may have a diameter larger than 9.27 cm
(3.65 in.) up to a point 8.7 m (29 ft) above the elbow;
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o Must endure a high radiation field (1000 R/hr), hostile water
chemistry, and abrasive particles suspended in water;

o Must fit around and under the CSA suspended inside the RPV;

o Must reach approximately 90 cm (3 ft) horizontally, radially inward
from the annul us;

o Must be capable of lifting a 5.4 kg (12 1b) load at the tong grip
when the arm is horizontal, that is, at a 90° angle to the vertical
body tube;

o Must lend itself to decontamination and gloved-hand or remote
maintenance.

To reduce the engineering and manufacturing time required for this
tool and to minimize the uncertainty of certain functional elements, it was
decided that maximum use would be made of components and subassemblies
already developed by a reliable manufacturer of similar devices.

A tool (Figure 3) with the following functional features was
conceived, designed, and constructed in a very short time:

o Standard operator master control device at top of tool for gripper
operation; manual crank, near top, for elbow joint control; elbow
angular travel +95°, -5° from vertical; provision for crane lift at
top; grip squeeze lock at top; provision for grip squeeze release,
from a separate location, by dual lanyards; wrist bend position,
+135°, -30° and wrist rotation, 350°; and tong finger opening, from
0 to 8 cm (3.25 in.).

o Tong fingers readily removable and replaceable remotely,

o Tong body readily removable and replaceable remotely.

o Tong fingers operated by manual device with force-multiplier
ratchet so that operator may apply an 18 kg (40 1b) gripping force
with tong fingers. (Figure 4).

o A fixed tube, 1.4 cm (0.55 in.) I.D., was provided inside the body
tube and outside the lower arm to accommodate the insertion of a
1.2 cm (0.5 in.) diameter viewing probe, i.e., fiberscope or
miniature TV system (Figures 3, 5, 6, 7, 8 and 9).

To make possible the installation of a larger camera, a
half-cylindrical groove, 1.2 cm (0.5 in.) diameter, was machined axially
along the outside of the elbow housing to accommodate a 1.1 cm cable for
the TV controls. Thus, a 3 cm (1.2 in.) diameter TV camera could be
attached to the outside of the lower arm, and the cable placed in the
groove (Figure 6). With the cable attached to the upper arm with a band of
tape, the tool and camera could be passed through any of the 9.8 cm
(3.87 in.) holes in the CSA flange. With the camera attached by tape to
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the lower arm, the tong gripper is unrestricted and available for use as a
material sample retrieval device or to grip a tool or other object.

The elbow housing contains a chain sprocket-to-gear coupling, and a
three-stage, 4-to-l reduction gear drive (Figure 7). The elbow and arm
position are controlled by a crank arm at the operator's level (Figure 8).
The crank can be left free, or pin-locked at any of several positions, thus
providing 5° incremental fixed angular positions for the arm. The crank
arm can be relocated to accommodate a left-handed operator.

The tool has an integral pipe connection and an internal,
downward-directed fitting, to allow externally-supplied decontamination
fluid to be introduced into the tool during or after use in the reactor
(Figure 9).

Motion transmission within the tool is by sprockets, gears, and four
types of tendons: solid rods, stranded aircraft cable, flat metal tape, and
miniature roller pin (bicycle) chain (Figure 10). Approximately 95
miniature ball bearings are used throughout the tool.

The diameters of the stainless steel tubes of the tool are 7.6 cm
(3 in.) for the body tube and 4.5 cm (1.75 in.) for the lower arm. The
tool weight is 73 kg (160 1b). The tool is operated suspended from a
counter balance.

The tool was successfully used for positioning a TV camera and for
obtaining physical samples of the relocated material in the lower head
region. The samples were placed in a 7.5 cm (3 in.) diameter sample bucket
in the annul us near the sampled area and the bucket was lifted out by cable.

Additional activity being considered for this tool and two
near-duplicates of it are: larger scale sample-gathering, placement of
suction and pressure hoses and lighting, clearing of access paths for
additional viewing and sampling in obstructed regions, and investigating
intermediate regions above the flow divider plate and immediately beneath
the nominal fuel position. The newer versions of the tool have a lift
capacity in excess of 16 kg (35 lb). Arm length for the newer tools is
81 cm (32 in.).

A removable device that replaces a portion of the gripper tong
assembly with a pointed shaft can be used to perform penetration tests on
target materials. This device has its own compression spring. The master
hand grip is used to apply a compressive force to cock the spring; the
system is latched in the cocked position, then released to impact the
unknown material by the operator's release of the grip lock. This function
can be repeated by the operator as often as is necessary.

This tool represents the successful adaption of mechanical systems
originally developed for hot-cell and storage pool applications to the more
hostile environment of damaged reactor service work.
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ACCESS HOLE
98.5 mm (3.87 in.)
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SECTION A-A FROM FIG. 3

FIG. 5
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COMMUNICATION IN HAZARDOUS ENVIRONMENTS

W. Nevyn Rankin and T. Richard Herold
E. I. du Pont de Nemours and Company

Savannah River Laboratory
Aiken, SC 29808

ABSTRACT

Radios were Investigated for use In hazardous
environments where protective breathing equipment such
as plastic suits and respirators interfere with
communication. A radio system, manufactured by
Communications-Applied Technology (C-AT), was
Identified that was designed specifically for hazardous
environment communications. This equipment is used
successfully by the U. S. Army and NASA.

C-AT equipment was evaluated In plantwide applications
at the Savannah River Plant (SRP) usi.ig temporary
frequencies obtained by the Department of Energy -
Savannah River (DOE-SR). Radios performed well In alT
applications, which included a tritium facility,
high-level caves, a nuclear reactor building, tank
farm, and a canyon building interior.

Permanent frequencies were obtained by DOE-SR for two
complete six-man C-AT systems at SRP. Because of the
relatively short range of these systems, replicate
systems will cover all applications of this type of
equipment plantwide. Twelve radio systems are
currently being used successfully in plantwide
applications.

INTRODUCTION

The Savannah River Plant (SRP), operated for the U. S. Government by
the Du Pont Company, has safely produced special nuclear materials for
defense and peaceful applications since 1953. Fuel is manufactured at
SRP, irradiated in SRP nuclear reactors, and processed in SRP canyon
facilities to recover products. High-level radioactive wastes are
temporarily stored in large, double-walled tanks until they can be
solidified in glass for permanent disposal.
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The Savannah River Laboratory <SRL) provides technical assistance to
SRP. Technology 1s currently being investigated to reduce personnel
exposure, minimize the potential for release and uptake of radioactive
material, and Increase safety during dismantling and removal (D&R) of
decommissioned radioactive facilities. Normally, this work requires
protective breathing equipment because of the potential of airborne
radioactive contamination. Because this equipment interferes with voice
communication, radios were investigated as a way of increasing safety and
reducing radiation exposure by decreasing the time required for completing
a task in a radiation field.

EXPERIENCE AT OTHER SITES

Radio systems used for communication at other sites doing D&R work
were investigated. Bechtel, prime contractor for decontamination at Three
Mile Island, uses radios manufactured by U'nlcom.* This equipment
consists of a small simplex radio and battery pack attached to "ear muffs"
which are worn on the head. A pair of these radios was purchased for
evaluation at SRL, but were not satisfactory for our application. There
was no room inside the SRP-designed plastic suit for the antenna attached
to the equipment. The voice-actuated switch fragmented conversation.
Transmission was intermittent and sometimes garbled. The units became
very uncomfortable after about 30 minutes of use because of their weight
and pressure on the ears.

Westinghouse at West Valley had the same problems with U'nlcom
radios. They recommended Controlonics** equipment. We visited
Controlonics for a demonstration. The equipment they demonstrated also
was not satisfactory for our application. Transmission was similar to the
U-Ni-Com radio. They thought they could modify their equipment so that it
would operate better, and they also knew of another radio system
manufactured by Communications-Applied Technology*** (C-AT) that possibly
would work better in our application. We invited both companies to come
to SRL and demonstrate their radios with workers dressed in plastic suits.

The C-AT radios performed well in the demonstration. The videotape
of the demonstration was well-received by the SRP Policy Review Committee
and they enthusiastically endorsed purchase of a C-AT radio system for
evaluation. Radio frequencies necessary for the experimental C-AT radio
system were procured by DOE-SR. DOE-SR requested that SRL evaluate the
C-AT radio system in plantwide application.

DESCRIPTION OF C-AT RADIO SYSTEM

The radio system consists of a base station and up to six mobile
units operating from the base station (repeater) as a full-duplex,
wireless, intercom system.

*Remic Corporation, P. 0. Box 1446, Elkhart, Indiana 46515
**Controlonics Corporation, Six Liberty Way, W«stford, MA 01886

***Communications-Applied Technology, 11250-14 Roger Bacon Dr.,
Reston, VA 22090
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The base station 1s typically placed in a clean, accessible area from
which work 1n plastic suits 1s directed and monitored. The base station
can be used with a head set containing a boom microphone or with a
telephone-type handset. An amplified speaker can be connected to the
front panel so that Interested observers can monitor all conversation from
all units.

Each mobile unit contains a transmitter, a receiver, and a battery.
These parts are contained 1n a molded vinyl housing which is attached to a
webbed belt. The contact microphone is held against the side of the
workers larynx by an elastic strap with a Velcro™ latch. The earphones
are contained in light-weight plastic housings which fit-over the ears.
The wires from the microphone and the earphones plug into a junction box
attached to the belt. Once the radio has been placed on the worker and
activated, the worker will be heard on the radio whenever he speaks. The
mobile unit can also be packaged In a vinyl shoulder-holster
configuration, if desired. This arrangement is preferred by some workers
who are not required to work in plastic suits or other protective clothing.

Figure 1 is a pictorial diagram showing how the base station
interacts with mobile units worn by workers. For clarity, only two mobile
units are shown. Each transmitter requires a unique transmitting
frequency, but all units receive on the same frequency. Therefore, seven
different transmitting frequencies are required for six mobile units
operating from one base. In Figure 1, the base transmitter frequency is
labeled T^, while the workers transmitting frequencies are labeled T£
and T3, respectively. All units receive on a common frequency R].
This is accomplished electronically by mixing the audio signals from the
mobile units and applying them to the base transmitter mixer. The base
transmitter also accepts audio from its local microphone. The composite
audio signal from the transmitter mixer then modulates the transmitter
carrier frequency for simultaneous transmission to all mobile units, which
receive it as frequency R-|. The audio circuitry in the base unit also
includes a "modulation limiter" to control the peak level of the mixed
audio signals to the transmitter. This is important when more than one
person speaks at the same time. When this happens, the limiter
automatically lowers the mixer gain, thereby preventing distortion that
would otherwise occur from excessive composite audio levels.

The radio system has considerable versatility. The antennae mounted
on the base unit are useful for local communications up to a few hundred
feet. External antennae may be used If additional range 1s required or
operation 1n and around heavy reinforced concrete or metal vessels Is
necessary. Any good quality VHF antenna may be used provided It Is tuned
to the approximate frequency \n use. Coaxial cable can be used to remote
the external antenna up to several hundred feet from the base unit. The
base unit can also be connected to a hardwire intercom or telephone system
so that radio users can communicate with intercom users via the base
unit. The base unit will also Interface with conventional telephone
networks.

The RF power output of the base and mobile transmitters 1s
design-limited to 50 milliwatts to control the range of operation. The
crystal-controlled transmitters operate in the VHF high band (150 to 225
MHz) where there is virtually no possibility of Interference with aircraft
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avionic systems, RF remote control-operated equipment such as cranes and
pressure-relief valves, other site radio systems, or computer "clocks".

EXPERIENCE WITH C-AT RADIOS AT OTHER SITES

Tooele Army Depot, Utah, successfully uses C-AT radio systems. This
facility decommissions artillery shells containing hazardous chemicals.
Workers that enter operating areas to perform routine tasks such as
maintenance must wear rubberized suits. Continuous voice communication
among all workers in work areas with a standby and with supervision in a
clean area is required for all entries into work areas. Workers have made
up to 600 entrances into work areas each year for four years with no
abortions due to lack of communication.

NASA's Ames Dryden Research Center, Edwards Air Force Base,
California, is responsible for the installation, check out, operation, and
maintenance of all instrumentation used to collect data for experimental
programs involving aerodynamic behavior during flight. A C-AT radio
system is used by this group when installing and checking out aircraft
equipment. Their radio system is interfaced with the aircraft's intercom
system so that workers inside the aircraft can have hands-free
communications with workers outside the aircraft. They have had good
operating and maintenance experience for over a year with C-AT equipment.

Another group at this facility uses a C-AT radio system in an
aircraft thermal stress facility and in an engine run-in test facility.
This group has used a C-AT radio system for two years. Good
communications were possible even in high noise areas. Essentially no
maintenance of the radio system was required.

EVALUATION AT SRP

The C-AT radio system, with experimental frequencies procured by
DOE-SR, was evaluated in actual radioactive jobs, and in long-term tests.

Actual Radioactive Jobs

The C-AT radio system was used in the SRP Tritium Facility.
Communication was possible between operators in plastic suits and
supervision on the same level of the building, and between Health
Protection personnel on one level and control room personnel on another
level.

The C-AT radio system was evaluated in a high-level caves facility.
The base station located in front of the cells was able to communicate
with a worker wearing a mobile radio under his second pair of coveralls,
an assault mask, and a hood. The base-station operator directed the
operator to move to several locations in a highly contaminated area behind
the cells. The operator directly transmitted to the base station
radiation readings being measured in the area.
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Tests

The C-AT radio system was evaluated in a decommissioned SRP reactor
building. Building-wide communication was possible using an external
antenna system.

The C-AT radio system was evaluated in an SRP Tank Farm application.
The operator in the cab of a crane with the engine running was able to
communicate with an operator on the ground (handling a tether attached to
the load) who was wearing an assault mask, and with supervision in a more
distant clean area.

The C-AT radio system was evaluated in a canyon building. Workers in
plastic suits were able to communicate with each other and with
supervision in an uncontaminated area.

Long-Term Tests

Upon completion of the SRP evaluations, the radios were returned to
the SRP Tritium Facility for long-term tests. The radio system was used
in several applications with good results and with only minor maintenance
problems.

All participants in the evaluation of these radios at SRP were
impressed by the increased communications they provided.

RECOMMENDATION

Based on the favorable results from the evaluation of the C-AT radio
system In plantwide applications, and on the years of favorable experience
with similar systems at Tooele Depot and at NASA, immediate procurement of
14 frequencies needed for the operation of two separate base stations with
six mobile units operating from each base station was recommended for
SRP. Because of the relatively short range of these systems, replicates
of these systems will cover all applications of this type of equipment
plantwide.

FREQUENCY PROCUREMENT

All frequency allocations for government entities such as DOE, FBI,
USAF, Army, Navy, etc are handled through the Interdepartmental Radio
Advisory Committee (IRAC) in Washington, D. C. The IRAC requirements for
SRP exceed the usual FCC requirements, in that any device transmitting at
any power level must be licensed.

In addition, only discrete frequencies not currently used on plant could
be used with the radio system, and these frequencies must not interfere
with any of the frequencies in use, or be interfered with by these
frequencies or other frequencies in the area such as radio, TV, ham band,
police, fire, etc. This is the rule regardless of the power levels
involved. A computer program is available within IRAC in which all known
local frequencies are entered to determine what frequencies can be safely
used without interference from primary, harmonic, or sub-harmonic
frequencies.
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Because some frequency space was available In the Government band,
the initial effort was directed toward operating the radio equipment in
this band, which would have made it easier to secure the desired
frequencies. DOE-SR was unable to secure permanent frequencies in an
appropriate band within the tuning range of the vendor's equipment. They
then directed their efforts toward security frequencies in an acceptable,
available band where noninterference could be guaranteed.

The 14 frequencies selected for the Savannah River radio systems
ensure that two complete base stations, with six mobile units operating
from each base station, can operate within any given area at Savannah
River without interfering with each other. Our comprehensive study of all
SRP and SRL work areas had indicated that this number of units would
satisfy any known or projected work requirement.

Figure 2 shows how the 12 mobile frequencies were "interleaved" to
obtain the maximum number of frequencies in the smallest allocated
frequency space. Lower frequencies must be used for the base stations
because the equipment design dictated at least 10 MHz spearation between
the mobile frequencies and the base repeater frequency. All 14
frequencies are within the vendor's equipment tuning range, meet the
vendor's criteria for channel separation, and are in accordance with the
National Table of Frequency Allocations. The "A" frequencies denote the
six mobile frequencies operating from base station "A", while the "B"
frequencies operate from base station "B" with no interference to "A"
frequencies, so that all 14 frequencies can be used side-by-side in the
same work area if desired.

OPERATING EXPERIENCE

Permanent frequencies for operation of this equipment were obtained
by DOE-SR. Twelve C-AT systems have been procured. Operating experience
with these systems has been good, confirming the experience of the U. S.
Army at Tooele Depot, and NASA at Edwards Air Force Base.

One incident of operating problems was experienced where the radio
system was abused. In this case, the radios were broken and
contaminated. The working parts of the radio were removed from the belts,
determined to be uncontaminated, and were returned to the vendor for
repair. Based on this experience, the SRP Radio Repair Shop, an
uncontaminated facility, was trained to maintain the C-AT radio system
plantwide.

This paper was prepared in connection with work done under Contract No.
DE-AC09-76SR00001 with the U. S. Department of Energy. By acceptance of
this paper, the publisher and/or recipient acknowledges the U. S.
Government's right to retain a nonexclusive, royalty-free license in and
to any copyright covering this paper, along with the right to reproduce
and to authorize others to reproduce all or part of the copyrighted paper.
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RADIATION EFFECTS ON FIBEROPTIC SIGNAL TRANSMISSION SYSTEMS

Takeo Matsubara, Minoru Watanabe,
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Sumitomo Electric Ind., Ltd. (Japan)

and

Hidechiyo Kashihara, Yuji Fujita, Norio Abe
Power Reactor and Nuclear Fuel Development Corp. (PNC)

ABSTRACT

Radiation hardened fiberoptic systems are now being
installed in nuclear facilities in Japan. The optical
fibers of these systems differ from ordinary fibers, and
are composed of a pure silica core and a fluorine
containing silica cladding. This advanced composition was
invented in Japan.
Fiberoptic systems consist of light emitting diodes, photo
diodes and other components as well as optical fibers. By
submitting each part to irradiation tests, the best
radiation hardened components were selected. Applications
of radiation hardened fiberoptic systems in Japan are
described.

I INTRODUCTION

Application of fiberoptic systems can reduce the number of com-
munication cables by use of a multiplexing signal transmission. These
systems are unaffected by electro-magnetic fields. The fiberoptic signal
transmission systems are now being applied to nuclear facilities in Japan to
serve as reactor, inspection systems, remote handling equipment and radiation
monitoring systems. (Ref. 1)

It is well-known that ordinary optical fibers such as the germanium
doped silica core type are very weak in radiation environments. Recently,
at the Chernobyl reactor accident in the USSR, strong irradiation covered a
wide environmental area where there was no radiation normally. This has
heightened the importance of the radiation hardness of transmission systems,
and showed the need for radiation hardened optical fiber to be installed
over a wide area near nuclear facilities in place of ordinary fibers.
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Radiation hardened fiberoptic systems have been studied broadly (Ref.
2, 3, 4) and are now installed. The advanced radiation hardened optical
fiber is composed of a pure silica core and a fluorine containing silica
cladding. (Table 1) In 1976, the composition of the advance optical fiber
was invented in Japan. (Ref. 5) This advanced optical fiber can be used in
hostile environments radiation as high as 108 rads in total dose.

TABLE 1. TYPES OF OPTICAL FIBERS
(MATERIALS)

Core

Cladding

Diameter

8ym(Single-mode)
50pm(Multi-mode)

125um

Application

Advanced
Rad.Hard.Fiber

Very Low Loss Type
(For Long Distance)

Rad.Hard.Fiber

High Loss Type
(For Short Distance)

Pure Silica

F Containing
Silica

Communication
in Nuclear
Facilities

Polymer

Communication
in Nuclear
Equipment

Ordinary Fiber

Low Loss Type
(For Long Distance)

Ge Doped
Silica

Pure Silica

Ordinary
Communication
in Non-Nuclear
Environment

In non-radiation conditions, the characteristics of the advanced
optical fiber are also excellent. The transmission loss of the fiber
(single mode, 1.55 ym) is 0.154 dB/Km in non-radiation conditions. This
transmission loss data is the best in the world today.

The radiation hardened fiberoptic system is composed of the following
parts. All of these parts including optical fibers can be manufactured by
Sumitomo Electric.

1) Light emitting diodes-LEDs (InGaAsP)
2) Photodiodes-PDs (InGaAs)
3) Radiation hardened signal multiplexer circuits
4) Radiation shielded IC packages
5) Remotely handled radiation hardened connectors

These parts were able to endure 107 ̂  108 Rads in 60Co gamma ray irradiation
tests. The characteristics of the radiation hardness of these fiberoptic
components are described below.
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II RADIATION HARDENED ADVANCED OPTICAL FIBERS

Irradiation of silica glass results in the growth of color centers.
Radiation induced electrons or holes are trapped by these defects. These
trapping centers absorb light energy.

The most suitable glass for the core is pure silica. Cladding should
have a lower refractive index than pure silica in the case of pure silica
core fiber. The cladding materials which have the lower refractive index
are fluorine or B2O3 added silica and some polymers. Fluorine is more
effective in decreasing the refractive index than B2O3. Moreover, fluorine
is less sensitive to neutron-irradiation than B2O3.

The defect concentration decreases with OH addition to silica glass.
However, OH bond causes vibrational absorption. It is thus necessary to
find a suitable OH concentration. (Figure 1, 2)

The radiation loss depends on wavelength. Color centers have
absorption peaks at short wavelengths, such as 0.22 pm and 0.63 ym. At
longer wavelengths, molecular vibrational absorption increases. Therefore,
long wavelength such as 1.30 ym is more suitable for optical transmission
systems than short wavelength. (Ref. 6)
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Figure 1. Feature of radiation induced loss
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Figure 2. Induced loss of advanced radiation hardened fibers
(Effects of OH content and wavelength)

GO
•o

CO

o

CD
O
ZJ

10

10°

101-1

O"'

OH \
Wavelength

/Dose Rate\
V )

Y75dB/Ki

Optical Fibers; \
F-Doped cladt

Pure-Silica Core
Step Index Type /

I02 10' I06 I0 8

Total Dose ( r o d s )



Figure 3 shows loss increase at 1.3 um and 0.85 ym under
The loss increase at 1.3 ym is smaller than that at 0.85 ym.

irradiation.
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Figure 3. Induced loss increase at 0.85 ym and 1.3 ym

Strong photon beams can minimize the concentration of color centers.
Figure 4 shows a decrease of radiation induced loss achieved by the passing
light (photon beams) from a Xenon lamp through the fiber core. This is
called photobleaching effect. This effect depends on temperature. The
lifetime of optical fiber can be elongated by this effect.

Figure A. Photobleaching effect on
induced loss
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/core Pur* Silico
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1
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Ill RADIATION HARDNESS OF OPTOELECTRONIC DEVICES

(1) Optoelectronic Devices for radiation hardened systems

Irradiation tests were carried out on various optoelectronic devices.
Here, we selected InGaAsP light emitting diodes (LEDs) and InGaAs PIN
photodiodes (PDs) for long wavelength optical data link with 60Co gamma rays
at high irradiation levels up to a dose of 10® rads at room temperature.

The LED is a high-speed and high-power LED with an emission wavelength
of 1.3 \im, which is suitable for long wavelength fiber optical communication
systems. (Ref. 8) The modulation bandwidth is 100 Mbit/sec and the optical
power is 15 uW for a graded index fiber with a core diameter of 50 um.

The PD is a high responsivity PD with a detectable wavelength region
between 1.1 ym and 1.7 ym. The responsivity and capacitance are 0.75 A/W
and 0.9 pF, respectively.

(2) Irradiation Tests Results of the LEDs

For the irradiation tests of the LEDs, the following parameters were
measured; emitting power, forward voltage, reverse voltage and capacitance.
The parameters were measured before and after 6^Co gamma ray irradiation.

Figure 5 shows the optical and electrical parameters of LEDs as a
function of total gamma ray dose. No marked degradation of parameters can
be observed upon irradiation of 10e rads. Optical power and reverse voltage
decrease by 5% and 9% from the initial value. (Ref. 9)
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A Reverse voltage OOpA)

D Capacitance (0V)

10= 10* 10' 10'
Total dose (rads)

Figure 5. Total dose dependence of InGaAsP LED's parameters
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(3) Irradiation Tests Results of the PDs

For the irradiation tests of the PDs, responsivity, dark
current, capacitance and forward voltage were measured before and after
irradiation. No change of characteristics could be observed up to 10 rads,
dark current being the only exception. Dark current increased to several
times of the initial value after irradiation of 108 rads.

The responsivity before and after irradiation is shown in Figure 6 as a
function of wavelength at a dose level of 108 rads. There is no degradation
in responsivity for the entire measured wavelength region. For InGaAs PDs,
no degradation in optical and electrical characteristics can be observed up
to 108 rads irradiation, with the exception of dark current.

The experimental result of the increase in dark current after
irradiation means that recombination centers were formed in the
neighbourhood of p-n junction with such a high irradiation levels. On the
other hand, the capacitance is not changed before and after irradiation of
10 8 rads in total dose, so the distribution of impurity atoms is not changed
by irradiation. From these facts, the recombination centers can be presumed
to be defects which are formed without any migration of impurity atoms.

It is concluded that the PDs can be used up to 10 8 rads when they are
installed in AC-coupled optical signal transmission systems where the dark
current does not affect the total performance of the system.

Figure 6. Wavelength dependence of
InGaAs PD's responsivity
(Before and after 108 rads
irradiation)

1.2 1.4 1.6

Wavelength (jum)
1.8
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IV RADIATION HARDNESS OF OTHER FIBEROPTIC PARTS

(1) Optical Fiber Connectors

Radiation hardness should be considered also for optical fiber
connectors. After strong irradiation as high as 108 rads in total dose, the
optical fiber detaches from the metal ferrule in the connector when the
selection of epoxy binders is not judicious. Vibration and mechanical shock
tests were done after the irradiation. The radiation hardened connector
which we developed is shown in Figure 7.

Ring , Retaining

Holder

Coupling sleeve
Sprir*

Guide sleeve

tO

Connecting rod

Figure 7. Structure of optical fiber connector (plug)

(2) Signal Multiplexers

The radiation damage properties of ICs and other electronic devices
have been widely studied. Various effects such as the total dose effect,
the single event and the transient effect are also being researched. (Refs.
2, 4 and 10) In Japan, PNC has supported many companies including Sumitomo
Electric in their irradiation tests on ICs and other electronic components.
According to these results, it has been found that Si-bipolars such as TTLs
(Transister-Transister Logic) can withstand strong radiation up to 107 ̂  108

rads in total dose.

For our signal multiplexer unit, we manufactured the circuit with only
Si-bipolars and eliminated weak ICs such as C-MOSs. GaAs-ICs are much more
promising but we did not use them because these are now in the developmental
stage. Considering the results of tests so far, some radiation shielding
will be installed for the units. The block diagram of the multiplexer units
for PNC manipulators is shown in Figure 8.

6 8 1



Figure 8. Multiplexer block diagram
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(3) Radiation Shielded IC Packages

In order to improve the radiation hardness, a heavy metal shielding
(Cu-W alloy) has been applied to the lid and substrate of the IC package.
The structure of the IC package is shown in Figure 9. We chose the Cu-W
alloy for the shielding material because the density is high (16.5 gr/cm3)
and the rate of heat expansion is the same as that of the alumina insulator.
This shielded IC package is effective for low energy gamma rays, electrons
and protons.

IC Chip

Cu-W Lid (1.23mm in Thickness)

Lead Wires

Alumina Insulator
Pins
Cu-W Substrate

| (1.23mm in thickness)
Figure 9. Radiation shielded IC package

(Pin grid array type)
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V APPLICATIONS OF THE RADIATION HARDENED FIBEROPTIC SYSTEMS

(1) An Application to a Nuclear Power Plant

An application of the system to a nuclear power plant in Japan is
described below. This radiation hardened fiberoptic system was installed
for the signal transmission of the in-service inspection system. The
optical fibers of this system were step index type. The core is pure silica
and the cladding is fluorine containing silica. A cable contains ten
optical fibers. The structure of the cable is shown in Figure 10. This
cable was of non-metallic type. The outer diameter is 14 mm and the length
is 500 m. The block diagram of the system is shown in Figure 11.

Figure 10. Optical fiber cable X ^ r ^ — ^ ^ V ^-Rod. Hard. Optical Fibers
installed at a nuclear
power plant [•//MgSk^W^'^* *** *"**"

/Cable Diameter: 14mm \/'• Y A W / ' - ^ ^ S E J - - - - F R P Strength Member
icable Weight: 180kg/kmj[.;.( ( g Q YK^~PVC Strings

-Plastic Tapes

-PVC Sheath

(2) An Application to a Vitrification Plant

PNC has developed the manipulator system for improving plant operating
time (availability) and reducing radiation exposure for operators. We are
developing radiation hardened fiberoptic systems for the manipulator-
system for the PNC vitrification plant, which is shown in Figures 12 and 13.
(Ref. 7)

The maximum radiation dose of the system is decided by the loss budget.
The total loss of the system should be less than the loss margin of link
devices.
For the case of the PNC vitrification plant where the strong radiation
region is 80m long, the loss budget is as follows:

• Radiation induced loss at 108 rads in total dose.
(Shown in Figure 2)

75 dB/km x 0.08km = 6.0 dB

• Connection loss at six connectors

1.0 dB x 6 = 6.0 dB

• Bending loss and others = 2.0 dB

Total loss = 14.0 dB

The loss margin of our link devices is 15.0 dB. We therefore believe that
the system can be used at up to 108 rads in total dose.
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Figure 13. Transmission line of PNC vitrification plant

Remote Maintenance Cel

VI CONCLUSION

Considering the radiation hardness of the components, we described the
best fiberoptic system for strong radiation environments. It is important
to integrate data of many components into the architecture of the system.
Sumitomo Electric is a Japanese fiberoptic system supplier that is involved
in the research and manufacture of all fiberoptic components as well as
optical fibers. This made it possible to use the latest data and experience
for architecturing the best fiberoptic system.

We shall continue our efforts at researching the radiation hardness of
optoelectronic systems. And our advanced optical fibers are now being
tested using the neutron irradiation facility "RTNS-II" at Lawrence
Livermore National Laboratory.
Our development data is being exchanged twice a year with Oak .Ridge
National Laboratory.

In conclusion, fiberoptic systems are now being applied to nuclear
facilities in order to obtain benefits of quality and cost. To achieve
superior reliability in radiation environments, you should select the best
radiation hardened components for your systems.
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THI-2 REACTOR FUEL REMOVAL, LOADING, TRANSPORT, AND STORAGE*

Harley W. Reno
Richard C. SchmHt

Idaho National Engineering Laboratory
EG&G Idaho, Inc.

ABSTRACT

Preparations and operations are highlighted for loading and transporting
TMI-2 reactor core debris and receiving and storing that material at the
Idaho National Engineering Laboratory (INEL). The phases of getting canis-
ters from TMI to INEL are discussed. Lessons learned are Indicated and ben-
efits derived are noted.

INTRODUCTION

The accident at Unit 2 of the Three Mile Island Nuclear Power Station
(TMI-2) resulted 1n a severely damaged reactor core. That presented the en-
gineering and scientific communities with many challenges. Some have been
resolved, others are being resolved, and still others have yet to be re-
solved. Some challenges that have been resolved Include storage and disposal
of highly contaminated I1qu1dsj»2 disposal of dewatered but heavily loaded
filter systems,3** development of equipment for accessing the damaged core5

and remote examination and sampling of that core.6 Challenges now being re-
solved Include removing and packaging the core debris,7 transporting the de-
bris from TMI to INEL,°»9 and receipt and storage of that material at Idaho
National Engineering Laboratory (INEL)JO Challenges yet to be resolved In-
clude cleanup of primary cooling system and peripheral In-containment areas,
storage and ultimate disposition of abnormal wastes, and repackaging or pro-
cessing of stored core debris for eventual disposal at a federal repository.

This paper highlights preparations for transporting the TMI-2 core de-
bris from TMI to INEL, and receiving and storing that material at INEL.
Challenges discussed Include Interfacing equipment and facilities at TMI,
loading canisters Into the cask, developing and testing the cask, and re-
ceiving and storage operations at INEL.

PROJECT PHASES

The operational sequence of getting core debris canisters from TMI Into
safe storage at INEL can be divided Into three phases: loading at TMI,
transporting between TMI and INEL, and receiving and storing at INEL. Each
phase necessitated resolving technical constraints before Initiation of oper-
ations. The constraints were resolved 1n straightforward ways, resulting
directly In development of hardware and technology and Indirectly In regula-

a. Work supported by the U.S. Department of Energy, Deputy Assistant Secre-
tary for Reactor Deployment, Office of Nuclear Energy, under DOE Contract
No. DE-AC07-76I001570.
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tory guidelines that will benefit Industry and government. Cost benefits
were realized through hybridization of programs at INEL, sharing of hardware
common to those programs, and use of surplus hardware from previous programs
at INEL.

Loading at Three Mile Island

When a decision was made to develop the NuPac 125-B Rail Cask, the last
technical challenge at TMI was to Interface the cask with facilities. Two
stipulations Included 1n the restart license for Unit 1 Issued by the U.S.
Nuclear Regulatory Commission (NRC) limited activities and use of space In
the Truck Bay for operations related to Unit 2. Specifically, cask and
loading operations 1n the Truck Bay related to Unit 2 are not to Infringe on
space dedicated to operation of Unit 1, and operations and equipment must not
damage underlying support structures and electrical cabling for Unit 1. In
accordance with those stipulations, weight, space, and seismic constraints
within the Truck Bay necessitated designing/constructing several pieces of
equipment that simultaneously permit passage of the ran cask and railcar,
are removable In part, facilitate lifting the rail cask/transport skid assem-
bly from the railcar, and satisfy safe-shutdown earthquake criteria.

At TMI, several activities related to defueling Unit 2, storing canis-
ters, and readying the rail cask for loading occur simultaneously throughout
the Unit 2 facility, and 1n and outside the Truck Bay. After a canister 1s
loaded with core debris (a schematic of which 1s shown 1n Figure 1), H 'is

Shielded
Transfer
Device

Shielded
Work
Platform

LI

Canister

Damaged
core

N
Wall of
Containment
Building -

Refueling
n Canal

J
/Canister

Carousel

Upender-
(simplified)

Fuel
Transfer
Tube

Fuel
Handling
Building

•A" pool

BJ
Storage
rack

tSV5 1932

Figure 1 Schematic showing transfer of loaded canister from reactor vessel
through fuel transfer tube to storage rack 1n the "A" Pool of fuel
handling building.

6 8 9



sealed closed, withdrawn from the reactor vessel, and raised Into the
shielded transfer device. That device conveys the canister to the refueling
canal, where 1t 1s transferred to the upender (a special device which re-
ceives, rotates, and transports the canister) and 1s shuttled through the
fuel transfer tube from the Reactor Building to the "A" Pool of the Fuel
Handling Building. There, the canister 1s placed 1n the storage rack. At
the appropriate time, 1t Is dewatered using forced argon gas, leak-tested
and monitored for a prescribed period, and readied for retrieval by the fuel
transfer cask.

Meanwhile, In preparation for loading, the overpacks are removed from
the rail cask, and the railcar with cask 1s pushed Into the Truck Bay under
both the tower and cask unloading station (a special platform Installed and
used for unloading or loading the rail cask from/on the railcar). The cask
and transport skid are lifted from the railcar, the raUcar 1s withdrawn
from the Truck Bay, and the rail cask/transport skid assembly 1s lowered on-
to the floor. Next, the cask Is rotated to vertical, a work platform 1s
bolted to the tower, the cask 1s opened, and the shielded loading collar Is
Installed (Figure 2). Then, the mini-hot cell withdraws and holds a shield
plug from a predetermined tube 1n the case (Figure 3). The fuel transfer
cask retrieves a dewatered and weighed canister from the "A" Pool, transfers
1t Into the cask (Figure 4), and the shield plug Is replaced by the m1n1-hot
cell. The transfer/loading process Is repeated six more times until the cask
contains seven canisters. After loading 1s complete, each I1d of the rail
cask 1s replaced and leak-tested (leak-tight defined as 10~7 atm • cc/s), en-
suring that the cask Is assembled correctly. The cask 1s returned to hori-
zontal and lifted, using the cask unloading station. The railcar 1s re-
trieved from outside and the cask reattached thereto. The overpacks are
placed on the rail cask, and the package 1s surveyed and certified for re-
lease to EG&G Idaho at the front gate of TMI.

Transportation

Transportation aspects of the project Involved two separate but Inter-
related components. The first was evaluating transportation strategies and
optimizing numbers of casks and cyclic transcontinental trips needed to move
all core debris from TMI to INEL. The second was designing and building a
new cask--one that provided double containment of plutonium. The task of
licensing that cask by NRC was shortened by building and testing models and
full-sized components of the transportation package.

During the planning stages, EG&G Idaho, Inc. (prime contractor of INEL)
Investigated transporting canisters via truck or rail, using existing casks
and/or fabricating and licensing new ones. Whereas available truck-mounted
casks could transport one to three canisters each, the cost effectiveness of
Increased payload capacity of a rail cask resulted In the selection of a rail
cask rather than a truck cask. The decision was made to transport canisters
1n a new design rail cask. Thus, the Nuclear Packaging Inc. (NuPac) 125-B
Rail Cask was designed, tested, fabricated, and licensed specifically for
transporting the TMI core debris to INEL.

Heretofore, licensing a new design cask generally took several years
after preliminary design, as well as additional time for fabrication after
licensing. However, the NuPac 125-B Rail Cask (Figure 5) was designed,
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Figure 2. Schematic of NuPac 125-B Rail Cask being loaded at TMI-2 using the
shielded fuel transfer cask.
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Figure 5. NuPac 125-B Rail Cask on railcar.
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built, and licensed 1n less than 24 months, because the U.S. Department of
Energy, EG&G Idaho, Inc., and Nuclear Packaging, Inc., decided to supplement
the analytical safety analysis report required as part of the application
for license with experimental data derived from drop-testing a model of the
transport package per recommendations by NRC Included in 10 CFR, Part 71,
Subpart F. (A Certificate of Compliance for the cask was Issued by NRC on
11 April 1986.) Such an accomplishment was made possible by (a) the com-
bined efforts and professional dedication of several commercial entitles, a
government contractor, several national laboratories, and two federal agen-
cies; (b) completion of drop tests of the cask and canisters (described In
References 11 and 12) 1n a minimum time period; and (c) the willingness of
the contractor (Nuclear Packaging, Inc.) to dedicate U s resources to de-
signing, testing, and building the rail cask on schedule.

Drop testing Involved building 1/4-scale models of the rail cask and
canisters and subjecting them to a series of five tests at the Transportation
Technology Center of Sandia National Laboratories (Figure 6); then subjecting
a full-scale core debris canister to a series of four tests by the Chemical
Technology Division of Oak Ridge National Laboratory (Figure 7). All tests
satisfied concerns voiced by NRC regarding structural behavior of the cask
and canisters during postulated accident scenarios.

After the decision was made to build the NuPac 125-B Rail Cask, the next
activity was to evaluate different transportation strategies; that is, eval-
uate regular train service or exclusive-use trains and numbers of casks.
Into that evaluation was factored the number of casks per shipment, dynamics
of canister Inventory at TMI, safety considerations, duration of the trans-
port campaign, and costs and schedules at TMI and INEL. The strategy se-
lected Involved using two casks, exclusive train service by Conrail and Union
Pacific Railroad, one cask per train, and approximately 20 round trips be-
tween TMI and INEL per cask.

Receipt and Storage

After the rail cask 1s received at Central Facilities Area (CFA) of
INEL, the overpacks are removed and stored. The gantry crane transfers the
cask from the railcar to the truck transporter (Figure 8). After transfer,
the cask 1s hauled slowly to the Hot Shop of TAN-607 at INEL.

In the Hot Shop, after the cask has been rotated to vertical, tested
for internal airborne contamination, and opened, all operations Involving
manipulation of canisters are conducted remotely. Each canister Is withdrawn
from the cask, conveyed to the Vestibule of the Water Pit, and lowered into
a storage module situated atop an underwater pool cart. Each module holds
a maximum of six canisters. When a module 1s full, each canister 1s vented
and filled with demineralized water. Then, the module is'conveyed to the
Water Pit, where modules simply are placed together In rows, forming a stor-
age rack. Computer analysis of a module has shown 1t to be seismically sta-
ble and critical 1ty safe 1n all accident orientations. Once each module Is
1n place, a vent line Is connected to each canister.

Storage of TMI core debris at INEL Is planned for as long as 30 years.
That means all storage equipment, Including the canisters, must endure the
environment of the Water Pit for 30 years minimum, and stored canisters must
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Figure 6. One-quarter scale model of NuPac 125-B Rail Cask during drop test
at Sandia National Laboratories.
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Figure 8. Preparing to transfer the rail cask without overpacks from the
railcar to the truck transporter using gantry crane at INEL.

be criticalHy safe under routine situations during that period. About the
only maintenance anticipated on hardware will be replacement of seals In the
connectors and fittings 1n the heads of canisters.

LESSONS LEARNED

Important lessons were learned while resolving challenges at TMI and
INEL; moreover, others are being learned dally as defuellng of the TMI-2
reactor progresses. Some lessons have widespread value and utility for the
Industry at large and for the regulatory agencies. For example, early 1n
the TMI-2 program 1t was realized that Interfacing equipment with facilities
at TMI would be complicated; therefore, Intensive and continuous planning,
combined with close cooperation between competing organizations at TMI, even-
tually produced hardware, software, and facility modifications which meshed
smoothly. Technical accomplishments at TMI demonstrate that early recogni-
tion of complexities followed by detailed planning can resolve perplexing
questions. Moreover, resolving complexities like those at TMI Is dependent
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1n large on establishing and maintaining close Interfaces with federal and
state agencies (particularly regulatory organizations), the utility and Its
many contractors, and outside Interests.

In dealing with the regulator, 1t was prudent to respond 1n ways which
did not challenge regulations. Wherever possible, the TMI-2 Program Involved
the regulator In Interpretation of guidelines and demonstrated how conserva-
tive assumptions met regulatory requirements. And when 1t was realized that
a testing program for certain hardware would shorten review processes, devel-
oping such a program and quickly seeing It through to completion 1n support
of the license application was effective management. The TMI-2 Program,
following advice of the regulator, made only one application In licensing
the NuPac 125-B Rail Cask. That single submittal avoided the pitfall of al-
tering courses of action which sometimes accompanies multiple submittals.

Other lessons learned Included (a) whenever possible, assumptions were
validated (time and dollars spent examining the core of Unit 2, for example,
paid off many times, not only 1n determining how best to remove the damaged
fuel, but how to handle, transport, and store It); (b) technical assessment
and evaluations by Independent groups proved useful, both 1n reviewing and
gaining consensus and support from participants, technical and political com-
munities, and review/regulatory organizations; (c) most Issues related to
TMI-2 were more Institutionally complex than technically complex [for exam-
pit1, transporting the rail cask from TMI to East St. Louis (111.) by the
quickest and most direct route necessitated negotiating exclusive use train
service with Conrail; that Increased costs but reduced the transportation
time by Conrail from 13 days to 3 days maximum], and (d) comment and advice
was received from elected officials from all levels of government (each com-
ment and piece of advice was responded to promptly and responsibly by appro-
priate members of the Program).

BENEFITS

Many benefits have been and are being derived from TMI. Feasibility
and economic evaluations will have been made of dry loading of nuclear fuel
In the transport cycle from reactor to storage facility and/or terminal re-
pository. New types of hardware (canisters, fuel transfer cask, and related
equipment) are available for manipulating containers filled with damaged
fuel. The nuclear Industry and government now have a rail cask which pro-
vides double containment of damaged fuel; and acquisition of the NuPac 125-B
Rail Cask shows that cask procurement and licensing periods can be shortened.
Incidentally, acquisition of that cask 1s the road map through the maze of
Institutional 1ssues--not technical ones. The significance 1s not In
designing/building a new cask, but 1n addressing Institutional Issues. And
finally, the scientific community will have a resource (core debris, samples,
core bores) available at INEL for future examination and research. Because
of those benefits, TMI can be recognized as an experiment whose usefulness
lies 1n benchmarking safety codes predicting reactor behavior during tran-
sients, and which Indirectly will reduce the risks of a reoccurrence In the
Western world.
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CONCLUSIONS

In conclusion, technical challenges discussed 1n this paper were met
within the present regulatory framework and guidelines because the federal
entitles, government contractors, and many private Industries Involved had
the resolve to openly discuss Issues confronting all participants. Open dia-
logue was Initiated early In the project, when 1t was realized that Inter-
facing equipment with facilities at TNI would be complicated. Dialogue was
continued throughout the project and will continue until all core debris Is
loaded safely Into canisters, transported to Idaho, and stored at INEL.
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ABSTRACT

This paper presents the results obtained during the operation by
Cogema of the AVM facility at Marcoule, which has vitrified fission
products since 1978. It also describes the main features of the six
vitrification lines under construction by SGN at La Hague (R7 and
T7 facilities). The major directions of the R & D work currently
performed by the CEA at Marcoule for the future vitrification
facilities are indicated.

INTRODUCTION

After the extensive R <5c D work performed by the French Atomic Energy Commission
(CEA) on the conditioning of high level radioactive wastes resulting from reprocessing,
it was decided that these wastes would be vitrified prior to final disposal. A
vitrification facility (AVM) was constructed by SGN at Marcoule and has been operated
by Cogema since 1978. It has vitrified more than 1,000 m3 of fission product solutions.

SGN is now building six new vitrification lines at La Hague, in two facilities called R7
and T7. They include several significant improvements with respect to AVM.

In the meantime, the CEA is developing new processes and equipment for the future
vitrification plants.

THE AVM FACILITY AT MARCOULE : EIGHT YEARS OF INDUSTRIAL
OPERATING EXPERIENCE

The Marcoule vitrification facility (AVM), operated by Cqgema, is located in southern
France along the Rhdne River. This facility has been designed for the vitrification of
high-level radioactive wastes mainly resulting from the reprocessing of gas-cooled
reactor fuels. Other types of fission product solutions from various fuels are also
vitrified in this facility.

The quality of the end product and the technology of main items of equipment are the
result of CEA research and development work. SGN was in charge or the design and
construction.

Active commissioning took place in June 1978.
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Description of the process

Process

After analysis and adjusting, the fission product acid solutions from the Marcoule
reprocessing plant (UP1) are sent to a rotary calciner where they are evaporated.
Nitrates are transformed into oxides and the calcine obtained is mixed with
borosilicate glass frit. This mixture is raised to a temperature of 1,150 C in an
induction heated melting pot. Inside the melting pot the glass is continuously prepared
and refined. Pourings are performed every 8 hours in a refractory steel canister. Each
canister with a 150 liter volume receives 3 pourings.

At the end of filling, a lid is welded onto the canister by means of a plasma torch.
After external decontamination with pressurized water (200 bar), the canister is
transferred to an air-cooled interim storage facility.

As calcining produces dust, the gas and vapor leaving the calciner are successively
purified in a deduster, a condenser, an absorption column, and a washing column.

The gas undergoes several filtrations on high-efficiency filters before being released
into the environment.

The most active gas washing solutions are recycled to the calciner, the less active ones
are transferred to the reprocessing plant.

Facility lay-out

The calcining, melting, lid welding and gas treatment units including the condenser are
placed in a single cell which constitutes the heart of the facility. In this cell all
equipment can be operated remotely by means of a 20 kN crane and master-slave
manipulators.

The canister washing cell is placed under the above mentioned cell. The storage area is
located to the south of this cell. The canisters are transferred from the washing cell to
the storage well by means of a shielded cask transported with a 350 kN overhead
crane.

Operation results

Nature of solutions treated

All vitrified solutions results from the reprocessing in UP1 of Sicral fuels from civil or
military gas-cooled reactors or of various other fuels.

Production

Since the active commissioning of the facility in June 1978, and up to July 1986, 1,106
m3 of solutions representing 200 x 106 curies have been vitrified; 1,412 casnisters and
490 tons of glass have been stored in pits.

Technology

The lifetime of active equipment in the facility generally corresponds to the estimated
lifetime.

The main replacement operations have concerned :

- the recycling pot (3 times)
- the deduster (3 times)
- the condenser (once)

These replacements of welded equipment were mainly due to corrosion. The calciner
tube, tSie driving motor and an inductor also had to be replaced once.
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It should moreover be noted that the melting pots made in Inconei 601, whose initial
lifetime was 2,000 hours, have benefited from technological improvements extending
this lifetime to 5,000 and even 6,000 hours.

Maintenance - Waste production

The efficiency of remote maintenance equipment has been confirmed over the years of
operation. This mainly concerns the remote manipulators and 20 kN crane (2 ton
capacity).

Since 1978, all exceptional in-cell maintenance operations have been performed
without major difficulty, thanks to the facility design, the precautions taken for
inactive testing and to the use of jigs enabling the equipment to be checked before
introduction into the cell.

The crane has operated normally since 1978.However, its design calls for special
maintenance because neither the mechanical nor the electric elements can be
remotely replaced on this model.

The replacement of this crane is scheduled for 1986.

The technological wastes resulting from exceptional in-cell maintenance operations
are cut and placed into canisters similar to the glass canisters. They are then
temporarily stored in wells provided for that purpose in the storage pits.

The canisters represent a volume equal to 5% of the volume of glass stored.

Safety

With respect to safety, the protective features installed and the preparation of the
exceptional maintenance operations have enabled the integrated doses received by the
personnel to be maintained at a relatively low level. For example, in 1985, the dose
equivalent received by the 27 operators working in the AVM and ensuring the operation
or the fission product liquid storage facility was lower than 9 man-mSv (0.9 man-rem).

The gaseous releases, around 30 MBq per year (800 pCi/year), represent a very low
percentage of discharge limits authorized tor the Marcoule facilities by the French
Ministry of Health.

The activity discharged in the liquids is approximately 203 Ci/year. After treatment in
the site treatment unit, the percentage or AVM facility releases in the discharge limits
authorized for Marcoule is reduced to 2 Ci/year. This value also represents a low
percentage of annual authorizations.

THE LA HAGUE VITRIFICATION FACILITIES

General

Two vitrification facilities, R7 and T7, are under construction at La Hague, near
Cherbourg in France.

R7 will vitrify the backlog of fission products (about 600 m3) from the reprocessing
plant under operation, which is being expanded. When the extension is completed, the
future plant, called UP2 800, will have a 800 tU/year reprocessing capacity for light
water reactors fuels. R7 will also vitrify the fission products resulting from UP2 800
operation.

T7 will vitrify the fission products resulting from the future UP3 plant also under
construction at La Hague. This plant will reprocess foreign fuels from light water
reactors. Its reprocessing capacity will be 800 tU/year.

R7 and T7 are two almost identical facilities. Each facility consists of 3 vitrification
lines and has a glass production rate of about 90 kg/h.

Each facility has a storage capacity of 4,500 glass containers.
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In addition to the fission product solutions, the R7 and T7 facilities will vitrify :

- insoluble compounds called dissolution fines resulting from clarification subsequent
to the dissolution of spent fuel,

- active sodium-rich solutions coming

from solvents following treatment by sodium carbonate or from evaporator rinsing at
completion of the concentration cycle.

Lay-out

Within each facility building, there are 3 independent parallel vitrification cells. All
the other active cells are common to the 3 vitrification lines.

The main active cells (shown in Fig. 1) are :

• The fission products cell. It contains six 20 m3 stainless steel tanks with mechanical
stirrers. The active solutions are fed into the tank, adjusted and sampled.

• The vitrification cells (3 parallel cells).

Each cell contains a metering wheel to feed the active solutions, a rotating calciner, a
melter with an induction-heated crucible, and the primary off-gas treatment system
including a dust scrubber made of zirconium, and a condenser.

• The pouring cell, containing three pouring stations.

Each pouring station consists of :

- an elevating table which lifts the container just beneath the pouring nozzle of the
melter crucible, and lowers it after pouring,

- a turn-table, and

- a lid placing machine.

• The cooling-welding-monitoring cell

After a cooling period, the welding machine welds the lid into the top of the container
with a plasma torch.

The container contamination is then monitored by a robot with a smear brush at the
end of its arm. The complete external surface or the containers is smeared and the
brush activity is monitored in a chamber. If no contamination is detected (i.e., < 10-4
Ci/m2). the container is transferred to the interim glass storage area inside a special
cask. If contamination is detected, the container is transferred to the decontamination
cell.

• The decontamination cell, containing two mobile tanks :one for the glass containers,
the other for solid waste containers. Decontamination is performed inside the tanks
with water or acid at about 250 bar.

• The second monitoring cell contains a robot identical to that installed in the first
monitoring cell. If no contamination is detected, the container is transferred to the
interim glass storage area inside the special cask. Otherwise, the container is sent
back to the decontamination cell.

• The dismantling cell is equipped with master-slave manipulators, a saw, and specific
tools to dismantle and decontaminate worn equipment. This equipment is eventually
introduced in containers identical to the glass containers.
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Improvements

The R7 and T7 facilities include significant improvements compared to the AVM
facility at Marcoule. They relate to process, safety, operation and maintenance :

• A better separation of the various functions into different cells. At the AVM facility,
the functions performed in the vitrification cell include calcination, melting, pouring,
lid welding, primary off-gas treatment, and dismantling of worn equipment. The later
function in particular induces a significant contamination inside the cell. At R7 and
T7, the dismantling of worn equipment will be performed in a separate cell, as well as
pouring and lid welding .The contamination level of the glass container is therefore
expected to be much lower than that observed at AVM and no decontamination should
be required prior to transfer to a storage facility.

• An increasing capacity of the calciner and the melter :

- The water evaporation capacity of the calciner was increased from 40 l.h-1 to
60 l.h-1.

The dimensions of the rotating tube were increased, as well as the electrical power of
the four heating zones :

Inside diameter from 25 cm to 30 cm
Heated length from 2.5 to 3 m
Electrical power from 60 kW to 90 kW

- The glass production rate was also increased from 15 to 30 kg/h. The geometry of the
metallic crucible made of Inconel 601 was optimized, as well as the frequency of the
heating induction current.
Geometry and ( Cylinder Oval

dimensions of J h = 1.70m h = 0.95m

the crucible 0 = 0.35m Lxl =
k 1.00x0.35m

Glass pouring 1 nozzle 2 nozzles
Heating induction
current
frequency 10 kHz 4kHz
Installed power 100 kW 200 kW

A prototype of the new calciner and melter with the associated off-gas

treatment unit was built at Marcoule by the CEA. It started operation in 1982 and has
since been operated for almost 5,000 hours by the CEA ; about 200 m3 of simulated
solutions were vitrified into about 90 tons of glass obtained with 450 pourings of 200 kg
each.

Figure 2 shows this prototype which played an important role in demonstrating
feasibility, checking equipment reliability, and also in defining the acceptable ranges
for operational parameters to obtain a glass with the best retention quality.

• The facilities will be remotely operated from control rooms. Operators will work
with microprocessors, colour screens and front desks. A complementary computer
system will have the exclusive function of filing data.However, local control desks are

?royided for each main item of equipment. Should the control room be inoperative, the
acilities could still be operated from these control desks.

• A new type of polar and modular crane will be used inside the active cells. Polar
refers to the fact that the crane has a rotating horizontal arm ;this allows the width
between the rails to be reduced and thereby the size and cost of the shielded doors
between the active cells and the hoist parks. Modular refers to the fact that all the
main functions of the crane are performed by modules which, in case of failure, can
easily be replaced in the hoist park, by remote operation.
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Control of operating conditions and final product quality

A systematic study, both theoretical and experimental, was conducted by the CEA to
guarantee the retention quality of the final product with the help of process
parameters.

To the concept of "feeding solution ready to be vitrified", taking into account the
control and monitoring of the composition of the products used in the process, is being
added the concept of "glass ready to be poured" taking into account all the parameters
involved in glass production, such as residence time in the crucible and crucible wall
temperatures.

On the inactive prototype, glass was produced with operating parameters at the limit
of the acceptable ranges, in order to check, in laboratory, the glass quality from
samples taken either during or after pouring. An example of a fault tree used for
examination of all the parameters is shown in Figure 3.

This study enabled determination of the acceptable ranges of the process operating
parameters. It also demonstrated the flexibility of the process, which can keep the
glass composition within a rather small range, and also the flexibility of the glass
material itself with retention properties varying little in a rather large composition
range.

In addition to this study, measurements of the fracturation state of the glass inside the
container for different cooling conditions were conducted and are still under progress.

PRESENT R & D WORK

These R & D objectives are long-term orientated, since they do not concern the
vitrification facilities under construction at La Hague.

• Increase of capacity

With respect to the increase of process evaporation capacity, two main options are
envisaged :

- install a small evaporator upstream from the calciner ; this would easily double the
production capacity. Tests have already been performed with continuous evaporators
(thermosiphon type).

- replace the resistance heaters of the furnace around the tube by an induction heating
system with semicylindrical inductors for easy remote maintenance.

Encouraging tests have already been performed with the 25 cm diameter calciner tube.
In addition to improved operation flexibility, an increase of more than 50 % in the
capacity could easily be achieved.

• New type of melter

With respect to the increase of glass production, main efforts are directed towards
auto-crucible melting in metallic water-cooled structures, using direct induction in the
glass with a frequency of about one hundred kHz ; in addition to the increase of
capacity, this solution also enables glass temperatures of 1,300 C, even 1,400 C if
desired, to be reached.

• PIVER II project

This new project, called PIVER II, has already started ; it has three major objectives :

- to vitrify the fission product solutions resulting from the future reprocessing of fast
breeder reactors (TOR project). The TOR building is already connected to the fission
product storage facility near PIVER,

- to provide the CEA's R &. D team a complete facility for continuous vitrification to
prepare glass with high-level fission products for experimental purposes or for
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characterization study from special solutions containing, for example, fines resulting
from fuel dissolution.

- to qualify, under active conditions, new equipment such as high a temperature
melter, an induction-heated calciner, welding apparatus, new container
decontamination system, etc.

This project is called PIVER II because the new equipment will be instated and tested
in the PIVER cell. The decontamination and dismantling of this cell are progressing.
The additional civil works required are also under way. Start-up of this facility is
anticipated for 1992.

Figure 3 : Except from glass quality fault tree
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CONCLUSION

The Marcoule vitrification facility (AVM) has been operating satisfactorily since 1978
and has enabled a considerable reduction of the backlog or fission product solutions
produced since Marcoule reprocessing plant commissioning in 1957. The production
schedule has been met regularly with no adverse effects on the environment and under
working condition entirely satisfactory for all personnel.

This satisfactory experience resulting from AVM operation, the extensive R & D
performed on a prototype facility, and the close collaboration between CEA, Cogema
and SGN justify confidence in the future proper operation of the two vitrification
facilities under construction at La Hague and also of the WVP facility under
construction at Sellafield (UK), using the same process.
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Figure 1: Artist view ofR7 vitrification facility
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Figwe 2 : Prototype facillity for the equipment to be used at La Hague vitrification pants
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ABSTRACT

The Windscale Vitrification Plant receives highly active
liquid waste, which has been conditioned for the
vitrification process, from a tank storage complex. The
plant provides facilities for feeding forward, calcination,
melting, glass pouring, container lid welding, container
decontamination, container monitoring and product storage.
These mainstream activities are supported by other
facilities for off-gas treatment, liquid effluents,
inactive feeds and remote replacement of certain process
plant. This paper briefly describes the process, the
plant, the background history and some of the development
and constructional aspects.

INTRODUCTION

The reprocessing of spent nuclear fuel at Sellafield by nitric acid
dissolution and solvent extraction gives rise to a highly active liquid
waste (HLW). This waste stream contains practically all of the fission
products, neptunium and transplutonium elements present in the irradiated
fuel as well as traces of plutonium and uranium. At present the HLW stream
is concentrated by evaporation and is stored in specially designed stainless
steel tanks. Although tank storage under properly chosen conditions is a
proven safe technique, this cannot be the ultimate solution to highly
active waste management. A tank storage system is costly, requires
maintenance and surveillance over long periods of time and the waste
remains in an inherently mobile form. It has been internationally
recognised that conversion of the HLW to a solid form would give advantages
in safety, economy, handling convenience and stability for both transport-
ation and ultimate disposal.

BNFL will solidify the HLW at Sellafield using a borosilicate glass
formulation. This particular form of solid was selected after a full
comparison of the available processes, taking into account the availability
of industrial scale technology which would enable the objective of
implementation before the end of the present decade to be achieved. The
Windscale Vitrification Plant (WVP) and associated Vitrified Product Store
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(VPS), currently under construction, will have the capacity not only to
treat the arisings from the Magnox and THORP reprocessing plants but also
to process the present backlog of stored HLW.

HLW Storage

The aqueous raffinate from the first extraction cycle of a fuel
reprocessing plant has an original volume of up to 5m /te of uranium. It
is concentrated by evaporation typically to about 50 1/te U for Magnox
and 150-250 1/te U for thermal oxide fuel waste, This concentrate and the
residues of the evaporated raffinates from further extraction cycles or
other reprocessing plants will be transferred to the solidification plant
of the reprocessing site. The liquors, which contain suspended solids,
are about 1.5M in nitric acid and have a specific activity level of
typically 1600 Ci per litre.

The WVP Process

A number of vitrification processes have been developed however in
late 1979 a detailed comparison of the HARVEST and AVM (Atelier de
Vitrification de Marcoule) indicated that whereats both could be developed
to an industrial scale, the latter could be developed more rapidly and
would result in a smaller number of high active storage tanks. A decision
was taken by BNFL in early 1980 to adapt the French process. The WVP
consists of two vitrification lines based on the continuous AVM process
with some services common to both lines. Under the terms of a contract
between BNFL and SGN (a subsidiary of Cogema), SGN is undertaking the
design and procurement of the process equipment for the calcination and
melting steps of the process. The main steps in the process are shown in
Figure 1 which consists of the following operations:

HLW preparation
Transfer feed to calciner
HLW feed to calciner
Calcination arid associated off-gas treatment
Melting and pouring
Welding of container lid
Decontamination and monitoring of product container
Transfer container to store

The preparation of the HLW feed takes place in two high active storage
tanks which are equipped to enable transfer of liquid to WVP. The HLW
selected for a vitrification campaign is transferred to the appropriate
tank and prepared for WVP by the addition of a controlled volume of lithium
nitrate solution. Lithium nitrate is required to ensure adequate
reactivity of the calcined HLW at the melting stage. The prepared feed is
characterised by sampling and analysis before being fed forward to WVP.

The prepared HLW feed is transferred to WVP by pipebridge in batches
of about 10 m to the feed vessels in WVP. Two feed vessels are provided
each capable of feeding either vitrification line.
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A constant volume feeder is used to
meter the flow of HLW to the calciner.
Other feeds to the calciner are effluent
recycle liquor from the dust scrubber,
sugar solution to give good calcine
granulometry, additional lithium nitrate
and dilution water. Individual flow
rates are selected to suit the HLW
analysis and production rate for the
line.

The calciner consists of a stain-
less steel tube inclined at a slight
angle and rotated inside an electrical
resistance heated furnace. The calciner
is supported at each end by roller
bearings and special air tight seals;.
As the HLW flows down the calciner it
is successively evaporated, dried and
partially denitrated. The dry powder
produced (calcine) is continuously
discharged by gravity directed into the
melting pot. A loose bar (the rabblebar)
is fitted inside the calciner to break
up the particles and to help prevent the
build up of material on the wall.

Highly active Calcination
liquid waste additives

F««d control

Oil-gas equipment
Scrubbers
Condensers
Ellluenl Treatment

Melter

Surface Lid
decontamination W«4ding

Container
lor glass

Fig. 1 WVP Process

The primary off gas system comprises a dust scrubber column, a tube
condenser and a bubble cap scrubber column for nitrogen oxide removal.
This is followed by tre secondary off gas comprising a scrubber column,
electrostatic precipitaH-ors and high efficiency filters. The function of
the off gas system is to reduce the nitrogen oxides and radioactive
emission of the effluent to below the authorised discharge limit.

The melter furnace is inductively heated and is controlled at a
temperature of about 1100 C. Glass frit is fed in controlled batches to
the lower end of the calciner where it falls by gravity with the calcine
into the melter. The calcine and glass feed rates are such that, typically,
25 per cent w/w incorporation of the waste as oxides in the vitrified
product is achieved. As the level of vitrified waste in the melter reaches
a pre—determined point, an induction heated 'freeze valve1 at the base of
the melter is activated and the molten glass is cast into the product
container placed beneath the melter. This pouring stage takes place
approximately every eight hours and each product container can accommodate
two pours from the melter.

Further development of the AVM calciner and melter has been carried
out in France and improved capacity has been achieved. The calciner
performance has been improved by 50% and the melter by 67%. This improved
equipment is being installed in the two vitrification plants at La Hague.
The first of which is known as AVH (Atelier de Vitrification de la Hague)
and consists of three vitrification lines and is currently under
construction. The second plant also consists of three lines but is at an
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earlier stage of construction. WVP will also use the improved AVH equipment.

The glass container (1.3m high by 0.42m diameter) holds about 150
litres of vitrified product and has a total weight of about 470 kg. The
glass container is held in a pre-heat furnace to maintain a temperature of
about 500 C before and during pouring. This minimises thermal shock on the
glass and ensures that successive pours adhere to one another giving a
cohesive single block of glass. After filling, the container is lowered
from the pre heat furnace and is allowed to cool. A lid is then loosely
fitted and the container and lid completely sealed by an automatic fusion
welding technique. Here the container is placed in a decontamination
vessel where high pressure water or dilute nitric acid is used to remove
loose contamination of the external surfaces. After decontamination the
container is monitored and if sufficiently decontaminated is placed in a
transfer flask and the flask transferred to the Vitrified Product Store
which is adjacent to WVP.

The main process plant items will require periodic maintenance and
replacement. Each vitrification line will have its own purpose built
maintenance facilities (the breakdown and maintenance cell). The HLW
liquor feed metering equipment, the calciner, the melter pot and the
primary off-gas treatment equipment are remotely replaceable by means of
a bridge crane, special tools and master slave manipulators.

A maximum production rate of the two lines in WVP is equal to about
21 containers per week and the total annual output is expected to be 600
containers.

WVP Layout

The layout of the two vitrification lines in WVP is shown in Figures
2 and 3. The plant can conveniently be separated into cells containing
the main process equipment as follows:

HLW and effluent tanks cell which is a single cell serving either
vitrification line and contains two 13m capacity feed vessels and two
HA effluent tanks.

Two vitrification cells, each containing a HAL feed CVF, seal pot,
confluent pot, calciner, melter and dust scrubber,

A breakdown cell connected directly to each vitrification cell by a
diaphragm door, to the pouring cell by trap door and to the decontamination
cell by trap door. Equipment for the remote maintenance of equipment,
dismantling, activity monitoring, cutting and packaging of waste is
provided in each cell.

A pouring cell connected to each vitrification cell which contains an
elevating table to transfer empty product containers from a carousel to
the pouring position under the melter. The container is filled from the
melter through a diaphragm joint separating the vitrification and pouring
cells. Lid placing, cooling stations and lid welding equipment is also
provided.
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A decontamination ce.ll coirv-jn to both vitrification lines and
contains a high pressure wash decontamination tank which traverses on rails
from the post down facility from each pouring cell and each breakdown cell
to a post up facility in the control cell.

A common control cell containing a sealed product container post from
the decontamination cell, a smear test machine to externally swab the
container, a pneumatic swab transfer system to present the swab to an
external monitoring system and a gamma gate located in the roof for
flasking out product containers to the Vitrified Product Store.

In addition, a number of cells containing the LA effluent system, NOX
scrubbers, hoist parks/module change areas, secondary off-gas treatment
equipment and filters are provided. The chemical plant is controlled
from a central control room.

Vitrified Product Store

The filled product containers are
transferred by flask to the Vitrified
Product Store (VPS) which is adjacent
to WVP. In VPS the containers are
stacked up to 10 high in carbon
steel thimble tubes which are sealed
at the base. The air flow removes
heat from the outer surface of the
thimble tube and since there is no
direct contact with the containers it is
intended to operate the store using
natural convection and no filtration.
VPS will consist of four compartments,
the first of which will be equipped to
operate with outlet air filtration
(ie with fans) in order to demonstrate
that very low activity discharges can
be achieved with the store design.

A typical section through a VPS
compartment is shown in Figure 4. Each
compartment has an air inlet at the
base of one side and an air outlet
directly opposite at the top of the
other side. The channel assembly is
supported above the base slab to
provide an air inlet distribution
manifold and will terminate below the
charge floor to provide an outlet
manifold. The cooling air thus flows
horizontally into the compartment,
vertically through the channel assembly,
horizontally to the outlet duct prior
to the discharge stack.

-r-fr-H-

FtgA Typical Section through Product
Storage Compartment
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An export facility will be provided adjacent to the store to enable the
product containers to be loaded into a suitable transport flask for the
return of residues to Overseas Customers.

The external building of WVP is a steel frame structure clad with
panels consisting of an outer skin of folded aluminium and an inner skin of
folded mild steel containing about 35mm of insulating material. This
structure is approximately 64 m long by 38 m wide by 40 m high and contains
about 1500 te of structural steel. Suitable access routes for the subse-
quent construction and installation work are incorporated in the design
and the subsequent construction work is served by four overhead cranes.
The building sheel was completed in August 1983 and the process cells are
currently under construction within this shell.

The main advantages of using a building shell is that the time lost
due to bad weather is reduced to a minimum. This method of construction
also enabled work on the site to commence about 12 months earlier than
would otherwise be possible due to earlier definition of the outer
envelope than the cells. The civil work programme is extended by using
this construction method, however, this is more than compensated for by
the earlier start of the mechanical work eg the installation of cell
linings.

The cells are constructed using concrete precast units, fabricated
off-site, which incorporates liner supports for the later installation of
the stainless steel liners in the cells. The reinforcing neceessary to
meet the required seismic criteria is placed between the precast units
when these have been correctly positioned. The remaining space is then
filled with concrete or special heavy concretes (eg barytes or iron shot)
according to the radiation shielding required. About 600 individual
precast units will be used for the HLW feeding and vitrification cells in
WVP. A total of about 3000 te of structural steel is used for floors and
secondary steelwork and 20000 cubic metres of reinforced concrete will be
used in the construction.

The major benefit from this construction method is the ability to
construct the precast units off-site under carefully controlled conditions
with good surface finish and precast liner supports. The limitations of
the technique are that less space is available for the reinforcing steel
in the structure and the requirement to specify design features such as
wall penetrations, at an earlier stage than for normal construction
methods.

The design of WVP has made considerable use of Computer Aided Design,
in particular a Plant Design Management System (PDMS) which has led to the
production of a three dimensional electronic model for critical areas of
pipework and plant. The principle benefits are the dimensional accuracy,
freedom from crashes during construction and a more reliable material
schedule for procurement and monitoring purposes.

Special consideration was given to installation detail in the pipework
intensive areas including the provision of permanent access platforms and
the pre-planning cf field weld positions. The CAD outputs provided
information which could be directly used for pipework manipulation by CNC
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bending machine.

On site welding has been planned to permit intensive use of mechanised
(orbital) welding and the use of the BNFL patented consumable socket ring
is proving valuable.

WVP Development Programme

The vitrification process requires the use of complex mechanical plant
operating in high temperature and radiation fields. To this end the HLW
feed metering equipment, calciner, melter primary off gas system and all
the container handling devices etc are designed to be remotely replaceable
using remote couplings, a bridge crane, special tools and master slave
manipulators.

The overall objectives of the engineering and process development
programme are:

To optimise the process for the vitrification of wastes;

To demonstrate the procedures necessary for operation and maintenance
of the vitrification plant;

To provide sufficient data to assure the programmed start up of the
vitrification plant and to give a high degree of confidence in achieving
the design plant availability;

To fully quantify the properties of residue (that is to say the
complete package of waste in its sealed container);

To train process and maintenance staff in the operations of the
vitrification plant.

Implicit in these objectives is the complete replication, at full
scale, of the main features of the plant. In 1981 BNFL placed contracts
for the design and construction of a full scale inactive facility (FSIF);
its construction was to be in two stages:

FSIF Phase I - a full scale replica of the highly active vitrification
cell comprising all the incell items, pipework, control systems etc
contained behind mock shielding walls and fitted with windows and manipul-
ators for remote handling trials;

FSIF Phase 2 - a full scale replication of all the product container
handling equipment, again contained behind mock shielding walls fitted
with manipulators and windows.

Construction and commissioning of FSIF Phase 1 and 2 is complete.

The objectives of the glass technology development programme are:

To modify the well characterised Fingal and Harvest glass formulations
for use in the continuous WVP process;
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To establish the maximum waste incorporation levels, the manufacturing
behaviour, reaction kinetics, viscosity and stability of the candidate
glasses;

To establish the limit for suitable glass formulation in the candidate
glass and thereby define the flowsheet tolerances;

To characterise the thermal stability of the glass after pouring;

To provide a support service to FSIF operations.

A new suite of glass technology laboratories has been commissioned
for the glass technology development work.

The product glass formulation must both satisfy the needs of the
process and give the desired product qualities. Demands of the process
include the ease of manufacture of the product, the aggressive nature of
the molten product towards the melter crucible, the reaction kinetics in
the melter, the ability to flow easily from the melter and to reform the
freeze valve on completion of the pouring operation, and the degree of
plant control necessary to produce consistently a product of acceptable
quality. Product qualities required are primarily chemical, thermal and
radiation stability.

The formulation of a candidate glass for the WVP is an evolutionary
process from laboratory scale, through pilot scale to full scale applic-
ation. The laboratory scale glass technology studies cover a wide range
of basic development, selecting suitable glass formulations for the
incorporation of both existing and future HLW and also the characterisation
of the glass product. Once the basic candidate glasses have been identified
they are subjected to testing on the pilot scale melter where the availa-
bility of melt sizes up to 20 kg allows for the evaluation of scale-up
effects. In conjunction with the melter studies the pilot scale calciner
is used to optimise the flowsheet with regard to the nature and
concentration of calcination additives. Calcines produced in the pilot
scale calciner are also fed back into the laboratory studies to aid the
glass selection. The results of these studies allow the selection of
suitable candidate glasses for testing at full scale in the FSIF.

Once the fullscale flowsheet has been produced based on lab and pilot
scale it is tested in the FSIF and the product from the fullscale equipment
is compared with those produced under similar conditions at laboratory
and pilot scale.

On completion of all the FSIF trials it is then possible to assess
all the samples produced under various conditions and to formulate a
product specification and to assign control values to the several operating
parameters. The culmination of all this development work is the WVP flow-
sheet

Conclusion

The construction of WVP is now proceeding well. At the time of
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writing (August 1986) the civil works for the liquid handling end of the
plant is complete and the mechanical installation for the same area should
be complete in early 1987. The concrete cell work is also complete for
the remainder and. mechanical installation is now proceeding. A comprehen-
sive inactive testing phase is planned and active start-up is forecast for
early 1990.
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HANFORD WASTE VITRIFICATION PLANT PROJECT
AN OVERVIEW

R. N. Gurley, J. M. Henderson, K. R. Shah and J. L Scott
Rockwell Hanford Operations

and

C. R. Allen
Pacific Northwest Laboratory

ABSTRACT

Rockwell Hanford Operations, a prime operating contractor
to the United States Department of Energy, has the lead
responsibility for the development, design, construction,
and operation of the Hanford Waste Vitrification Plant
(HWVP). The HWVP is planned to vitrify existing and
future liquid high-level wastes produced by defense
activities at the Site. The Pacific Northwest Laboratory
(PNL) of Battelle Memorial Institute has the support
responsibility for providing technology for the waste
form and the vitrification system to be utilized in the
HWVP. The focus of this paper is on the Vitrification
Process and the Design aspects of the HWVP. At the
present time, the HWVP is proceeding with Reference Con-
ceptual Design. Definitive design for the HWVP is
planned to start in FY 1988. Procurement and construc-
tion are planned to start in FY 1989 with hot startup
planned for FY 1996.

INTRODUCTION

Overview

Defense nuclear activities have been conducted by the United States at
Hanford for over forty (40) years. To date, none of the high-level wastes
have been processed for final disposal. The proposed HWVP will be the
nation's third facility which vitrifies high-level nuclear waste for dis-
posal. Disposal alternatives for Hanford Defense Waste are evaluated in the
draft Hanford Defense Waste-Environmental Impact Statement (HDW-EIS). The
HWVP is being designed to accommodate the HDW-EIS alternatives. It is sized
to handle double-wall tank waste, expandable to handle single-wall tank
waste, if required. Approximately 28 million gallons (lxlO^nr) of defense
waste, stored as liquids and sludges in underground double-wall tanks, will
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have been generated at Hanford by 1995. The HWVP (Figure 1) would immobi-
lize the high-activity fraction of the waste in borosilicate glass cast into
stainless steel canisters. Filled canisters would be stored at the Hanford
Site until a federal geologic repository is available for final disposal.

Figure 1. Hanford Waste Vitrification Plant (HWVP).

The HWVP Project includes development of the Vitrification Process and
the Design and Construction of the HWVP. The Vitrification Process activi-
ties include developing the glass formulations for the waste. The HWVP
would be designed for remote operations to receive and concentrate treated
waste streams, add glass formers and other chemicals, vitrify the waste in
borosilicate glass, pour the molten glass into stainless steel canisters,
and decontaminate, weld, and store the canisters. In addition, the HWVP
design activities would provide support facilities for safe, environmentally
sound, and efficient plant operations.

VITRIFICATION PROCESS

Waste Types

High-level wastes that would be stored in tanks at Hanford by 1995
will include PUREX first-cycle extraction waste (Neutralized Current Acid
Waste [NCAW]), Complexant Concentrate (CC), and Plutonium Finishing Plant
(PFP) wastes. These wastes, prior to vitrification, would be pretreated to
minimize the amount of waste requiring vitrification in the HWVP. Pre-
treatment will reduce the number of canisters, as well as provide low-level
effluents which would be sent to the Tank Farms for subsequent disposal
through the Hanford Grout Facility.

Current planning is based on the wastes resulting from pretreatment
being combined into two HWVP reference feed streams (NCAW and blended
CC/PFP).
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Waste Pretreatment

Waste pretreatment for the Hanford double-wall tank waste will be
conducted in the existing B-Plant at the Hanford Site. In B-Plant, NCAW
will pass through a settle-decant step to separate solids and supernate.
The separated solids will be washed and then sent to an HWVP feed storage
tank in the Tank Farms. The supernate from the NCAW will be clarified by
pneumatic bydropulse filtration and processed through ion exchange to
recover 1-*'Cs. The 137Cs fraction will then be combined with the wg
solids slurry to form the NCAW HWVP feed stream. Alternately, the
fraction can be processed into by-product 137Cs capsules.

cashed
137Cs

The pretreatment requirements for the double-wall tank CC/PFP wastes
are still in the early stages of conceptualization. The waste pretreatment
approach for the Hanford single-wall tank waste also is in an early stage
of development.

HANFORD WASTE VITRIFICATION PLANT DESIGN

Process

A diagram for waste vitrification in the HWVP is provided as
Figure 2. Thj dotted line delineates waste pretreatment activities in the
B-Plant, which are not part of the HWVP Project. The HWVP conceptual design
described below is based on the existing technology and designs from the
Defense Waste Processing Facility (DWPF) and PNL.

HWVP PROCESS DIAGRAM
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Figure 2. Process Flow Diagram.

The HWVP is comprised of major process systems: Feed Receipt and
Storage/Slurry Feed Preparation, Melter/Turntable, Canister Decontamination
and Inspection, Process Off-Gas, Canister Welding and Inspection, and
Canister Interim Storage.
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Feed Receipt and Storage System

The feed receipt and storage system will receive and store feed from
the Tank Farms. HWVP feed will be pumped from double-wall storage tanks in
the Tank Farms to the Receipt and Lag Storage Tank (RLST). In the tank, the
feed will be cooled and agitated. Feed will be batch transferred, as
required, to the Slurry Receipt and Adjustment Tank (SRAT) for processing.

Slurry Feed Preparation System

The slurry feed preparation system receives the feed from the RLST and
prepares a melter feed (see Figure 3).

9O°o FORMIC ACID ^ ^ _ ^ ^

TO RECYCLEWASHED SLUDGE
FROM RECEIPT AND
LAG STORAGE TANK

CONDENSATE TANK

FRIT-WATER FROM COLD FEED

FRIT-WATER FROM
DECONTAMINATION

U TT

CONDENSER

SLURRY
RECEIPT

ADJUST TANK
(SRAT)

OR TANK FARMS

CONDENSER

SLURRY
MIX

EVAPORATOR
(SME)

MELTER
FEED TANK

(MFT)

TO MELTER,

Figure 3. Slurry Feed System.

Feed will be batch transferred from the RLST to the SRAT as a slurry
where formic acid will be added at a controlled rate to react with the
carbonates, nitrites, some metal hydroxides, and other compounds to form
metal formates and to adjust the pH. After formic acid has been added, the
slurry will be refluxed to complete the conversion to metal formates, and
the slurry will be concentrated.

Formic acid-treated and partially concentrated feed will be batch
transferred from the SRAT to the Slurry Mix Evaporator (SME) where frit and
water that were used for canister decontamination will be added. Additional
frit needed for melter feed makeup will be added as a nonradioactive slurry.
After the frit additions, the slurry will be heated again for concentration
to the desired feed level.

Melter feed will then be batch transferred from the SME to the Melter
Feed Tank (MFT). The feed to the melter will be drawn off as a side stream
from each of two MFT pump recirculation loops.

Melter and Turntable System

Vitrification

The waste glass slurry will be vitrified at approximately 1150°C
(1,423 K) in a Joule-heated ceramic-lined melter. Development of this
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meiter concept was initiated by PNL beginning in 1973. Borosiiicate glass
production is well developed. The liquid-fed ceramic melter (LFCM) concept
is being utilized by the DWPF, the West Valley Demonstration Project (WVDP),
and a developmental Radioactive Liquid-Fed Ceramic Melter (RLFCM) now in
operation at PNL.

In LFCM operation, a slurry of waste solids and glass formers,
tailored to the waste composition, are continuously metered into the melter.
The elevated temperature of the molten pool in the melter vaporizes the
water in the slurry, causing the formation of a "cold cap" of oxides and
other chemicals over the pool. The effluent stream, containing gaseous and
particulate contaminants, is treated in the LFCM off-gas train which is
discussed later in this paper. At the LFCM operating temperatures, the
majority of the solids in the cold cap convert to oxides, which then
dissolve in the molten glass. Operating temperature in the HWVP melter is
maintained by the Joule-heating from an electrical current passed through
the molten inventory. The vitrified product is withdrawn by overflow
through a riser, supplemented as necessary by air lifting the product to the
overflow level. Air lifting permits continuous feeding of the melter and
maximizes the production of waste glass.

System

The melter receives the melter feed slurry producing a homogeneous
glass product. This vitreous product is transferred to a canister. The
canister cools in a turntable and is then transferred to the Canister
Decontamination and Inspection System. The design concept for the HWVP
Melter and Turntable System is shown in Figure 4. Table I provides melter
and turntable design information.

WATER COOLED FEED NOZZLES

MELTER OFFGAS

AIRLIFT

OVERFLOW HEATERS

REMOVABLE INSERT

BELLOWS SEAL

CANISTER ACCESS PORT

FILLED CANISTER

TURNTABLE ASSEMBLY

TV VIEWING

THERMOCOUPLES

ELECTRODE POWER PLUGS

LOAD CELL

GAMMA GLASS
LEVEL DETECTION SYSTEM

CELL WALL

TURNTABLE TANK

Figure 4. Preliminary Conceptual Design
for Melter and Turntable.
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TABLE I
HWVP MELTER AND TURNTABLE
SYSTEM DESIGN INFORMATION

ITEM

Nominal Melter Feed Rate

Nominal Melter Throughput

Nominal Annual Production

Waste Oxide in Glass

Startup

Canister

Canister Fill

Final Draining

Turntable

DESIGN INFORMATION

113 I hr"1

45 Kg hr"1

145 Canisters

25 wl. °b

Heater Insertion

0.6 M diameter x
3 M L 304 L SS

Air Lift-Spare Systerr. Provided
With Replaceable Heaters

Evacuaied Canister

One (four canisters): sealed to
the melter

The HWVP melter, which will be water cooled along the walls and floor,
has an Inconel 690 shell, dual overflow drains, feed ports, and 4 electrodes
(2 pairs). The melter refractories will consist of Alfrax 66, Alfrax 57,
fiberboard, Monofrax H, Monofrax K-3, Monofrax E and Zirmul. An alternating
current between the melter electrodes creates a Joule-heating effect to
maintain the glass temperature at approximately 1150°C (1,423 K). The
melter will be positioned above the turntable. The turntable will be a
sealed vessel connected to the melter overflow sections and vented to the
melting chamber to isolate the canisters from the cell.

An empty canister will be loaded into the four-position turntable
carousel through the canister access port. The empty canister will be
rotated to the fill position. When the filled canisters are rotated back
to the starting position, they will be removed from the turntable.

Canister Decontamination and Inspection System

The Canister Decontamination and Inspection System will receive the
canister from the melter cell. In the melter cell, a temporary closure
plug will be inserted into the canister neck in the Inner Canister Closure
(ICC) System. To do this, the canister neck will be heated between 150 and
200°C (423 K and 473 K) and the ICC plug will be inserted. The canister
neck will cool and shrink to form a watertight seal. The ICC plug will be
helium leak tested by pressurizing a container installed around the canister
neck, and monitoring the pressure. Following temporary closure, a prelimi-
nary low-pressure, water spray canister decontamination step will be com-
pleted. This will remove the loose contamination that would otherwise be
carried to the Canister Decontamination Cell (CDC).

Final canister decontamination will be done by air-injected wet
blasting with a frit slurry (230-320 Kg/canister) designed to reduce surface
smearable contamination levels to less than 220 dpm/100 crrr (<370 Bq m )
alpha and to less than 2,200 dpm/100 cm"2 (<3,700 Bq m"z) beta-gamma. After
frit blasting, the canister will be removed from the decontamination
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chamber and smear tested. A canister failing the smear test will be
returned to a second decontamination chamber for spot cleaning. Canisters
passing the smear test will be transferred to the Canister Welding and
Inspection Area. The slurry and rinse water used for canister decontami-
nation will be transferred to the Spent Frit Holding Tank (SFHT - part of
the Slurry Feed Preparation System).

Off-Gas Treatment System

The melter off-gas treatment system (Figure 5) will remove particu-
lates, chemically reactive gases, and radionuclides such that the HWVP
exhaust gas will meet the environmental release criteria. The system will
have a duplicate backup to ensure that environmental release criteria can
be met when the primary system is not operating.

The HWVP off-gas consists of noncondensable gases, particulates, and
condensable gases. Up to one percent of the melter feed components may be
entrained in the melter off-gas.

The melter off-gas will first pass through a film cooler in the melter
off-gas nozzle which minimizes particulate impaction and plugging of the
nozzle. The off-gas will next go through a quencher (ejector venturi
scrubber) for further cooling, steam condensation, and particulate removal.
It will then pass into a gas scrubbing column.
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Figure 5. Preliminary Design Concept
for Off-Gas System.

Scrub solution will be pumped to the scrubbing column to absorb
soluble gases such as N0x. The scrubbing column will also remove some
particulates. The off-gas will then pass through the Steam-Atomizing
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Scrubber (SAS). From the scrubber the off-gas will pass through a condenser
followed by a High-Efficiency Mist Eliminator (HEME). Both the SAS and HEME
will remove aerosols (sub-micron particulates).

After exiting the HEME, the off-gas will be heated and passed through
a silica gel bed that absorbs ruthenium. The ruthenium adsorber off-gas
will be heated and passed through a silver zeolite bed for iodine removal.
From the iodine adsorber, the off-gas will be passed through a cooler to
reduce the gas temperature for filter compatibility.

The off-gas will finally be passed through one stage of roughing
filtration and two stages of High Efficiency Particulate Air (HEPA) filtra-
tration for particulate removal prior to passing into a sand filter. From
the sand filter, the off-gas will be routed to the discharge stack.

Current estimates of the Off-Gas Treatment System Decontamination
factors are provided in Table II.

TABLE II
Off-Gas Treatment System Decontamination Factors Preliminary

EQUIPMENT

Melter

Ejector
Scrubbing

Gas-Scrubbing
Column

Steam Atomized
Scrubber

High-Efficiency
Mist Eliminator

Rut'ienium
Absorber

Iodine
Absorber

Tandem High-
Efficiency
Particulate Air
(HEPA) Filters

Sand Filter

DECONTAMINATION
FACTOR

1
10

20
200

2

10
2

1
5
1

1
10

1
10

1
200

1
200

1
106

1
200

FORM OF AIRBORNE
RADIONUCLIDES

Gas (iodine)
Gas. semivolatile
(ruthenium)
Semivolatiles
Aerosols

Semivolatiles

Aerosols
Gas

Aerosols
Gas (iodine)
Semivolatiles

Gas
Aerosols. Semivolatiles

Gas
Aerosols. Semivolatiles

Aerosols, Semivolatiles
Gas (ruthenium)

Aerosols. Semivolatiles
Gas (iodine)

Gas
Aerosols. Semivolatiles

Gas
Aerosols. Semivolatiles
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Canister Welding and Inspection System

The canister welding and inspection system will provide a welded
closure on the canister fill opening that will meet storage, transportation,
and disposal requirements. Requirements will include pravention of leakage
into or out of the canister and survival from various accident situations.

The HWVP canister closure system will be a multi-step process includ-
ing an ICC plug to permit canister decontamination prior to welding.
Canister closure operations are described as follows:

After final decontamination operations in the CDC, the canister will
be moved to the Weld Test Cell (WTC).

The WTC will be a shielded process cell containing equipment for
welding the canister plug and the final smear test station. Equipment in
the WTC will be remotely operated but direct contact maintained.

The welder system will perform two basic functions: (1) the ICC will
be pressed further down in the neck of the canister so that it will not
interfere with the insertion and welding of the weld plug; and (2) the weld
plus will be welded into the neck of the canister by means of an upset
welder.

A hydraulic ram will be used to press the ICC down into the canister
neck. A master-slave manipulator will be used to place the weld plug into
the canister neck. A pneumatically operated upper ram will be used to press
down on the weld plug. With the 75,000 pound pressing force (approximately
33.4 Newtons) maintained, a weld current of 240,000 A for 1.5 seconds will
be applied. As the metal at the plug/canister interface heats, plastic
deformation will occur and the plug will be forced about 0.5 inches (1.3 cm)
into the canister neck, forming a solid state weld. The canister will be
transferred to the WTC smear test station for final inspection and surface
contamination checks. Following final inspection, the canister will be sent
to the interim storage facility.

Interim Storage

The canister forage area facility will provide: (1) onsite storage
of filled canisters; (2) capability for final inspection of the canister;
and (3) equipment for loading the canisters into casks for transport to a
federal repository.

The canister storage area will have two functionally discrete areas:
the canister storage area, and the cask loadout and shipping area. Storage
will be provided for 750 canisters. Cooling air will be provided for each
canister. A remotely operated bridge crane will transfer canisters within
the facility.

The cask loadout and shipping area will have provisions for final
inspection of the canisters, and a transfer tunnel connection with the
truck/rail loading area.
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HWVP SCHEDULE AND COST BASIS

HWVP Schedule

A Summary HWVP Project Master Schedule is provided as Figure 6.

ACTIVITY FY 84 85 86 87 I 88 I 89 I 90 I 91 I 92 I 93 96

VITRIFICATION SYSTEM

WASTE FORM QUALIFICATION

TECHNICAL SUPPORT

CONCEPTUAL DESIGN

DESIGN

CONSTRUCTION

STARTUP

PROCESS DEVELOPMENT EQUIPMENT
ADAPTATION & TESTING

ISSUE WFQ PLAN
/ \

-A :

SELECT
OFFSITE A E CONSTRUCTION

HDW-EIS ROD

- A HOT
STARTUP

£>•

Figure 6. Summary Hanford Waste Vitrification
Plant Master Schedule.

Reference Conceptual Design of the HWVP is underway. The Reference
Conceptual Design will be followed by Advanced and Definitive Designs.
Fluor Technology, Inc., Irvine, California is the Architect/Engineer for
the Reference Conceptual Design. Procurement and construction will begin
in FY 1989 with hot startup scheduled for FY 1996.

Cost Basis

Feed pretreatment development, process technology, and engineering
studies supporting the HWVP are in progress. The results of these studies
will be incorporated in the Reference Conceptual Design of the plant.
During the Reference Conceptual Design effort, an HWVP cost basis will be
developed.

CONCLUSIONS

The technology and engineering have been and are being demonstrated
for the conversion of nuclear wastes (at Hanford [PNL], Savannah River
[DWPF], and West Valley [WVDP]) into an immobile borosilicate glass. The
HWVP will accomplish this conversion for Hanford wastes in a facility that
will be safe to operate and maintain, and that will have minimal environ-
mental impacts. The preferred HWVP design was established utilizing
existing DOE technology.
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DESIGN EXPERIENCE OF PAMELA

Knut Scheffler and Eberhard Tittmann
Deutsche Gesellschaft

fiir
Wiederaufarbeitung von Kernbrennstoffen

mbH

ABSTRACT

Planning, erection and commissioning of the PAMELA Plant and
the continuous transfer of technology from an extensive
development programme are described. The coordination of
design work with scientific knowledge gained during design,
and with demands of the authorities is demonstrated in view
of organization, responsibilities and costs.

INTRODUCTION

In 1978 the German power supply enterprises respresented by the
DWK company and the government of the FRG took the decision for planning,
erection and operation of the HLW vitrification plant PAMELA on the EURO-
CHEMIC site at Mol in Belgium. The decision was based on the exploitation
of development work done so far in different institutions of the FRG
and in cooperation with EUROCHEMIC on special items. At this point HLW
solidification techniques such as spray calcining, calcining on a rotating
drum and calcining in a joule-heated ceramic melter with subsequent vitri-
fication had been studied on a semi-technical stage accompagnied by lab-
scale investigations on glass matrices.

Out of these earlier works the PAMELA process was favoured for future
development and radioactive demonstration. The PAMELA process is charac-
terized shortly, by evaporation, calcination and vitrification of the
HLW in a ceramic melter, to which the HLW and a basic glass are continuously
feeded. The molten glass is discontinuously poured through the bottom
drain system of the melter into glass block containers suitable for final
storage. An additional glass overflow system allows to produce glass
blocks, also, or to produce glass beads via a special bead production
pot; the glass beads are in a second step encapsulated in a lead matrix.

In 1979 the basic concept for the PAMELA plant was settled and intro-
duced into the licensing procedure as well as into an extensive technology
development programme which should cover all demands during erection
of the plant until start-up of its cold operation. The budget for the
PAMELA plant until hot start-up was fixed to 147.6 Mio DM, the budget
for the development programme was limited to additional 78.4 Mio DM.
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This presentation will show the way how the PAMELA project has been
realized on the basis of available reprocessing and waste management
know-how and on the basis of an organization which managed the team-work
between several institutions working for development of the process and
its components, and the team responsible for planning and erection of
the plant within a period of only 5 years.

ORGANIZATION

Since the owner of the PAMELA plant took the guarantee for the process,
he nominated one general manager for the plant and all the development
activities as well. A steering committee with two members who financially
supported the project, DWK and the FRG government, and one member who was
responsible for the site supervised all activities. The licensing procedure
was also followed up by the project manager and the site responsible
with their deputies. The firms which have been ordered to erect the indi-
vidual parts of the plant were supervised by competent foremans of the
project team. The organization chart, figure !, shows the collaboration
which should ensure successful working of the team.

Rpmi'le

WAX t Vitmmel \ [~ I
lechtwmft j lo«'

EUROCHEMIC | (

—i 1
nun

lotmiitAHon I

_l OWK . M «

Omgn ImHIWIon "1 [ Cw>9hiK*on 1 f Plum

Jung ] \ Fiartw/POG J ^ W**+

.1 .

r 1

Figure I. Project organization until 1985 including
the HLW technology programme

TIME SCHEDULE

In autumn 1979 the lay-out work for the PAMELA plant started. At
the same time the statements of the Belgian authorities to the plants
concept were given and where necessary considered within the frame of
the technology programme. Here, for example, highlights like the denitra-
tion of HLW, the retention of activity, i.e. the ruthenium behaviour
in the off-gas purification system and the quality of the final product
had to be proved in detail.
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From mid of 1980 the call for bids for the different parts of the
PAMELA project were running with the building and civil engineering
part first, whereas the process engineering part started about one year
later. And from mid of 1981 until end of 1983 the detail engineering
was carried out for handling equipment in parallel to the erection of
the building.

The necessary results of the technology development programme were
always introduced into planning and licensing according to this time
schedule, given in figure 2.

Year 79 80 8 82

Conceptua l Design fcW
^ ^ ^ I 11..,

M
Bid Invitation PffflL;
Detail Engineering (i 111111u\\\\
Construction T ^ ^ ^ i
Civil Works H
Installation of 1 1
Process Equipment 11

Functional-
Tests

Cold
Start-up

Hot
Start-up

83 84 85 86 V

Beginning of project 9.1979

Application for building 12.1980

1111 Start-up on building site 4.1981

^ ^ X . Foundation stone 9.1981

M
±|
Y ^ M Start-up cold operation 1 ]. 1984NXWll± Start-up hot operation 10.1985
Illl ^ff

Figure 2. Time Schedule Actual Status 1985

End of October 1984 the PAMELA plant was ready to be operated with
inactive sinulated HLW and on October 1st, 1985 the first hot operation
campaign started.

COST EVALUATION OF THE PAMELA PROJECT

The budget planned in 1979 for the PAMELA plant amounted to
147.6 Mio DM and was surpassed at the end of the project on September
30th, 1985, by 0.8 I.

With the relation to the total costs the individual soft- and hard-
ware-costs developed as given in table 1. The costs for the installation
of energy and media supply systems are included, since PAMELA has its
own systems except for the normal power supply from the grid and the
uater supply from installations on site.
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TABLE I. BREAK DOWN OF THE TOTAL COSTS
(in Z)

Software

1. Project management and project control 4.8
2. Owners costs 3.3

(licensing, insurances, procurement, quality control,
preparation of building site, media supply to building
site, expertises)

3. Planning by the owner 15.2
4. 1:10 model 0.6
5. Detail engineering, functional tests and documentation 10.0

by the suppliers

Subtotal 33.9

Hardware

1. Building and civil engineering 23.3
2. Process engineering 37.3

Subtotal 60.6

Cold Test Operation-Co—issioning

1. Costs of personnel 3.5
2. Materials and media supply 2.0

Subtotal 5.5

Total 100.0

The break down of the process engineering hardware costs, is given
in detail in table 2.

When placing the orders for different hard-ware parts of the plant,
three procedures were followed by the project management resulting in
the following experience

1. Final statement of account on the basis of offsets, which was especi-
ally applied for media and energy supply systems and ventilation:

This procedure resulted in additional costs in the range of 30 %
to 50 % when compared with the once estimated price.

2. Lump sum agreements, which were applied for process installation,
instrumentation and control:
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This procedure resulted in additional costs of 5 % and 10 % when
compared with the ordered accomplishment.

3. Pure purchase for delivery, which especially was applied for radiation
protection and monitoring and manipulators:

In this case no significant additional costs arised.

TABLE 2. BREAK DOWN OF THE PROCESS ENGINEERING
HARDWARE COSTS

(in %)

1. Process equipment 32.0
(vessels, pipes, melter, conveyor equipment)

2. Handling equipment 9.5
(container cars, grab-tools, welding station,
decontamination, treatment of solid waste)

3. Process control system 11.5
4. Mounting parts 23.5

(windows, locks, doors, plugs to hot cells)
5. Electrical equipment for the process 1.5
6. Cranes 5.5
7. Manipulators 6.5

(3 heavy-duty, 15 pairs masterslaves)
8. Sampling devices and hot and low-active laboratories 8.5
9. Radiation protection and monitoring J.5

Total 100.0

The mentioned additional costs were covered by the original budget
which included a certain amount of unforeseen expenses on the one hand
and which could be kept by reducing software costs and especially the
costs for cold test operation. The latter was only possible on the basis
of the experiences which were so far collected in the 1:1 scale mock-ups
which have been operated in the frame of the technology programme.

Generally speaking, the implementation of projects with innovation
character - like PAMELA is one - asks for the general engineer model
on the side of the company which is responsible of the future operation.
Improvements and continuous optimization of the plant in view of success-
ful operation can only be guaranteed by the interests of the total project
including operation.
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TECHNICAL ASPECTS

It resulted from the technology programme that besides optimization
work some major design criteria of the plant changed during its erection.
A short survey is given in the following:

The once foreseen denitration of the HLW prior to vitrificalion
has been dropped. With the background that denitration would minimize
corrosion in the off-gas cleaning components and that the retention
of semi-volatile ruthenium species would be more efficient the deni-
tration was introduced as the first chemical step into the process design.
But, concerning the ruthenium behaviour it could be demonstrated that
ruthenium behaves like other aerosols contained in the off-gas of the
melter. About 99 % of the ruthenium are incorporated in the glass melt.
Furthermore, additional filtering of ruthenium aerosols on solid iron
or chromium oxide catalysts would not improve safety since plugging
and secondary waste problems are created.

The NO -corrosion of components like in the dust-scrubber and in
the condenser working at temperatures above 90°C at their off-gas entrance
could be minimized by the choice of Incoloy 825 as construction mate-
rial .

The conceptual design for the decontamination of the final glass
container was changed some months before start-up of the plant. The
former mechanical decontamination was replaced by ultrasonic cleaning
which proved to work more efficiently.

In the beginning it has also been considered that it is absolutely
necessary to observe and control the glass melt surface with a peri-
scope. But, the operating conditions of the melter have completely chan-
ged. There is still only one parameter which is kept at a reliable level
during operation of the melter, that is the surface cover on the glass
melt amounting to about 95 % of calcines. The constitution of this layer
is controlled by the temperature in the melter plenum which is in the
range of 4003C. This temperature is also controlling the feed rate to
the melter. And furthermore, at this temperature the volatility of HLW
compounds is minimized, their incorporation into the glass melt on the
other hand is granted to an optimum.

It has turned out during cold and hot operation of the PAMELA melter
that due to its control by the surface covering and by the temperature
within the melt, the capacity of the melter can be estimated rather
easily for different HLW forms and glass properties:

For a ceramic melter with fixed construction parameters it is of
course necessary to know the general energy balance. At a certain measured
energy consumption during operation of the PAMELA melter, for example,
32 kw have always been lost: 18 % to the cooling circuit of the elec-
trodes, 17 % to the air leaked into the melter and 65 % to the air ven-
ted through the cell. The difference between the total measured
energy input and the constant energy losses ranges for the PAMELA melter
between 30 and 40 kw. This energy is consumed by feed heat-up, evapo-
ration, thermal decompositions, heat-ups of calcines and glass, and
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glass formation in the melter. From these features it is possible to
calculate the feed-rate on the basis of known thermodynamic data as
well as on the specific data of the feed and the glass introduced into
the melter.

For the prediciton of the feed rate one has to compare the feed
rate of a test run, active or inactive, with the characteristics of
the other kind of waste and glass composition. The general equation
is given as follows:

1 A, £ - 1

V feed rate [dm3/h]

A, A, constants, dependent on feed and glass composition
A =* 3.15 «j + n (w~1 + 7.25) + 0.145 m

3 density of feed [kg/dm3]

n ignition residue of feed [kg/dm3]

w waste oxide content of glass [wt.-%]

m free acid concentration [Mol/Q

£, £, specific electrical conductivity of glass product
melt at operation temperature of melter [Q'% cm 1

The feed rate of HLW solutions which will be vitrified during future
operation of the PAMELA melter has been calculated on the basis of this
equation. First runs in a 1:1 mock-up of PAMELA have confirmed the calcu-
lated data.

SUMMARY

The PAMELA plant has been realized within the frames of costs once
fixed in the beginning of che project. The time schedule has been kept
as planned. A technology development programme has successfully provided
for the necessary design and licensing criteria as well, this programme
always oriented according to the actual demands of the project. And,
the PAMELA plant has demonstrated its efficiency and availability during
vitrification of about 50 m of HLW into 78 tons of glass within 6 months
of operation.
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These promising results were achieved with an organization which
in one hand consolidates the owner of PAMELA, its project management
as well as the warrantor for the process and the responsible for the
development programme. The persons in the project team who took responsi-
bility for individual parts of the plant had to demonstrate its operation
and had to set up the operation manual. The same persons were later
on incorporated into the operation team.
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ADVANCES IN VITRIFICATION TECHNIQUES IN JAPAN

N. SASAKI, S. TORATA, H. IGARASHI
H. KASHIHARA, M.YAMAMOTO

Power Reactor and Nuclear Fuel Development
Corporation, Tokai Works, Tokai-Mura

Ibaragi, Japan

ABSTRACT

Liquid-Fed Joule-Heated Ceramic Melter (LFCM) process for
the vitrification of High-Level Liquid Waste (HLLW) is now
under development by Power Reactor and Nuclear Fuel
Development Corporation (PNC) in Japan. All developmental
works are focussed on the vitrification plant which is in
the stage of design improvement in succession to the
detailed design finished in 1984. The construction of the
plant will be started in late 1987. Major development
items in process technology in recent years are
improvements of both the design of a ceramic melter and
performance of melter off-gas cleanup system. A new
engineering-scale ceramic melter with a 915 MHz microwave
heating device has been in operation since September 1985.
Melter dismantling technique and numerical flow analysis
code and others are also being developed as the part of
melter technology. In the off-gas technology, air-film
cooler at the outlet of the melter off-gas, high
efficiency mist eliminator and wet type electro
precipitator were developed and checked on the
performance. In the Chemical Processing Facility (CPF),
hot vitrification and product characterization works are
continued.

INTRODUCTION

Development of vitrification technology in PNC was started in 1975.
Many activities on LFCM process technology have been carried out in the
operation of Engineering Test Facility (ETF) and Mock-up Test Facility
(MTF) since 1980 and 1982, respectively, and have provided design basis for
the process design. In particular,^full-scale cold mock-up vitrification
tests have been performed in MTF/ ' Laboratory-scale hot vitrification
tests were started in December 1982 in CPF, and nine runs have been already
made until September 1986 along with the characterization of the waste
glass.

Design of the vitrification plant has been successively carried out
since 1980. The detailed design of the plant was completed in 1984. At
present, the design improvement is being made for the reduction of the
construction cost and for the licensing which is going to be applied in
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this year. The construction of the plant will be started in late 1987.
Table 1 shows a schedule on the development of HLLW vitrification
technology in PNC.11 '

In this paper, outline of the vitrification plant and major development
items in process technology in recent years are described.

Table 1

Schedule for the development of HLLW vitrification technology* '

l lS/'.l 71. I /7 I IS I'J llSBIll 81 I H2 I 83 I 8<S I 8!> I 8ti I « ' I 8« I 89 |l'J9(l| 91 I 9? I 93 I 94 I 91. I 'It, I 9/ I '18 I 99 |.'l)nii|

Plant
i Reprocessing

Engineering Tests

Hot Operation

Full-scale Mock-up Tests
• Cold Vitrification

Tests
(Lab-scale & Full-scale)

Design
• Mot Laboratory

Tests

• Vitrification Plant

Construction Hot Tes's

JVL JTl

Design Construction

"I VI ! • !
Operation

OUTLINE OF THE VITRIFICATION PLANT

Vitrification process

Figure 1 shows a flow of the vitrification process.Vw The HLLW is
transferred from the Tokai Reprocessing Plant to a receiving tank.
Elements! and radioactive analysis are carried out for process and product
quality control. The HLLW is pretreated to adjust the composition by the
addition of chemicals and/or by concentration in an evaporator when
required. After the pretreatment, HLLW is fed into a melter continuously
using a two-stage airlift. Glass fiber cylinders are used as glass
additive for melting. The HLLW is soaked into the cylinder just before it
is fed into the melter. The molten glass is discharged periodically
through a metallic nozzle located at the bottom of the melter into a
canister. During the discharge, the weight of the glass in the canister is
successively measured by load cells. The filled canister is subsequently
cooled, transferred to the welding position, and a lid is welded by a TIG
welder to seal the canister. After being decontaminated by high-pressure
water jet spray and wire brushing and being inspected, packages are stored
in forced-air cooling storage pits.

Melter off-gas is cleaned by dust scrubber, venturi scrubber,
perforated plate water scrubber, high efficiency mist eliminator, ruthenium
adsorber (sillica gel), HEPA filter and so on. The off-gas from the
receiving tank, the evaporator of HLLW and the secondary liquid waste
treatment system is cleaned in a separate system.
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Specification and features of the plant

Major specification of the vitrification plant is shown in Table 2.
The capacity is equivalent to the reprocessing of 0.7 ton of heavy metals
per day. This plant employs fully remote operation and maintenance in a
large vitrification cell with low flow ventilation. All equipment in the
cell are placed in standardized rack-mounted modules. As remote
maintenance tools, in-cell cranes and two-armed servomanipulators are
equipped in the cell, and ITV is the main viewing system.

Reprocessing
Plant

HLLW

Reception of
HLLW

1
1
1
1

Treatment of
Secondary
Liquid Waste

Pretreatment
of HLLW

HLLW

Vitrification

Molten
Glass

Handling of
Canisters and
Pzckages

Package

Forced
Air Cooling
Storage of
Packages

- — i

1 i
I i
I i

l i t )
Treatment
of
Off-Gas

/ Glass
\ Additive

—•-HLLW and Glass

• Liquid Wastes

—-Of f -Gas

Fig. 1 Block flow diagram ot the vitrification process.(2)

MAJOR DEVELOPMENT ACTIVITIES

Major process technologies which have been developed are listed in
Table 3.

Glass composition

Glass composition has been studied and improved from the beginning of
the development. At the earlier stage, glass composition with about 43% of
SiO? was selected as a reference. Recently, glass with higher SiO2 content
is optimized from the results of characterization of the glass.
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Table 2

Specification of the plant

HLLW

Glass composition
(standard)

Package

Capacity

Storage

Burnup of spent fuel
Specific power
Initial U-235 content
Cooling time before reprocessing
Cooling time before vitrification
Volume of HLLW generated (design base)

28,000 MWD/MTU
35 MW/MTU
4 wt%

0.5 Y
5.5 Yo

Glass additives
Waste oxides

FP
Na?0
Otners

Canister
Glass
Heat generation rate
Radioactivity

Glass production rate
Package production rate

Forced-air cooling

75 wt%
25
10
10
5

SUS 304L
300 kg
1.4 KW
4 x 105Ci

0.5 rrT/MTU

about 9 kg/hr
140 packages/y

Pretreatment of HLLW

Denitration of HLLW with formic acid was studied in PNC for several
years to suppress the volatilization of ruthenium during melting. However,
since the operation of feed system for the denitrated HLLW is difficult
owing to deposits, and volatiled Ru will be removed in the off-gas system,
it was decided the denitration should be discarded in the vitrification
plant. The control system for the constant feed rate of HLLW under
air-pulsation conditions is now being tested using the two-stage airlift
technique.

Melter technology

Melter bottom structure

Full-scale tests have been performed through the operations of test
melters to establish the melter bottom structure. In order to avoid the
operational problems caused by accumulation of electroconductive sludge, it
is concluded that melter bottom refractory should be sloped and equipped
with a bottom drain nozzle. The slope of 30 to 60 degrees is desirable to
facilitate the discharge of the deposits without any operational
difficulties.
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Table 3

Major development items related to vitrification process

Subjects Development items

Glass composition Glass composition with higher Si0o content

Pretreatment

Melter

Off-gas treatment

Canister

Control system for the constant feed rate of HLLW by
using two-stage airlift

Melter bottom structure
Bottom freeze valve with induction heating
Glass level detection
Continuous feed system for glass fiber additive
Dismantling technique of the melter
Extension of the service life time of the melter
Numerical flow analysis code of the melter
Microwave heating device

Prevention of melter off-gas pipe plugging
Improvement of decontamination factor for submicron
particle

Lid welding by non-filler TIG technique
Decontamination and inspection technique

Glass additive

In the development of glass forming materials, powdered and granular
glass (beads) additives have ever been attempted to the LFCM process, and
feed systems of these glass additives have been completed.

For the stable operation of melter, however, it was found that the
reduction of the particulate entrainment in the off-gas stream from the
melter is important to prevent the plugging of the off-gas pipe.
Cylindrical glass fiber additive has been developed in place of the former
two types for this purpose, and in recent operation of the rnelter, glass
fiber additive is used as the feed material in the LFCM process.
Specification of glass fiber additive is shown in Table 4. Figure 2 shows
the particle entrainment rate in the off-gas stream. The entrainment of
particle in the off-gas is reduced up to 1/10 compared with the feed of
beads.
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Table 4

Typical specification of glass fiber additives

Property

• Dimension (typical) , mm

• Weight per piece (typical) , g

• Bulk specific gravity

• Fiber element .diameter .microns

• Binder or Coating additives SiOj-C

• Maximum retention volume, ml/g

at 330m//min of feed

immersed

Binder type

«70X*70

38

0.18

10—15

>2.5

>4

Sintered type

*70X/70

50

0.20

8—12

tO H3BO3

> 4

>4

5̂
tr

E
c
CO

UJ

Si

a.

O Glass Beads (Denilrated MLLW)
A Glass Beads (Non-Oenitrated HLLW)
D Glass Fiber (Denitrated HLLW)
• Glass Fiber (Non-Denitrated HLLW)

O

• •

200 400 600

Melter Plenum Temperature (*C)

800

Fig. 2 Comparison of particulate entrainment rate in off-gas from
melter between glass beads and glass fiber additives
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Glass drain

Freeze valve based on both direct current heating with mechanical shear
system and stopper, and induction heating have been compared with
consideration of formation of glass string at the termination of the glass
drain. From the standpoint of termination of glass draining, two-stage
induction heating is evaluated to be suitable because of the simplicity of
the operation.

Level detection

Electrical resistance, direct contact and microwave level detection
system have been tested. The former two types of leveler have been well
estimated, and will be adopted in the melter of the vitrification plant.
Further development is required for microwave leveler.

Heating up

Heating up technique with conventional SiC resistance heater is well
developed. As a technique both to increase the processing capacity and to
increase the maintenance ability, microwave heating is under development as
a promising future alternative method. Photograph l i s a new
engineering-scale ceramic melter with a microwave heating device (915 MHz).
This was installed September 1985 and has been well operated without any
difficulties.

Other related technology

As an attempt to extend the service life time of the melter, more
corrosion resistance metallic and ceramic materials have been studied. A
new ceramic material which has both adequate electrical resistance and
three to four times more corrosion resistance than fused-cast K-3 was
successfully found in a laboratory.

Melter dismantling technique, inspection device and numerical flow
analysis code of ceramic melter are also under development.

Off-gas treatment

In the development of ofi-gas treatment techniques, an air-film cooler,
High Efficiency Mist Eliminator (HEME), and Wet type Electro Precipitator
(VJF.P), are being tested in rpcent years. Airgfilm cooler is based on
almost the same concept as developed in SRL.* ' The test in MTF showed the
good performance; there was little deposits on the inner surface of the
melter off-gas pipe. A HEfoE showed the high decontamination factor of more
than 100 in the melter off-gas treatment system. A WEP has been tested in
MTF since October 1985 as one of advanced off-gas treatment equipment. It
is found that DF for the particle with a diameter of 0.1 ym exceeds 1000
when adequate voltage is applied between electrodes. A submerged bed
scrubber is also under development. Behavior of volatiled Ru and other
elements are being studied in MTF and CPF.

7 4 3



Photo. 1 New engineering-scale ceramic melter

Canister handling

The design of canister is completed. Temperature, deformation, and
other characteristics at a glass filling have been measured. Drop impact
tests for filled canister (package) were completed.

Lid welding is based on a TIG welding method without feeding filler
wire. The quality is assured by controlling the welding parameters.
Extensive welding tests are being performed to establish the parameters.

Hot decontamination tests are now conducted in CPF by using samples
taken from the small canisters filled with radioactive glass. Enough
decontamination factor is attained by high-pressure water jet spray and
wire brushing.

CONCLUSION

Many R&D activities have been carried out to support and improve the
design, construction and operation of the vitrification plant. Design of
the vitrification plant is now at its final stage, and it is planned to
start the construction in 1987 and hot operation in 1991. Further R&D is
continued for the demonstration and advancement of the vitrification
technology in Japan.
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PILOT PLANT DEWONSTRATION OF THE DEFENSE WASTE
PROCESSING FACILITY (DWPF) KELTER CONCEPTS

J. L. Mahoney
Savannah River Laboratory, Aiken, SC 29808

ABSTRACT

A production facility to solidify fission waste is
being built at the Savannah River Plant (SRP), South
Carolina. The Defense Waste Processing Facility
(DWPF) will transform SRP high-level radioactive waste
into borosilicate glass. At the Savannah River
Laboratory (SRL) a pilot plant facility is testing a
scaled version of the DWPF melter using simulated
nonradioactive waste to verify the concepts selected
for use in the melter construction, assembly, and
operation.

INTRODUCTION

The Savannah River Plant (SRP) has been operating for nearly thirty
years producing materials for defense, space, and medical applications.
High-level radioactive liquid waste has been neutialized with caustic soda
and is stored in carbon steel tanks. The waste consists mostly of sodium
salts and hydroxides and hydrous oxides of iron, aluminum, and manganese.
The primary radioactive species are strontium-90 and cesium-137.

In the DWPF process,1 the waste sludge will be treated to remove
mercury and to de-gas some of the waste compounds to prevent foaming in the
melter. Glass forming chemicals will be added as a premelted borosilicate
glass frit and the resulting slurry will be fed to a continuous joule-heated
glass melter operating at 1150"C. Glass will be continuously withdrawn from
the melter into product canisters which are 3 meters tall by 0.6 meter in
diameter.

Early process development involved small-scale equipment including
melters which were bench-scale in size (20-cm diameter glass pool). Two
large-scale melters (1.22 m diameter glass pool) have been operated, shut
down, and inspected since mid-1980 to continue development of the process,
resolve scale-up questions, and qualify concepts, materials, and vendors.2

A third generation pilot plant melter was recently started up to confirm the
selection of the concepts that will be used in the construction, assembly,
and operation of the DWPF melter. The present paper describes in detail the
unique concepts that have been chosen for the DWPF glass melter and provides
some results from the pilot plant melter operation.
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MELTER DESIGN

Based on the current inventory of accumulated SRP waste and the
anticipated on-going generation of waste, a glass production rate of
100 kg/hr at about 30 wt % waste in the glass is required from the DWPF
melter.

Delivering the feed to the melter as a slurry has proven to be
preferable for nuclear waste vitrification in the DWPF and several similar
projects worldwide. Slurry feeding requires a higher energy input per pound
of glass and thus requires either a large glass surface area or boosting
heaters above the glass pool to achieve the desired glass production rate.
For the DWPF, boosting heaters were selected to minimize the glass melter
diameter while still maintaining melt fluxes of 20-40 kg/hr/m* at typical
melt temperatures of 1150*C and slurry feed concentrations of 50 wt % water.

The DWPF full size melter (Figure 1) and the pilot plant DWPF Scale
Glass Melter (Figure 2) are refractory-lined vessels with water-cooled
stainless steel shells. A high-density, fused-cast, chrome alumina refrac-
tory contains the molten glass. The full size melter has a pool diameter of
1.83 m and, with boosting heaters, will achieve a glass production rate of
100 kg/hr. The Scale Melter is a two-thirds linear geometric scale glass
melter, which translates into a pool diameter of 1.22 m and glass production
of 45 kg/hr. A pool depth equal to one-half the diameter provides adequate
residence time to homogenize the glass and provide consistent quality
product.

Power to keep the molten glass at 1150°C and to provide energy to melt
the incoming feed is supplied by direct joule heating of the glass. Two
pairs of electrodes (Figures 3 and 4) are arranged in an over/under configu-
ration and are AC powered. The power to the two pairs are in-phase to avoid
cross flow of current between pairs. The current flux from the face of the
electrodes is maintained below 0.8 amperes/cm2 to avoid localized heating
directly in front of the uncooled electrode faces which can cause acceler-
ated corrosion/erosion.

The AC current is adjusted to the electrodes by silicon controlled
rectifiers (SCR's) on the primary side of the power supply transformer to
avoid any possible DC currents which would cause plating on one electrode
and dissolve the other electrode. Through a closed-loop cascade system, the
temperatures in the upper and lower halves of the pool are automatically
controlled via the adjustment of current between the upper electrodes and
current between the lower electrodes, respectively.

The DWPF glass is very sensitive to the processing temperature.
Formation of a stable second phase occurs at temperatures under 950*C.
Temperatures over 1200°C would be ^ery damaging to the electrodes and
refractory lining and would significantly reduce melter life. The split
electrode concept will allow precise control of temperatures in the melter
from top to bottom throughout any process upsets which might deposit conduc-
tive metals or nonconductive materials on the floor of the melter. Thus far
in the pilot plant melter, temperature control of the glass during slurry
feeding has been excellent, with the lower half operating at 1080 ±3°C and
the upper half at 1160 ± 5°C.
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Energy needed to melt the incoming feed material comes not only from
the glass pool but also from the boosting heaters. Past boosting heater
designs relied on high temperature heating elements placed inside metal
sheaths to protect the heater from vapor attack. The largest drawback to
these designs was the short life (less than 2 years) of the heater elements
themselves. In the DWPF, these heaters are not designed to be remotely
replaceable, so a longer life boosting heater system is required.

One of the unique features of the DWPF melter is the use of unsheathed
metal booster heating elements. They are electrically isolated and are fed
with up to 7100 amperes of current. The tubular heaters radiate energy
directly to the feed pile and indirectly by re-radiation from the refractory
lining above the glass. Thermocouples are mounted inside the metal heater
tubes to monitor the temperatures and provide feedback for automatic
adjustment of current.

A balance had to be struck between capacity of the heater system and
need to view the glass surface during slurry feeding. The result for DWPF
is eight tubes 8.3 cm OD arranged in two rows in a square pitch spanning the
1.83-m diameter pool. Two tubes are connected in series to one transformer,
thus if one tube should fail, only 25% of the boosting heater capacity would
be lost. The pilot plant melter system was designed with only four tubes,
but also with two tubes in series.

These heaters provide the necessary energy not only to achieve the
desired glass production rate but also to initiate joule heating in the
glass. A paper reviewing the start-up of the pilot plant melter with these
heaters will be presented by Weisman3 later in this conference. During
slurry feeding of the pilot plant melter, the tubes were operated at 940°C
which required a current flow of about 4000 amperes at 9 volts and resulted
in about 70 kw to the melter to boost the glass production rate.

Another function of the boosting heater system is to incinerate
organics which will be in the melter feed. In the upstream waste processing
steps, soluble radioactive waste species are concentrated via organic
precipitation. Most of the organics are removed from the waste species in
another processing step before the stream is mixed with other melter feed
material.1* The residual organics from this process come to the melter. By
maintaining the melter plenum at elevated temperatures (625-800°C) and by
adding 150% of the stoichiometric amount of air, essentially complete
combustion of the organics is achieved. Failure to combust the organics can
lead to explosive mixtures in the downstream off-gas equipment, soot forma-
tion inside the melter, or altered glass oxide formation due to a lack of
free oxygen.

In its first tests with organics in the feed, the pilot plant melter
efficiently combusted the organics without complications. This marks a
unique marriage or" glass melter and organic incinerator.
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One of the most troublesome areas on any glass melter is the glass
discharge system. A unique concept in flow-through heaters is being devel-
oped for the DWPF melter. Several methods of heating have been tried in the
past including immersion resistance heaters, small firing electrodes, and
troughs with vapor space heaters. The design chosen for the DWPF consists
of a thick-walled pipe (Figure 5) surrounded by a resistance strip heater
which follows a serpentine path around the outside of the core pipe. The
outer layers of the package consist of an electrical isolator, insulation,
and an outer casing. The required minimum operating temperature is 950°C.

The discharge system consisting of the inclined pipe (riser) and
vertical pipe (pour spout) were designed as a coupled unit which is
installed into a refractory lined penetration in the melter shell. The
system is not designed to be remotely replaceable. With the amount of
insulation in the system, and with the glass contained in the center core of
the discharge pipes, relatively little power is required to maintain the
glass at elevated temperatures. In the pilot plant melter, each heater
operates at about 3.5 kw.

Initially no insulation was placed under the tip of the pour spout
heater package. Temperatures were as low as 610°C near the tip which easily
solidified any residual glass remaining in the pour spout pipe at the end of
pouring, With 3 cm insulation under the tip (and a hole for glass to fall
through), temperatures remain much warmer (970°C) and no pluggages have
occurred (Figure 6).

Another concept which is special to the DWPF melter system is the motive
system for starting and stopping glass flow from the melter into the product
canister. Although ti1 table melters are the standard in the commercial
glass industry, they require flexible connections for the myriad melter
services and process lines. Remote, radioactive service renders this virtu-
ally impossible. Air-lift transfer of glass is used in other radioactive
glass melters with reported success.5 For the DWPF, a differential pressure
pouring technique has been adopted.

A flange, connected to the melter pour spout with a metal bellows unit,
will lower onto the nozzle of the product canister (Figure 7). Special "K"
ring metal seals contained in a gasket-type insert create a leak-tight seal.
A vacuum is drawn on the product canister through connections on the bellows
housing. By controlling the amount of vacuum in the canister relative to
the vacuum in the plenum above the glass pool in the melter, glass can be
drawn into the canister. The pilot plant melter has demonstrated good
performance with this method as the sole means for discharging glass from
the melter. Use of this system to control the pressure in the product
canister also provides a means of avoiding unwanted glass discharge. Slurry
feeding of melters often results in pressure surges in the melter cavity due
to sudden changes in steam vaporization. No matter what pressure the melter
cavity achieves, the product canister pressure tracks it. Without this
pressure balancing between melter and canister, undesired slugs of glass can
be burped out of the melter into the product canister. If a canister has
been just filled, the burp of glass may cause overfilling which can be both
a processing problem and clean-up problem.
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Other features which are special to the DWPF melter include the final
draining mechanism and the off-gas "film cooler" which keeps open the port
leading to the off-gas treatment system. Both of these items are described
in other papers which will be presented at this conference.6'7

CONCLUSIONS

Confirmation of the concepts selected for use in the DWPF glass melter
is being accomplished at SRL on a geometric scale glass melter. Testing has
shown that the special concepts will operate well in producing the waste
glass product.
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HIGH-LEVEL LIQUID WASTE TREATMENT:
PROCESS DEVELOPMENT STUDIES IN THE WIPE FACILITY

T. Sampat Sridhar
Process Development Section

Geochemistry and Waste Immobilization Division
Whiteshell Nuclear Research Establishment

Atomic Energy of Canada Limited
Pinawa, Manitoba ROE 1L0 Canada

ABSTRACT

The Canadian Nuclear Fuel Waste Management Program requires that
research and development be carried out to establish the technology
to treat and immobilize the High-Level Liquid Waste (HLLW) that
woulu arise in future CANDU™ fuel recycle operations. A pre-
industrial scale facility called the Waste Immobilization Process
Engineering (WIPE) Facility has been designed and built at the
Whiteshell Nuclear Research Establishment specifically for process
evaluations and development studies.

Since its installation and commissioning early in 1985, four major
campaigns have been performed with simulated HLLW solutions. In
this paper, a brief description of the facility, along with the
results obtained in one of the campaigns, are reported. The
overall performance of the facility has been very good with no
major operational problems. The performance of the Roto-Spray
Calciner has been excellent, and it has operated for a cumulative
time of more than 8000 hours. The performance of the Joule Melter
has been equally good, except for some maintenance problems
associated with the auxiliary heaters and components such as the
solid feeders and off-gas lines. Being modular in design, the
facility is amenable to testing flow sheet options and production
of advanced waste forms at a future date with incorporation of
alternative process modules.

INTRODUCTION

The Canadian Nuclear Fuel Waste Management Program requires that
research and development (R&D) be carried out to establish the technology
required to treat and immobilize the High-Level Liquid Waste (HLLW) that
would arise in future CANDU™ fuel recycle operations. A small engineering-
scale facility called the Waste Immobilization Process Engineering (WIPE)
Facility has been designed and built at the Whiteshell Nuclear Research
Establishment (WNRE) specifically for process evaluations and development
studies. The scope and objectives of the program are:

1. To evaluate the performance of the integrated process, consisting
of pre-treatment, calcination, and vitrification of simulated HLLW,
and off-gas treatment.
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2. To optimize the operating parameters of the system and determine
attainable waste-form quality.

3. To study the performance of the different process modules, assess
new technology and obtain data for scale-up design.

4. To collect materials handling and corrosion data.

5. To evaluate production processes for alternative waste-form such as
ceramics and glass-ceramics.

Following extensive testing and commissioning studies, the program is
currently in the operational phase in which detailed experiments are being
carried out. Four major campaigns with simulated wastes have been carried
out and results are presented in this paper, highlighting some of the
operational problems encountered. Also given is the outline of the
treatment process along with a brief description of the facility itself.

PROCESS DESCRIPTION

Figure 1 shows the basic flow sheet for the treatment of simulated
HLLW, based on a two-step calcination-vitrification process similar to those
employed elsewhere [1,2,3]. The simulated HLLW is prepared as per the
projected waste compositions, calcined, mixed with glass formers, and
vitrified to give the glass waste form of the desired composition. (In a
variation of the above flow sheet, the simulated HLLW can a]so be vitrified
directly, bypassing the calcination step.) The off-gases generated are
filtered to remove carried-over particulates and scrubbed of the N0x before
being vented.

FACILITY DESCRIPTION

The major components and the primary flow lines of the WIPE facility
are shown schematically in Figure 2. A complete description of the facility
is given in an Atomic Energy of Canada Limited Report [4], and only a brief
description is presented here. The WIPE facility essentially consists of
the following interconnected modular subsystems:

(1) Feed System
(2) Calciner System
(3) Melter System
(4) Off-Gas System
(5) Evaporator System

The feed system comprises stirred tanks and a steam-jacketed dissolver
for the preparation of simulated waste solutions from starting chemicals.
Interim storage tanks are provided to hold the feed prior to the start of
the experiment.

The calciner used in the WIPE facility is the Whiteshell Roto-Spray
Calciner (RSC), developed at WNRE [5,6]. The WIPE calciner represents a
ten-fold scale-up from the laboratory-scale model that has been in operation
since 1978 and has been tested with a wide variety of waste solutions. A
unique feature of the RSC is the inductively heated rotary drum, which
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provides a continuously replenished surface for contact solidification and
calcination of the atomized feed. The calciner has a maximum throughput
capacity of 20 L/h.

The vitrification system chosen for WIPE is a Joule-heated ceramic
melter in which the energy for vitrification is supplied by passing an
alternating current between Inconel-690 electrodes immersed in the molten
glass. The melt chamber is rectangular in shape, 33 cm x 58.4 cm and
30.5 cm deep. At a nominal depth of 22.9 cm the glass hold-up volume is
about 44 L. The design production rate is 10 kg/h of glass. Auxiliary
resistance heaters are provided for start-up of the melter, and the molten
glass is withdrawn by a tilt-pour system. The general design features are
similar to the Joule melter at Batelle Pacific Northwest Laboratories [7].

The off-gas system consists of a bank, of sintered metal filters with
auto-blowback, a quench condenser and a scrubber. The particulates in the
off-gas are filtered out and retained in the calciner. Most of the N0x in
the off-gas is scrubbed out either with water, HN03 or dilute NaOK.

The evaporator system consists of a steam-heated thin-film evaporator
in which the scrub liquid wastes are concentrated and reused, as in the case
of HN03, or disposed of after solidification, as in the case of NaN03 which
would be formed if an alkali scrub is employed.

The subsystems of WIPE, the process units in each and their respective
functions are presented in the following chart.

PROCESS SYSTEMS AND THEIR FUNCTIONS IN THE WASTE
IMMOBILIZATION PROCESS ENGINEERING (WIPE) FACILITY

SUB-
SYSTEM

PROCESS
UNIT

FUNCTION

Feed
System

Stirred
Tank

Simulated
Waste
Preparation
Storage and
Transfer

Calciner
System

Roto-Spray
Calciner

Solidification
Denitration
and
Calcination

Melter
System

Joule
Melter

Vitrifi-
cation

Off-Gas
System

Filters
and
Scrubbers

Removal
of
Particu-
lates
and N0x
from
Off-Gas

Evaporator
System

Thin-Film
Evaporator

Concentra-
ion of
Scrub
Liquids
for
Recovery or
Disposal
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Photographs of the primary subsystems, the calciner, the melter and the off-
gas systems, are shown in Figures 3, 4 and 5 respectively.

EXPERIMENTAL CAMPAIGNS AND RESULTS

Following extended commissioning experiments of both individual process
components and the complete system, integrated process campaigns were
carried out on two types of synthetic HLLW solutions. Four campaigns have
been completed but many of the analytical results are still pending. For
illustration purposes, one of *hese campaigns is described along with the
results obtained thus far.

The overall integrated process operation is described here. The Roto-
Spray Calciner is brought to a stable operation at the desired calcination
temperature while water is fed at a rate comparable to the proposed HLLW
feed rate. At che start of the campaign the water feed is shut off and the
synthetic simulated feed, prepared earlier and stored, is fed to the
calciner, either separately or mixed with a suitable additive. The calcined
product is collected at the bottom of the calciner and then pneumatically
transferred to an interim calcine storage bin from which it is fed to the
melter through a screw feeder either separately or thoroughly mixed with the
glass formers. In the meantime, the melter, which had been preheated to
around 950°C is brought up to the approximate melting temperature for the
proposed run through suitable changes in its operating parameters.

When all systems are ready for the campaign the calcine is fed to the
melter through a screw feeder at the desired rate. After sufficient time
the molten glass product is withdrawn through the overflow pipe by operating
the tilt-pour mechanism to fill the cans as may be required. During the
course of the campaign, severa] glass samples are withdrawn on a periodic
basis to follow the performance of the melter. Periodically, samples also
are withdrawn from the calciner to follow the calciner performance. The
operating parameters under study in the calciner and melter are indicated in
Figures 6 and 7.

Two types of synthetic solutions have been tested and two types of
borosilicate glass monoliths have been produced in the integrated campaigns.
The HLLW solutions were: (i) CANDU-HLLW, a waste solution that would arise
from typical CANDU fuel reprocessed by the Purex process, and (ii) PW-4B
HLLW that would arise from typical US-LWR fuel subjected to the standard
Purex process. Although no PW-4B waste is expected to be generated in
Canada, it was employed mainly for 'benchmark' and comparison purposes. The
results given below are those obtained for the PW-4B waste. The composition
of the synthetic PW-4B waste used in the campaign is given in Table 1 and
the final composition of the glass product is given in Table 2. The PW-4B
components (simulating the fission product oxides) amounted to a loading of
9.45 weight percent in the waste glass.
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TABLE 1

COMPOSITION OF PW-4B WASTE USED

7OXHNO3
H2O
Fe(N03)3.
Cr(N03)3.
Ni(N03)2.
(NH4)6M07
Sr(N03)2
Ba(N03)2
CsN03
RbN03
Zr(NO3)<.
AgN03
Cd(NO3)2.
TeO2
95* Ce(N0
60% Rare

Compound

9H20
9H20
6H20
024.4H20

5H20

4H20

3)3.6H20
Earth Nitrate Solution

Concentration (g/Lj
PW-4B

246.0
-700.

7.49
1.76
0.55
11.19
2.11
2.62
3.90
0.55
10.54
0.13
0.23
0.71
33.12
141.0

TABLE 2

COMPOSITION OF REFERENCE 'CANDU GLASS' PRODUCT

Oxide

B 20 3
SiO2
Na20
A12O3
CaO
ZrO2
Li20
ZnO
P205

HLLV Calcine (Waste Oxide)
Ce2O3
Fe203
Cr2O3 Corrosion Products
NiO

wt%

14.28
46.39
10.03
5.03
4.12
1.01
2.01
2.62
0.30
9.55
1.79
2.69
0.06
0.04

The calcination and vitrification operations on the PW-4B waste were
carried out at the following operating conditions for the Roto-Spray
Calciner and the Joule Melter.
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Calciner Operating Conditions:

Calciner drum temperature: ~ 465°C
HLLW feed rate: 9 L/h
Drum RPM: 2
Filter temperature: ~ 380°C

Melter Operating Conditions:

Melt temperature: - 1150°C
Overflow weir temperature: ~ 1150°C
Solids feed rate: ~ 10 kg/h
Melter vacuum: ~ -7.6 cm H20
Glass product annealing temperature: 550°C

Four hundred litres of PU-4B solution were prepared and the calcination was
carried out in four operations of two days each, with the calciner
temperature maintained overnight at 400°C with no feed. During the
calcination experiments, the effects of variations in the nozzle-air-liquid-
ratio were studied and as expected, an increase in the ratio resulted in the
production of a larger fraction of fines in the product. About 802
denitration was usually achieved in the calcination step.

Efficiency of off-gas scrubbing was monitored by analyzing the off-gas
samples at points before the condenser, between the condenser and the
scrubber and downstream of the scrubber. A typical sequence of values for
these sampling points were 2.24, 0.425 and less than 0.01 volume percent of
NO. The N0x removal efficiency for the system ranged from about 67 to 85
mole %. The oxides of nitrogen were found to be mainly in the NO form. The
calciner performance was uniformly good throughout the experiment and no
operational problems were encountered. The induction heating of the drum
worked flawlessly. Since start-up a cumulative operating time of more than
8000 hours has been clocked on the calciner with no system failures
requiring shut downs for either maintenance or repairs. With this type of
induction heating, start-up and shut-down are extremely rapid and the system
has been found to be very reliable and as such would be well suited for
remote operations. The only heater failures were among the external
resistance heaters on the conical part of the calciner.

The vitrification part of the campaign consisted of a 60-hour
experiment with three 12 hour periods of continuous feed and pour. The
solid feed consisting of the premixed PW-4B calcine and the glass formers
was fed at an average rate of 9.55 kg/h. Earlier experiments had shown that
premixing of the calcine and the glass-formers prior to melter feeding
reduced their dissolution time in the melt significantly; for example, in
one experiment, with the glass melt temperature held at 975°C, it took only
about 4 hours for the premixed calcine to dissolve, compared to 36 hours for
the unmixed calcine. The glass pour rate averaged 8.92 kg/h and over
certain periods, the design pour rate of 10 kg/h was achieved. All through
the experiment, the melter glass temperature, plenum temperature and
electrode temperature were monitored on a continuous basis and are shown as
a function of time in Figure 8. The other major parameters monitored
continuously were the electrode current, power input to the electrodes and
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the glass pool resistance. Additionally, temperatures, pressures, flow
rates, differential pressures, etc., in various parts of the facility were
continuously monitored throughout the run and recorded automatically by a
data logger.

As can be seen from Figure 8, the electrode temperature stabilized
around 850°C while the plenum and melt temperatures averaged around 1020°C
and 1170°C, respectively. From idling conditions at the start of the
experiment and during the next ten hours in which the calcine and the glass
formers dissolved in the original melt, the glass resistance steadily
increased from 0.3 to 0.5 ohms with corresponding fall in melter current and
power input. About 20 hours into the run, the voltage tapping in the
transformer was changed from 120 to 180 volts after which the glass
resistance stabilized around 0.48 ohms. Results of the analysis of some of
the components in the product glass samples are given in Table 3 below:

TABLE 3

RESULTS OF ANALYSIS OF GLASS SAMPLE PRODUCT

Run*
Ti mo

2
10
24
33
58

Sample

1
2
3
4
5

* Rounded to the
nearest hour.

SiO2

59.0
54.3
47.0
46.8
43.8

Weight

Na20

23.3
18.1
17.2
16.0
13.4

Percent

Ce02

0.03
2.35
2.85
3.38
3.92

in Sample

Zr02

0.03
0.69
0.89
1.07
1.34

Fe

0.
1.
1.
2.
2.

2 o 3

04
42
76
15
65

The more detailed results of the above analyses, not given here, indicate
the comparatively rapid changes in the glass composition in the first
fifteen hours followed by a much slower variation. However, even after 50
hours, the glass composition had not attained a steady state composition.
The campaign run time was insufficient to draw conclusions on any potential
segregation that might have occurred of either the trace NiO, or Cr203,
elements like Mo or the noble metals. The glass analysis did not show any
unusually significant levels of MgO indicating no increased Monofrax
corrosion or electrode corrosion.

During the run, visual observation through the view port at the top
indicated that the cold-cap coverage was about 75 to 90 X of the glass melt
surface. No foaming problems were encountered. The campaign included
filling of two preheated 15-cm (6-inch) diameter stainless steel cans, one
of which was a split can that could be opened along the axis to recover the
glass monolith without cutting the can. After pouring, the glass was
annealed at 575°C and allowed to cool at a rate of 6°C/h. The can was later
cut open and the glass monoliths were visually inspected. While a good
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glass -nonolith was obtained from the cut-up can, for reasons not understood,
the glass in the split-can was found to be heavily fractured.

Although no major problems were encountered in this particular
campaign, the following operational problems have occurred at various times
and were satisfactorily resolved. The solids feed chimney was completely
plugged during a campaign and a modified feed port design that included a
water-cooled jacket had to be incorporated to avoid the problem. The
ceramic liner under the lid also badly deteriorated and had to be replaced.
Chemical analysis of the plugging material indicated that it was
predominantly undissolved zirconium nitrate and barium nitrate. The off-gas
line on top of the melter plugged with carry-over solids in a quasi molten
state and the primary reason appeared to be the high off-gas velocities and
increased in-leakage of air to the me'ter. The vacuum in the plenum was
adjusted to a lower level to minimize carry over of the solids in the off-
gas. Other problems related to the failure of the SiC auxiliary heaters
following the destruction of their Cu-Sn alloy-braided leads. They were
replaced with new heaters with aluminum-braided leads.

Overall, the primary campaign objectives, namely, (i) to carry out
calcination-vitrification process on synthetic PW-4B HLLW in an integrated
process, (ii) to feed and pour the melter continuously, (iii) to achieve
design production rate of 10 kg/h of glass and (iv) to produce a good
quality glass monolith as per specification, were successfully met.

SUMMARY

As part of the research and development required to establish process
technology for the treatment and immobilization of future CANDU-HLLW in the
Canadian Nuclear Fuel Waste Management Program, a small engineering-scale
facility called WIPE has been built at WNRE to carry out the required
process development studies. The facility consists of modular process
systems and in the initial phase of the experimental program, the conversion
of simulated wastes to borosilicate glasses by the calcination-vitrification
process is being examined. Details of the process components of the
facility, the experimental program, the operating problems encountered,
their suggested solutions and the results obtained in one of the four major
campaigns are presented.
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Figure 3. Photograph of the
Roto-Spray Calciner

Figure A. Photograph of the
Joule Melter and the
Annealing furnace.

Figure 5. Photograph of the
off-gas system.
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FIG 6 PRINCIPAL PROCESS PARAMETERS IN ROTO-SPRAY
CALCINER STUDY
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A REVIEW OF RESEARCH AND DEVELOPMENT OF HIGH
LEVEL LIQUID WASTE VITRIFICATION IN CHINA

Sun Dong-hui

Waste Management Department
Beijing Institute of Nuclear Engineering

P.O. Box 840, Beijing, China

ABSTRACT

This report presents briefly a review of the status
and some results on the research and development of the
HLIiW vitrification in China. The possibility of another
vitrification process instead of pot process is being
considered.

INTRODUCTION

Since the operation of defence reprocessing plants, a considerable
amount of high level liquid waste has been generated. These wastes are
now stored in underground stainless steel tanks and will generally
require to be immobilised by vitrification.The research and development
program of HLLW vitrification was initiated since early 1970's.

Up to now our work focuses on the pot process, which utilized
borosilicate glass as the waste form. Some results about the
vitrification factors such as glass formulation, pot materials, Ru
behaviour and removal, the denitration of HLLW, preparation of glass frit
suspension have obtained already. A cold pot facility in small scale has
been operated.

Due to the existence of sulfate in part of HLLW generated earlier, a
yellow phase appears on the surface of molten glass during vitrification.
And so, the waste loading in glass would be limited to a certain extent.
In order to increase the waste loading and to avoid the yellow phase
appearance, the experimental investigation of the possibility of adding
reducing agents has been conducted, and some good results were obtained.

Because of the relatively limited capacity of the pot process,
choosing a continuous process instead of pot process, such as AVM process
developed by France and the joule-heated liquid-fed melter chosen by U.S.,
Japan and F.R.G., is under consideration.
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GLASS COMPOSITION
1,2

A typical composition of HLLV and Its simulated solution used are
shown in table 1. As seen obviously, the soduim content is high. Recently,
4 kinds of borosilicate glass named 704, 206, 55 and GC 12/9B have
developed. Their compositions by weight percent of oxides are listed in
table 2. The main properties of these glassproducts are shown in table 3,
based on melting temperature of 1100°C and waste loading of 20£. The
measuring results listed in table 3 show that either Glass 704 or Glass
GC 12/9B has good quality. All the results shown here were obtained from
a small scale pot system.

Table 1. Composition of HLLV and simulating solution

Component

Na
Fe
Al
E
Mo
Cr
Ti
Ni
Mn
so4—
F.P.

Total Oxide
H+

HLLW, g/1

17.4
11.64
4.4
6.97
1.18
3.66
2.9
1.93
0.37
5.29

12.66
119
1.5 N

Simulating
Solution

24.4
23.2
6.05
0.2
__
0.5
___
0.4
0.16
8.01
11. la

——
2 N

a. added in the form of mixed oxides of rare earth

Table 2. Composition of Various Glasses

Oxides

S102

B2O3

Na2O
A12O3

MgO
ZnO
CaO
ZrO2
TiO2

Li 20
Total

Glass 704

61.3
12.2
12.5
2.3
1.2
• .

7.0
3.5
——
—
100

Glass 206

65.7
19.0
8.4

1.4
___
2.7
1.4
1.4
—
100

Glass 55

45
15
20
7
6
7
__
_
_

100

Glass GC 12/9B

57.7
16.8
5.0
3.1
1.9
^_.
3.1
1.9
6.2
4.3
100
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Table 3 Properties of Glass Waste Forms

Item

Density, g/em'
Microhardness, kg.ma2
Viscosity, P

1050°C
1100°C
1150°C

Transformation
temperature, °C
Softening Point, °C
Linear expansion
coefficient, 10-7/°C

100°C-200°C
2OO°C-3OO°C
3OO°C-4OO°C

Water resistance
Leaching rate, ISO,

40°C, 40d
Soxhlet

Thermal conductivity.
kcal/m«°C, hr

Devitrification

Glass
704

2.65
527

596.38
348.47
216.35

566
620

85.8
93.2
100.5
III-l

0.6155
(at 93°C)
2 hours

at 6500c,
N.D.O.*,
N.S.O.b

Glass
206

483

1232.68
612.33
349.64

556
615

73.4
80.8
84.4
III-2

2 hours
at 600°C,
N.D.O.,
N.S.O.

Glass
55

461

99.51
61.46
39.39

III-3

2 hours
at 600°C,
N.D.O.,

Glass
GC 12/9B

2.71
573

218
135
88

501
543

78.4
88.0
92.0
III-l

10-7-10-8 g/e«2'd
10-5 g/c«2.d
1.169 (at 90°C)

2 hours
at 550-600°C,
N.D.O.,N.S.O.
2 hours at 65O°C,

D.0.c,S.O.«l

a. NO devitrification observed
b. NO soften observed
c. Devitrification observed
d. Soften observed

BEHAVIOUR OF RU IN VITRIFICATION AND REMOVAL OF RU5'4

The behaviour of Ru has been studied under the similar conditions of
pot process. Fig. 1 is the photograph of the test facility. Glass 704 was
adopted and Ru-103 in RuNo(N03)x«yH20 fora as a tracer was added in
simulated HLLW in the test runs.

It is shown that as Ru concentration in feed increases from 0.6 «g/»l
to 5.2 mg/nl, Ru in off gas will increase from 1.85 mg to 9.4 mg, however
the ratio of Ru in off gas to Ru in feed will decrease from 3O.8jt to
13.1#.

The temperature influences on Ru volatilization is shown in table 4.
From table 4, it can be seen that the most of volatilised Ru is removed
below 200°C. The test also shows that the Ru deposition in the pipe
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Figure 1. Facility for Studying of Ru Behaviour

surface depends upon the temperature of the pipe. The higher the
temperature, the more the deposits. As shown in Fig. 2, the deposition of
Ru increases rapidly from 300°C to 500°C.

Table 4. The Influence of Temperature on Ru Volatilization

Temperature, °C

Ru Volatilization, W *

120

0.25

200

42.65

300

49.39

500

54.03

1050

62.13

5.0

4.0

£ 3.0
CO
o
a 2.0

1.0

100 300 400 500200

Temperature,

Figure 2. Ru Deposit as a Function of Temperature of the Off Gas Pipe

The XRD analysis shows that the deposited Ru exists in the font of
Ru02> and the Ru in condensate and adsorbing liquid exists in the fora of
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RUO4 identified by IRS. The adsorptive efficiency factors of many
adsorbents such as silicagels, silicasols and ferric oxide type of
adsorbents have been investigated.

The results show that W-X-14, one of the ferric oxide adsorbents,
possesses excellent performance, Even if Ru accumulated on the adsorbents
comes up to 178 mg Ru/cm', its decontamination factor remains more than
10^. Moreover, this kind of adsorbent can be easily vitrified with glass
frit, and the leaehability of the Ru-riched glasses in DI water at 70°C
is still in the range of 2.64 x 10-5 to 8.09 x 10~5 g/cm2.d.

DENITRATION OF HLLW5

In order to increase the concentration factor of HLLW and to control
Ru volatility in the vitrification process, denitration of HLLW with
formic acid has studied. Generally, a small amount of NaN02 must be added,
so can the reaction between HLLW and HCOOH carry on smoothly. Our
experiments show that if a snail portion of formic acid is added in
advance before heating, the reaction can also take place smoothly. The
influence of adding formic acid or sodium nitrite on the induction time
of denitration is shown in table 5.

Table 5. Induction Time of Denitration with Simulated HLLW

85% of HCOOH
added at R.T.,

Vol. %

0
0
0.2
0.6
1

0.5M of NaN02

added at 95°C,
Vol. f>

1.5
0
0
0
0

Induction
time,
Sec.

0
15
0
0
0

Starting of
reaction.

°C

95
95
80
66
65

PREPARATION OF GLASS FRIT SUSPENSION

In order to fabricate a good suspension for feeding the frit in the
form of slurry, more than 20 different celluloses have been investigated
in terms of effect upon solubility ana viscosity versus temperature,
viscosity versus concentration, solid-liquid ratio, and the particle size
of glass powder. It is shown that two kinds of CMC, such as IH3 and OVHg,
and HEC produced in China are satisfactory for suspending. The viscosity
of the glass slurry adopted Glass 704 versus the concentration of HEC is
shown in Fig.3. While viscosity of the glass slurry versus temperature is
shown in Fig. 4.

POT MATERIAL

A new type of steel, Steel-23, was developed for the pot material.
It belongs to high Cr-Ni austenic family and has good resistance to many
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corrosive ••dia and good antiozidation at high temperature. Steel-23
consists Mainly of Mi, Cr, Ft and a bit of Al, Mn, Si.

Through a long term operation, the durability test of the pot made
of Steel-23 with 133 mm of diaaeter and 739 mn of height vas conducted.
The results show that Steel-23 has excellent performance withstanding
many corrosive media at high temperature, including the molten glass,
molten yellow phase, and withstanding the oxidation condition and
serious N0 x atmosphere, After 30 or more runs there is no significant
corrosive trace can be observed on the internal surface of the pot by
macroscopic. The variation of the thickness of the wall was measured at
20 different points of the pot. It shows that the variation is in the
range of + 0.2 to -0.3 mm. It is also shows, that Steel-23 has good
mechanical stability at high temperature. A small change of the pot shape
has been observed. The radial variation of the diometer is in the range
of -0.02 to +3.57 mm, and the biggest was found at the level of molten
glass surface.

YELLOW PHASE AND ITS REMOVAL1'8

Our development shows that the incorporation of SO3 in glassproducts
is constrained. If the waste loading is higher than 10Jf» large amount of
yellow phase will exist and distribute on the surface of the molten glas3.

The results of BMP analysis of the yellow phase are given in Table 6.
The components of yellow phase constitute mainly N»2O and SO3.

Table 6. Composition of Yellow Phase

Component

* (Weight)

Na2O

36.6

303

53.1

CaO

6.0

Al

0

2°3

.1

Fe

10

2°3

.0

Investigation shows that the yellow phase can volatilize at higher
temperature. The amount of yellow phase depends on the factors as
following, the amount of sulfate in HLLW, the SO3 loading in waste glass,
melting temperature, melting and refining time, melting area and the
flowrate of the off gas.

In order to avoid the appearence of the yellow phase some reducing
agents were added. It was found that powder of aluminium, silicon or
carbon can decompose the yellow phase. When the silicon powder is added
in suspensive liquid, the sulphur distribution is shown in Table 7.

When the reducing agents are added in feed, there is no yellow phase
exists anymore, even the waste leading comes up to 30?t. It is supposed
that the sulfste will be decomposed into oxides. With the existence of
reducing agents, in the case of vitrification, a considerable amount of
sulfur trioxidt and a small amount of sulfur dioxide are measured in the
off gas.
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Table 7. Distribution of Sulphur

Amount of Si added, % (Weight)

Concentration of Sulfate in HLLW, M
Waste Loading, W %
Yellow Phase
Content of SO3 in Waste Glass, W %
Sulphur in Waste Glass, W %
Sulphur in Off-Gas, W %

0

0.131
20

Yes
1.34

1

0.131
20
No

0.40
30.8
67.9

SMALL SCALE POT FACILITY'

The small scale pot facility is shown in Fig. 5, its flowsheet in
Fig. 6. This facility is mounted in a hot cell (6.6 x 2 x 4.5m), but now
is operated at cold stage.

Figure 5. Small Scale Pot Facility

The height of pot made of Steel-23 or GH-30 is 928 mm and a diameter
136 mm. The pot is heated by six zones induction furnace (25OOHz). 30
runs were conducted with simulated HLLW and Glass 704 frit. A qualified
waste glass was obtained, and the induction furnace is operated in high
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Figure 6. Flowsheet of Small Scale Pot Facility



stability and can be adjusted easily.

During the operation, a few blockages were observed. As the
suspending liquid contained Glass 704 frit mixed with acid simulated
HLLW, the precipitate was formed from the suspension. When we changed the
connection way of HLLW feeding pipet "the probability of the blockage can
be avoided. Occasionally, HLLW added at the beginning of runs was leaked
from the pouring nozzle. Increasing the melting temperature and the
operating pressure in pot are useful for avoiding leak, but not always.
These problems must be solved before putting into hot operation.

SELECTION OF VITRIFICATION PROCESS

It is known that the capacity of pot process is low, especially when
a significant amount of sulfate exists in HLLW, the waste loading of
borosilicate glass must be redused, in order to avoid the appearence of
the yellow phase. We think that the pot process may not be suitable to
our nuclear program.

Among the other vitrification alternatives, AVM and PAMELA are the
only two industrial scale facilities operated in the world. They have
been operated since 1977 and 19B5 respectively. It is reported that both
of them have operated successfully.

We think that one of then will, perhaps, be our choise in the next
future.

CONCLUSION

The progress about vitrification program in China has been discribed,
and the related results have been reported.

Some fundamental studies will be continued in the future. However,
it is important to choose a suitable vitrificaticn process, and then a
mock-up facility will be designed. We hope that the mock-up facility will
start up at early 1990"s, and that a industrial vitrification facility
will be built at the middle of 1990"s.
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HIGH LEVEL WASTE MANAGEMENT AT THE
IDAHO CHEMICAL PROCESSING PLANT

IDAHO NATIONAL ENGINEERING LABORATORY

B. R. Wheeler and W. C. Moffitt
Westinghouse Idaho Nuclear Company, Inc.

and

R. C. Mairson
WIPP Project

SUMMARY

The Idaho Chemical Processing Plant (ICPP) was the first and
continues to be the only U. S. facility to convert high level
radioactive liquid waste into granular, calcined solids.
These solids currently are placed in stainless steel bins for
interim storage. The radioactive liquid wastes have resulted
from the reprocessing of a wide variety of highly enriched,
spent nuclear fuels including aluminum alloyed, zirconium
alloyed, stainless steel alloyed and graphi :e matrix fuels.
Because the fuels are alloyed, total dissolution is required
in various acids depending on the fuel composition. The
resulting acidic solutions containing all of the constituents
of the original fuel, plus the fission products, are
processed through three cycles of solvent extraction to
recover the uranium. All of the other constituents along
with the acids end up in the waste tank farm and are
ultimately calcined in the Waste Calcining Facility.
Alternate strategies are being evaluated to immobilize the
calcined waste and to provide for permanent disposal. The
purpose of this paper is to describe the experience ICPP has
had with operation of the New Waste Calcining Facility and to
briefly identify the plan for possible immobilization of the
solid calcine product to a form for suitable permanent
disposal.

BACKGROUND

The primary mission of the ICPP is to safely process
government-owned, spent nuclear fuels. Repeated evaluations have
shown that reprocessing of the fuel along with safe, efficient
management of the waste is the most cost-effective means to
dispose of the fuel. A materials flow chart for the receipt,
reprocessing, and waste management activities at ICPP is shown on
Figure 1.

The majority of the fuels processed contain highly enriched
uranium and are alloyed with zirconium, aluminum, and stainless
steel; thus total dissolution is required in one of several
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dissolution processes, viz., mercury-catalyzed nitric acid for
the aluminum alloys, hydrofluoric and nitric acids for the
zirconium alloys, electrolytic dissolution in nitric acid for
stainless steel alloys, and pyrolysis followed by nitric acid
dissolution for graphite fuels. The dissolver product solutions

Underwater
Storage

Solvent
uranium r—^ Extraction
• W»ste| -i

Product
Oenitrator
(Solidification)

Spent Fuel
From
Reactors

Off-Site
Transport

ICPPS-10962C
(6*6)

ICPP PROCESS FLOW
Figure 1.

for all of these processes are first adjusted to proper flowsheet
specifications and then processed through three cycles of solvent
extraction. The solvent extraction begins with a single-cycle Purex
process using TBP, followed by a two-cycle Redox process using hexone and
aluminum nitrate nanohydrate. The product from the third extraction cycle
is concentrated and fed into a denitrator producing calcined UO3, which
is packaged and shipped to DOE facilities for reuse in government-owned
reactors.

As already stated, the majority of the fuels processed are alloys
which required complete dissolution of the fuel elements. This factor
plus the addition of fluoride complexants necessary to produce a
noncorrosive waste stream during calcination result in large HLLW volumes
varying from 60,000 to 650,000 gallons per metric tonne of uranium
processed. It is also necessary to store the HLLW from different fuel
processing separately so the proper blend can be achieved for efficient
calcining.

LIQUID WASTE STORAGE

All liquid waste from fuel processing activities is temporarily stored
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in one of eleven 300,000 gallon stainless steel tanks in a tank farm while
awaiting calcination A typical tank is shown on Figure 2. Low-level
wastes, process condensates and decontamination wastes are all evaporated
prior to tank farm storage. Each of the 300,000 gallon tanks is enclosed
by a concrete vault and each tank and vault is separately monitored to
detect any possible leak. None of the storage tanks have ever leaked.
However, a pipeline to one of the tanks did leak due to faulty
construction in the early 1970 era; all contamination from that leak was
successfully cleaned up.

HIGH LEVEL LIQUIO WASTE SOLUTIONS ARE STOREO IN 300.000 GALLON UNDERGROUND
STAINLESS STEEL TANKS ENCLOSED IN CONCRETE VAULTS.

Filter

300.000 gallon wane lank
Stainless steel plal*

WASTES STORED IN THESE TANKS CONTAIN PROCESS CHEMICALS. CLADDING MATERIALS.
INERT BY PRODUCTS. FISSION PRODUCTS. AND TRANSURANIC NUCLIDES.

NO LEAKAGE HAS EVER OCCURRED.
ICPP-S-3491

Figure 2.

CALCINATION PROCESS

The calcination process, shown on Figure 3, takes place in a 5-foot
diameter fluidized bed at ~500°C. Liquid waste is sprayed into the bed
which is heated by the in-bed combustion of kerosene with oxygen. Wastes
containing fluoride are pretreated before calcination with a 10% excess of
Ca + + to minimize the amount of volatile HF in the bed by forming
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and thus reduce the corrosiveness of the process off-gas. The liquid
wastes in the fluidized bed decompose to a calcined product, water vapor
and oxides of nitrogen.

THE CALCINING PROCESS

LIQUID WASTES ARE
SPRAYED INTO THE
CALCINING VESSEL.
THE DROPLETS CON-
TACT FLUIDIZED-BED
PARTICLES AND ARE
DEHYDRATED ALMOST
INSTANTLY.

TANK
FARM

LIQUID WASTE
OFF-GA
SYSTEM

KEROSENE
OXYGEN

CALCINED SOLIDS ARE WITHDRAWN 1
CONTINUOUSLY FROM THE BOTTOMJ
OF THE CALCINER VESSEL AND
PNEUMATICALLY CONVEYED TO
STORAGE BINS

' I G . ' R E

SOLIDS STORAGE

The calcined product consists largely of oxides of aluminum, boron,
zirconium, and stainless steel; oxides of fission products; and CaF^j.
The particles are pneumatically transferred from the calciner to the bins
located within near-surface concrete vaults. The granular calcine product
has been, and will continue to be, stored in a retrievable mode in the
bins. Each bin is about 10 feet in diameter and 40 to 60 feet tall. Four
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to seven bins are located within a single concrete vault. Design lifetime
of the bins is 500 years, but sampling of corrosion coupons placed within
loaded bins indicates a much longer lifetime. Each vault has a capacity
ranging from 17000 to 60000 feet-* for the calcined waste. Figure 4 is
an artist's drawing of one of the bin sets.

INI.

AIR kElUKN IC CALCINER

PRODUC1 FROM CALCINER

CYCLONE SEPARATOR

>iiNG AIR
1 FILTER — - -

DISTK hUTOR
8. BIN FILL LINE

COOL I N ' ; All-
OUT LEI M A O

SOLIDS
DIVERSION

VALVE

WCF SOLIDS STORAr"-P

FIGURE
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WASTE CALCINING FACILITY

The first Waste Calcining Facility (WCF) was designed and constructed
as a pilot facility to demonstrate the operating principles of
calcination, and at the same time achieve a volume reduction in waste
storage from the liquid to the solid calcine form, thus eliminating the
need for a large tank farm. The WCF required direct contact maintenance,
with the concomitant problems in contamination control and personnel
exposures. The throughput capacity did not match current long-range
projections for HLLW generation rates. The WCF was put into operation in
1963 and operated until 1981 when it was replaced by a New Waste Calcining
Facility (NWCF). During this time more than four million gallons of
liquid waste were converted into about 77,000 ft ^ of calcine.

During early years of operation with the WCF, very few process or
equipment failures were experienced and the plant availability factor
approached 98%. However as the facility aged, and more corrosive wastes
were processed, and as the facility evolved from a pilot plant to a
production unit, both the frequency and seriousness of failures began to
increase. At the same time, equipment and facility decontamination to
permit personnel access for maintenance became more difficult, time
consuming, and expensive. In addition, annual permissible personnel
radiation exposures were significantly reduced at ICPP.

NEW WASTE CALCINING FACILITY (NWCF)

As the result of these difficulties and restrictions, the NWCF was
constructed to include:

1. significant capability to remotely replace process equipment
2. increased provisions for detection and containment of

contamination
3. better cleanup of liquid and gaseous effluent streams
4. highly corrosion-resistant materials of construction for the

process system
5. a higher waste throughput
6. extensive process system and facility decontamination

capabilities
7. computer compatible process control and alarm instrumentation

In effect, using the lessons learned from the WCF, a New Waste
Calcining Facility (an artist's concept of which is shown on Figure 5) was
designed, constructed, and put into operation in 1982. The design of the
NWCF incorporated remotability concepts for operation and maintenance, and
was also designed with a throughput capacity to exceed the projected
generation rate of HLLW for the long-range future. The performance of the
NWCF has been highly satisfactory and has exceeded design throughput
rates. To the present time, the NWCF has solidified about 1.5 million
gallons of waste, achieving an average volume reduction of about 8:1.
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Most of the improved operating expertise has resulted from the remote
change out capability of failure-prone equipment; this in turn has
dramatically increased the on-stream time of the NWCF. Figure 6 and 7
compare plant downtime, volume of decontamination waste generated and
personnel exposure experience for several comparable maintenance tasks
that had to be performed with the original WCF and must be periodically
performed with the NWCF. In addition, Figure 8 depicts the decrease in
total annual exposure achieved with the NWCF as compared to the WCF with a
concomitant increase in throughput capacity by a factor of 3. In effect
the NWCF performance has demonstrated the capability to fulfill the need
for long-term processing of HLW.

COMPARISON OF SIGNIFICANT MAINTENANCE
CRITERIA FOR NWCF AND WCF

TASK = FUEL NOZZLE CHANGE-OUT

TOTAL PLANT DOWNTIME
RADIOACTIVE WASTE GENERATED
PERSONNEL RADIATION EXPOSURE

WCF
9O-12O DAYS

30.000-50,000 GAL.
1O-15 RAD

NWCF
2O-3O DAYS
15,000 GAL.

0 - 1 RAD

TASK = RECYCLE VALVE CHANGE-OUT

PLANT DOWNTIME
RAD WASTE GENERATED
PERSONNEL RAD EXPOSURE

WCF
3O-45 DAYS

10.000- 15.OOO GAL.
5-10 R

NWCF
3-4 DAYS
1000-20OO

0.2 R

Figure 6

LESSONS LEARNED FROM NWCF OPERATION

Most of the lessons learned to date from NWCF operation relate to
auxiliary system and equipment performance, as follow:

M A C System

o Vapors from decontamination and cleaning are not cleared rapidly
enough which limits work rate during decontamination activities
in an adjunct decon cell.
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Flowmeters were not accurate because neither straightening vanes
nor proper straight piping runs were provided with the original
design.

COMPARISON OF SIGNIFICANT MAINTENANCE

CRITERIA FOR NWCF AND WCF

(Continued)

TASK = ELECTROMAGNETIC FLOWMETER AND
FEED CONTROL VALVE CHANGE-OUT

PLANT DOWNTIME
RAD WASTE GENERATED
PERSONNEL RAD EXPOSURE

WCF
45—6O DAYS

10.0OO-15.0OO GAL.
5 -15 R

NWCF
O
O

0.2 R

TASK = QUENCH PUMP CHANGE-OUT

PLANT DOWNTIME
RAD WASTE GENERATED
PERSONNEL RAD EXPOSURE

WCF
3O-6O DAYS

8.0O0-12 .0O0 GAL.
5-15 R

NWCF
3-5 DAYS

1,000-2.000 GAL.
0.5 R

Figure 7

Master/Slaves and PAR's

o Some valves in a valve corridor could not be reached,

o The cell floors couldn't be reached to pick up dropped items.

o A significant spare parts and maintenance effort was not
initially provided to keep equipment in working order.

o Field of vision during use is sometimes poor. Mirrors or CCTV
cameras could be of substantial help.

Feed Nozzle Wear

o Operational experience established the injection nozzle wear
rate; future operation will schedule nozzle replacement before
any wear affects calciner performance, in effect a preventive
maintenance issue.
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Each of these relatively minor problem areas will be improved prior to
the next operating campaign now scheduled for FY-1987.

PLAN FOR THE LONG-TERM MANAGEMENT OF ICPP HLW

Over the years, the calcination process coupled with bin storage with
a design life of 500 years has been a safe technique for solidifying and
storing ICPP high-level wastes. However, it is recognized that various
regulatory concerns may require that all high-level wastes be further
immobilized for final disposal, off-site. The Defense Waste Management
Plan (DWMP) of June 1, 1983 presents the National plan for disposal of
defense HLW, including those generated and stored at the Idaho National
Engineering Laboratory. A potential goal of the DWMP is to end interim
storage and to achieve permanent disposal by immobilizing and preparing
HLW for shipment to a geologic repository. New ant. readily retrievable
existing HLW may be processed for disposal to a repository, while other
waste may be stabilized in place if the short-term risks and costs of
retrieval and transportation outweigh the environmental benefits of
disposal in a repository.

Thus, along with significant efforts to minimize the future generation
of all HLW at ICPP, three basic strategies are currently under evaluation.
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1. Immobilize all ICPP HLW for disposal to a repository,

2. Immobilize all ICPP HLW for disposal to a near-surface facility
on-site, or

3. Immobilize all newl.y produced HLW for disposal to a repository
plus stabilize existing stored HLW for disposal at a near-surface
facility.

A decision on a strategy and process for long-term ICPP HLW management
will not be made until the 1990's; however, the DWMP does present a
reference plan: The annual output of new ICPP HLLW may be immobilized and
sent to a repository after FY-2008 while existing stored calcine may be
immobilized and disposed of only as plant capacity permits.

It is recognized that a process has been selected to create glass for
HLW from both the Savannah River Plant (SRP) and West Valley. A glass
process has been considered for ICPP HLW; however, such a process is not
directly applicable because of the significant difference in waste
composition as compared to wastes at the other sites. The very high
concentrations of fluoride, zirconium, cadmium, and calcium (all absent
from the SRP and West Valley wastes) alter the process that would be
applicable at ICPP if large volumes of immobilized HLW are to be avoided.
Based on available technology, if ICPP HLW were converted into a glass, at
least 1700 canisters of waste would be produced per year after FY-2008,
which is well above the DWMP goal of fewer than 500 canisters per year.

Rather, several alternative process methods which could reduce solid
waste volumes to below the volume specified in the DWMP are being
evaluated. These options include:

(a) producing a high waste loading, high density glass-ceramic or
ceramic waste form in a waste immobilization step,

(b) eliminating the use of inert materials such as soluble neutron
poisons (i.e., boron and cadmium) in the fuel dissolution
process.

(c) using new processes prior to immobilization in which inert
materials are separated by an in-line neutralization process or
by a TRUEX actinide separation process.

The potential reductions resulting from these options are summarized
in Table 1.
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TABLE 1: HLW VOLUME REDUCTION AT ICPP

Method

Converting HLW to glass waste
form

Converting HLW to ceramic or
glass/ceramic waste form

Converting to ceramic or glass/
ceramic waste form and using
critically-safe dissolvers

Neutralizing acid HLLW prior to
immobilization

Canisters/yr
Produced

1600

650

445

200a

% Reduction Com-
pared to Glass

Waste Form Option

60

72

88

a - Would also produce about 330000 ft^ of low-level concrete waste
requiring disposal

CONCLUSION

Management of ICPP HLW by temporary storage in a small tank farm
followed by calcination and then interim storage in stainless steel bins
has proven to be a safe and practical process. For the long term, a
research and development plan has been developed to implement a strategy
and process(es) for ultimate disposal of ICPP HLW on the schedule
consistent with the DWMP, and in consonance with the objective to reduce
the volume of HLW generated in the U. S.
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HIMI-HELTER STUDIES OF HIGH LEVEL NUCLEAR
HASTE FORM DEVELOPMENT: EFFECTS OF ADDED NITRATES,
CAR?O?iATES AND NITRATES/FORMATES IN THE SLURRY FEED

Stanley M. Finger, Robert K. Mohr,
H. Phelps Freeborn, Frank Pruss, Hamid Hojaji,

C. J. Montrose and P. B. Macedo

Vitreous State Laboratory
The Catholic University of America

Washington, D. C. 20064

ABSTRACT

This research supports the plans of Kest Valley Nuclear
Services, Inc. to stabilize their nuclear waste. The
Vitreous State Laboratory (VSL) is performing studies to
measure chemical durability for a range of possible
production glass compositions, providing insight into both
their durabilities and processing rates. A key element of
this study is the use of the CUA-VSL slurry-fed mini-
melter system to dynamically model and study alternative
process conditions. This paper reports the results of
investigations into the effects of added nitrates,
carbonates and nitrates + formates in the slurry feed.
Two base feed mixtures were used in these experiments:
(1) AFF sludge + frit or glass formers, ion exchange media
and chemical additives; and (2) Noah Chemical hydroxide
feed with and without additives. The AFF sludge, with
nitrate or carbonate additives, Has susceptible to
foaming, which was controllable by lowering the processing
rate. The nitrate feeds could be processed at a maximum
rate of 15-18 ml feed/min without significant foaming, and
the carbonate feeds at 24-26 ml feed/min, which rates are
significantly lower than the 2S-35 ml feed/min rate for
the base feed. The hydroxide feed could be melted at a
rate of 25 ml feed/min. Adding nitrates caused foaming,
limiting the feed rate to about 14 ml/min. Adding formate
to the nitrated feed to compensate partially for the
oxidizing effects of the nitrate exacerbated the foaming
problem. The maximum sustainable feed rate for this feed
was only 11 ml/min.

No long-lasting scums, insoluble secondary phases or other
deleterious surface phenomena were observed during any of
the experimental runs.
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BACKGROUND

This research supports the plans of Rest Valley Nuclear Services, Inc.
to stabilize their nuclear Haste prior to placement in a repository. The
nuclear Haste, which is a sludge mixture, Mill be stabilized by vitrifica-
tion in a large-scale melter. There are significant differences betHeen
Hest Valley high level Hastes and those found at the Savannah River Plant.
For example, Hest Valley waste has much larger concentrations of phosphate,
thorium and inorganic ion exchangers, Hhile Savannah River Haste has larger
concentrations of uranium, aluminum and potassium. Battelle's Pacific
Northwest Laboratory (PNL) has developed a process to dissolve the Hest
Valley sludge in acid and then vitrify the resulting solution Kith glass
formers, using various additives to control foaming and non-melting second-
ary phases in the cold-cap. As an alternative, the Vitreous State Labora-
tory (VSL) at The Catholic University of America (CDA) is developing a
simpler slurry fed process which eliminates the acid dissolution in an
attempt to improve glass production rates. A key element of this study is
the development of the CDA-VSL laboratory-scale slurry fed mini-melter
system to dynamically model and study alternative process conditions for the
full-scale Hest Valley melter. The objective of the CDA-VSL mini-melter
system is to demonstrate that simulated Hest Valley sludge can be mixed with
appropriate glass frit or glass formers, be fed to a melt furnace in the
form of a slurry, and be made into a stable, leach-resistant glass at a
practical rate. Hhile the reliability of scale-up from mini-welters to
full-scale systems has not yet been determined, the results obtained with
the CDA-VSL mini-melter provide qualitative guidance for the full-scale Hest
Valley melter.

This paper reports the results of processing glasses with added ni-
trates, carbonates and nitrates + formates as part of scoping studies to
determine the chemical durability of production glasses of varying
composition.

MINI-MELTER

The mini-melter system consists of a feed system to deliver the slurry
to the melter, a two-chamber melter (consisting of a melt chamber and a pour
chamber), associated electrical power supplies and controls, and an exhaust
system to remove the gases evolved during the glass melting process. The
mini-melter system was described in detail earlier1. Subsequent to that
paper, several minor modifications were made to the melt chamber and the
mini-melter operating procedures:

* The mini-melter is now operated at a 13° tilt to
alloH for continuous feeding and pouring.

* The control thermocouple has been moved to a position
1 1/2 inches from the bottom of the melt chamber.

In the original plan for the operation of the mini-melter, the system
Has to be operated batch-wise, with feed being introduced into the furnace
until a pre-determined melt level was reached. The furnace would then be
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tilted to pour a volume of the molten glass. The mini-melter would then be
1 oiiered to a horizontal position again and the procedure repeated. This
procedure had two significant disadvantages. First, the pour chamber had to
be heated to 1000°C or more to obtain a reasonable pour rate. The heaters
initially installed in the pour chamber Mere inadequate to provide the
necessary heating and burned out frequently. Even with the addition of a
resistance heater directly on the pour tube, pouring rates Here still slow.
This meant that the slurry feed to the melter had to be stopped for extended
periods while the molten glass Has being poured. A second problem Has that
the tilting of the mini-melter sometimes caused an instability in the cold-
cap; i. e. the cold-cap would submerge and foam dramatically. Since neither
of these problems would be encountered in the operation of the full-scale
melter at Rest Valley, Hhich is a continuous system, it Has decided to
operate the mini-melter in a continuous mode by leaving it in a tilted
position.

The second modification, movement of the control thermocouple to a
position 1 1/2 inches from the bottom of the melt chamber (about 1 inch
loner than its placement during earlier runs), was to avoid sensing the very
active surface region of the molten glass. This would decrease the suscept-
ibility of the temperature control system to transient temperature changes
resulting from the very active thermal convection in the melt.

SLURRY FEEDS

The slurry feeds used in the first part of these studies consisted of
(1) a prepared sludge which chemically simulates Rest Valley nuclear Haste,
(2) glass frit or glass formers, (3) ion exchange media, and (4) added
chemical components to determine the effects of various chemical species on
glass processing performance. The simulated sludge Has supplied by AFF,
Inc. The composition of this sludge, Hhich contains 12.2% anhydrous solids,
was reported earlier1. The compositions of the AFF sludge feed mixtures are
listed in Table 1. These recipes resulted in glasses which varied in
composition about that of the HV-183 composition. The loading was 400 grams
glass equivalent per liter of feed.

In feeds RVCM-7 through HVCH-9, the fraction of SRL 165 frit Has
reduced and the silicon, boron, sodium and potassium Here introduced by
other chemicals as shown in the table. The objective of these changes was
to introduce the sodium and potassium as carbonates so that the effect of
carbonates on processing could be determined. RVCM-9 was prepared without
glass frit to determine if glass formers are as effective as the frit during
processing. RVCH-13 was also a carbonate feed; its composition was very
similar to the nitrate feeds with the exception that carbonate was exchanged
for nitrate on a one-to-one basis. This Has to allow for a direct compari-
son of processing performance of carbonated versus nitrated feeds.

Subsequent experiments were performed using a "hydroxide feed mixture",
made by Noah Chemical and supplied by Rest Valley. The hydroxide feed was
constituted to produce the HV-205 glass composition. The loading was 350
grams glass equivalent per liter of feed. Runs were performed using the
hydroxide feed (a) with no additives, (b) with sufficient added nitric acid
to bring the nitrate level up to that of the washed Purex plus Thorex plus
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recycle streams, and (c) with added nitric acid and with sufficient added
formic acid to partially compensate for the oxidizing effects of the nitric
acid. The recipes for the hydroxide feeds are listed in Table 2.

TABLE 1

AFF Sludge Feed Compositions

Nitrate Feeds

Batch Designation

Total Volume (1)

Volume AFF Sludge (1)

SRL-165 frit ( kg)

SiO2 (kg)

Na2B«07-5H20 ( g)

NaNOs (kg)

KN03 (g)

NaH02 (g)

Carbonate Feeds

Batch Designation

Total Volume (1)

Volume AFF Sludge (1)

SRL-165 frit (kg)

Durasil-0 ( kg)

SiO2 (kg)

Na2C03'H20 (kg)

Ha2B407-5H20 ( kg)

K2CO3 (g)

Li2CO3 (kg)

HVCM-10

60. 6

45. 4

13. 64

3.04

780. 0

2. 59

46. 8

130. 2

RVCM-11

30. 5

22. 5

7. 81

1.51

381. 4

1. 3

23. 4

!34. 9

HVCM-7

16. 0

12.0

2. 74

1. 19

. 904

. 164

5. 3

HVCM-8

45. 4

34.0

7. 77

3. 38

2. 78

. 47

15. 0

RVCM-9

60. 6

45. 4

4. 51

7.05

3. 27

2. 79

RVCH-13

60. 6

45. 4

13. 64

3. 02

2. 01

. 78

32. 0

2. 71
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Batch Designation

Hydroxide Feed

Dry Chemicals ( kg)

70% HNO3 (1)

88% HCOOH (1)

TABLE

Hydroxide

HVCM-19

23. 0

0.0

0. 0

2

Feeds

HFCM-24

22.

2.

0.

RESULTS

7

22

0

HVCM-25

23.

2.

1.

0

22

15

The processing performance of the feeds nas determined on the basis of
processing rate, foaming tendencies, and any other problems or peculiarities
encountered. Kith the AFF Sludge feeds, it was observed that both the
nitrate and the carbonate feeds Mere very susceptible to foaming, at times
overflowing the melt chamber. Foaming incidents were sometimes initiated by
temperature upsets, as evidenced by several foaming incidents associated
with thermocouple failures and the resulting large variations in power
applied to the melt. The processing rate that could be maintained was
limited by the occurrence of foaming incidents. However, for each feed a
maximum processing rate was determined below which foaming did not normally
occur. Table 3 lists the maximum processing rates for the AFF Sludge feed
slurries that could be maintained without significant foaming.

TABLE 3

Maximum Sustainable Processing Rates (AFF Sludge Feeds)
Processing Rate,

Feed Designation ml feed/minute Cold-Cap Coverage. %

Nitrate Feeds

HVCM-10 17-18 20-30

HVCM-11 15 20

Carbonate Feeds

HVCM-7 26 60

HVCM-8 24 90

HVCM-9 24 20

HVCM-13 25 30
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The processing rate for the base feed slurry ( without added nitrate or
carbonate) Has determined to be 25-35 ml feed/min during earlier experi-
ments1. Hith the base feed, the cold cap extended over the entire melt
surface. The maximum sustainable processing rates for the nitrate and
carbonate feeds, shown in Table 3, were considerably loner than for the base
feed. The nitrate feeds could be processed at rates of only 15-18 ml/min
while the carbonate feeds could be processed at a maximum of about 25
ml/min. The nitrate feeds were more susceptible to foaming than the
carbonate feeds, as evidenced by the loner processing rates that could be
sustained before significant foaming occurred. Cold cap coverage tended to
vary—coverages of 20-30% were typical for the nitrate feeds while the
carbonate feed melts had cold caps ranging from 20-90% coverage of the melt
surface.

The maximum sustainable processing rates for the hydroxide feeds are
shown in Table 4 (note that the nitrate feed has a lower solids loading than
the AFF sludge feeds). Hithout added nitrates or formates, the hydroxide
feed could be melted at a rate of 25ml feed/min. The limiting factor
appeared to be the rate at which the feed could dissolve in the melt pool,
although foaming occurred at a feed rate of 30 ml/min. The nitrated feed
(HVCH-24) was subject to sudden violent foaming; the maximum sustainable
feed rate was about 14 ml/min. The feed containing added nitrate and
formate (KVCM-25) had the poorest melting characteristic of the feeds
reported here. The feed rate had to be kept at 11 ml/min. or less to
prevent catastrophic foaming incidents.

TABLE 4

Maximum Sustainable Processing Rates (Hydroxide Feeds)

Feed Designation Processing Rate, ml feed/min

HVCM-19 (no added chemicals) 25

HVCM-24 (added nitrates) -14

HVCM-25 (added nitrates & formates) 11

Two other problems were observed with the nitrated and nitrated + for-
mated hydroxide feeds. First, small particulates tended to form in the feed
lines, causing clogging of the feed lines. And second, these feeds produced
a lot of dust which collected in the gas exhaust lines. Hhile all the
hydroxide feeds produced significant quantities of dust, the feed containing
added nitrates and formates was much worse than the others.

In all cases, no long-lasting scums, insoluble secondary phases or other
deleterious surface phenomena were observed.

The AFF sludge carbonate feed which used glass formers rather than SRL
165 glass frit performed very similarly to the other AFF sludge carbonate
feeds; no significant difference in the processing of this feed was
observed.
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CONCLUSIONS

The addition of nitrates and carbonates to the AFF sludge feed to the
CUA-VSL mini-melter system resulted in a propensity to foaming, which at
times was sufficiently severe to overflow the melt chamber. It Has possi-
ble, however, to effectively prevent foaming by lowering the rates at which
the nitrate and carbonate feeds were processed. The maximum processing rate
for the nitrate feeds before significant foaming occurred Has 15-18 ml
feed/min and the maximum processing rate for the carbonate feeds was 24-26
ml feed/min. These rates are significantly less than the processing rate
for the base AFF sludge feed, which was reported earlier1 to be 25-35 ml
feed/min. The base hydroxide feed could be melted at a rate of 25 ml
feed/min. However, added nitrates caused foaming which limited the feed
rate to about 14 ml/min. The addition of formate to the nitrated feed to
partially compensate for the oxidizing effects of the nitric acid, instead
exacerbated the foaming problem. The maximum sustainable feed rate for the
nitrated + formated hydroxide feed was only 11 ml/min.

No long-lasting scums, insoluble secondary phases or other problematic
surface phenomena were observed with any of the feeds studied.
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DESIGN AND TESTING OF THE DEFENSE WASTE PROCESSING FACILITY
MELTER DRAIN VALVE

Richard Edwards, Jr. and Jill Glascock
E. I. du Pont de Nemours and Company

Savannah River Laboratory

ABSTRACT

The Defense Waste Processing Facility (DWPF) at the
Savannah River Plant will use a joule-heated glass
melter to process high-level radioactive defense
waste into a borosilicate glass waste form. A
prototype of a valve to drain the remaining glass
from the melter at the end of its useful life is
being tested at the Equipment Test Facility of the
Savannah River Laboratory. The objective is to
demonstrate the mechanical functionality of the valve
and to uncover and solve problems related to its
operation in the DWPF.

INTRODUCTION

The Defense Waste Processing Facility (DWPF), located at the Savannah
River Plant in Aiken, South Carolina, will incorporate high-level radio-
active defense waste into a borosilicate glass waste form. This will be
accomplished by mixing the waste in the form of an aqueous sludge with
glass-forming frit and charging this slurry to a joule-heated glass melter.
During normal tnelter operation, glass will flow through the riser and pour
spout sections of the melter into stainless steel canisters.1 However, the
melter will also be equipped with a drain valve, to empty the glass from the
melter at the end of its useful life. The drain valve has been designed to
empty the DWPF melter in approximately 12 hours with a glass having a
viscosity in the range of 10 to 200 poise at a temperature of 1150 C.

A facility to test prototype DWPF melter drain valves has been designed
and constructed at the Equipment Test Facility of the Savannah River Labora-
tory. Batches of a non-radioactive simulated waste-frit formulation will be
melted in an Inconel® kettle to supply glass for drain valve testing. A
resistance-heated furnace around the kettle will supply the heat for glass
melting. This facility is similar in concept to the in-can melter facili-
ties at SRL and PNL.2»3
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DRAIN VALVE TEST STAND DESIGN

The test stand consists of a furnace and kt^tle which are installed on
a platform thirteen feet eight inches above ground level as shown in
Figure 1. The top portion of the DWPF drain valve (to be described later)
is inserted into a sleeve which extends from the bottom of the kettle. The
sleeve and drain valve pass vertically through the furnace's water-cooled
base. The valve is supported by a metal frame which is bolted to the
furnace base. The kettle is constructed of a 1/2" layer of Inconel 690
inside a 3/8" layer of Inconel 617, which will provide additional strength.
The estimated operating life of the kettle is 3000 hours.

Heat to melt glass frit in the kettle will be supplied by the specially
fabricated furnace, which is made up of five zones of Kanthal-Al heating
elements. Each zone consists of 18 heaters and is monitored by type K
thermocouples. The furnace was designed for a maximum operating temperature
of 1200°C. The base of the furnace is constructed of a K-3 refractory ring
•surrounded by a castable refractory. The base is water-cooled and is
intended to simulate the bottom of the melter in terms of the heat transfer
environment to which the drain valve will be exposed. Extending vertically
down from the furnace base is a heated two-inch diameter Inconel 690 pipe,
which will drain molten glass into a catch tank in the event a leak develops
in the Inconel kettle. The heated drain is sized such that a small to
moderate leak in the kettle will drain without overflowing the six-inch dike
that surrounds the kettle.

Glass frit will be transported from its original 55-gallon container to
a feed hopper by means of a vacuum pump system. The frit will then be
dumped into a secondary hopper as needed, and from there will be fed into an
air-cooled feed tube in the top of the kettle by means of a screw conveyer.
The total weight of the furnace assembly will be measured by four load cells
under the furnace base. This will give an indication of the weight of frit
that has been fed to the furnace during feeding operations and the amount of
glass drained from the furnace during drain valve operation.

The glass temperature in the kettle will be monitored by a thermowell
containing three thermocouples. The level of glass in the kettle will be
monitored by an air bubbler, which will determine the level by differential
pressure measurements. A borescope, TV camera, and monitor will also be
present to make it possible to observe the surface of the glass in the
kettle. The borescope serves as an aid to feeding operations, indicating
overfeeding or underfeeding conditions.

The control system for the furnace consists of five automatic tempera-
ture controllers, one for each of the five furnace heater zones. The
temperature of each zone is monitored by one type K thermocouple. Spring-
loaded thermocouples are spaced evenly around the diameter of the kettle to
monitor the surface temperature of the kettle. These thermocouples supply
input to overtemperature controllers which cut power to the furnace if the
kettle goes over a hi-hi temperature setpoint. This provides protection for
overheating of the kettle.
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OWPF DRAIN VALVE DESIGN

The DWPF drain valve has been designed to drain the glass from the
melter at the end of the melter's life or in an emergency, such as complete
failure of the melter electrodes. The design life of the DWPF melter is two
years and the drain valve is not expected to be operated until this time. A
number of considerations have greatly influenced the design of the DWPF
drain valve. First, draining the complete volume of glass from the melter
will require filling at most five standard DWPF canisters; the use of non-
standard size canisters was not desired due to repository considerations.
Changing canisters necessitates that the drain valve be capable of starting
and stopping glass flow. Secondly, operation of the melter over a two year
period prior to melter retirement, without ever draining from the bottom of
the melter, may result in the accumulation of a layer of material on the
melter floor. This material could be from metal deposition or spinel forma-
tion, although this behavior has not been evidenced during the operation of
research melters at SRL.

The above considerations have lead to the DWPF drain valve as depicted
in Figure 2. The valve is a mechanically operated device which contains a
hollow center probe that rests flush with the melter floor when in the
closed position, and travels upward 3-1/2 inches into the melter cavity when
in the open position. The probe is made of Inconel 690, as is the majority
of the valve. Inconel 690 resists oxidation at high temperatures and is
also resistant to glass corrosion.** The outer surface of the probe has been
pre-oxidized to create a NiO coating which serves as a lubricant and should
prevent galling between the probe and the sleeve in which it travels (also
made of Inconel 690). The drain valve also has a secondary means of stop-
ping glass flow. This is done by lowering the plug, shown in Figure 2, and
interrupting the flow path through the valve.

The drain valve consists of five heated zones: Zones I and II make up
the vertical portion which passes through the furnace base inside the kettle
sleeve (in the case of the actual melter, this section would travel through
the K-3 refractory floor of the melter), Zones III and IV are in the remain-
ing vertical section and the sloping middle section, and the section from
which the molten glass will flow out of the valve and into a canister is
Zone V. The first section (Zones I, II, and III) contains the hollow probe
which travels upward into the kettle (or in the case of the DWPF melter,
into the melter cavity) to initiate glass flow.

The hollow probe is moved up or down by actuating one of two sets of
double bellows associated with it. The bellows assemblies are actuated by
applying air pressure; actuating the bottom set of bellows causes the probe
to move up, while actuating the top set will move the probe down. The
mechanical plug is operated similarly. Another set of double bellows will
be lowered to establish contact with the throat of the canister. Although
an airtight seal is not required, the bellows will assure proper alignment
of the canister and control splatter of molten glass.
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The drain valve is heated along its entire length by five Inconel 690
•serpentine-shaped resistance strip heaters; each heater denotes one of the
five zones of the valve. The strip heaters have been designed to maintain
the glass temperature at a minimum of 1050°C as it flows through the valve.
In the case of the test stand, the temperature of the Zone I heater is
monitored by one type B thermocouple, while the remaining four heaters are
each monitored by two type K thermocouples. An additional thermocouple
monitors a potential "hotspot" at the junction of Zones III and IV. Each of
the five heaters is controlled with an automatic temperature controller.
Overtemperature control is provided for each heater in the form of high
alarms and a hi-hi setpoint which will cut power to the heater. The heaters
are electrically isolated from the drain valve channel and from the outer
shell of the valve by specially fabricated high purity alumina ceramic
isolators.

TESTING PLANS

Installation and checkout of the drain valve test stand are nearing
completion, and testing will begin in mid-July. The main objective of this
testing is to demonstrate the mechanical functionality of the drain valve
and to uncover and solve any potential problems associated with its opera-
tion in the DWPF.

Black frit will be used for the fi st drain valve tests. This frit is a
chemical simulation of the average waste/frit composition that will be fed
into the DWPF melter. This frit represents a moderate to high viscosity
glass for DWPF. Later runs will test a frit with a lower viscosity in order
to verify that the drain valve is capable of stopping glass flow for less
viscous glasses.

Further objectives relative to testing the drain valve include: the
valve's performance after a number of start-stop cycles, the effect of high
temperature on the valve (designed versus actual thermal expansion) and the
durability of the probe and plug packing materials. Later tests may be
aimed at the effect of spinel formation on the floor of the kettle as it
relates to the valve's performance.

CONCLUSIONS

Confirmation of the design concept for the DWPF melter drain valve is
being accomplished using a prototype of the actual drain valve. The func-
tionality and reliability of this drain valve are being determined using a
test stand designed and fabricated for testing of this valve.
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ABSTRACT

The potential and consequences of a steam explosion in
Slurry Fed Ceramic Melters (SFCM) have been assessed. The
principles that determine if an interaction is realistical-
ly probable within a SFCM are established. Also considered
are the mitigating effects due to dissolved, non-conden-
sable gas(es) and suspended solids within the slurry feed,
radiation, high glass viscosity, and the existence of a
cold cap. An assessment was performed of the maximum
available water in film boiling on the melter pool. The
maximum potential work, an estimate of the maximum realis-
tic efficiency, and the criteria for determining the
influence of an interaction on the structural integrity of
the melter vessel were established.

INTRODUCTION

Plans to immobilize high level defense waste at Savannah River and
Hanford and commercial waste at West Valley are based on solidification of
the wastes into borosilicate glass. Slurry fed, resistance heated, ceramic
melters, such as that schematically illustrated in Figure 1, are the choice
for the vitrification process [1]. Glass formers, frit, and/or unreacted
chemicals are mixed with the waste, and the resulting slurry is deposited
onto the surface of the melter pool. Under abnormal conditions, a separated
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g ^ molten salt phase can accumulate on the surface of the glass
pool. This creates concern because explosions have occurred in molten
NaCl-Na2SO4/water systems [2-8]. The possibility of a molten glass/water
interaction must also be considered. However, there have been no reported
steam explosions that have damaged the melter vessel in SFCM systems employ-
ing the high viscosity (> 20 poise) glasses used in the waste vitrification
process [9,10],

An assessment of the melter vessel containment capability must address
tks possibility of a steam explosion [11-14], A method of defining and
bounding the consequences of a worst case steam explosion in such a system
is presented. Even though the possibility of a steam explosion in a SFCM
system will be shown to be small, a melter pressurization analysis was
developed based on exploding the maximum credible amount of water within the
melter. Mitigating effects on the interaction are also considered. While
the basic goal is to outline the procedure for analyzing the steam explosion
scenario in a SFCM, this approach is also applied to the Defense Waste
Processing Facility (DWPF) melter under construction at the Savannah River
Plant (SRP) and the West Valley Demonstration Project (WVDP) melter already
constructed at West Valley, New York.

VAPOR EXPLOSION MECHANICS

Vapor explosions are generally limited to liquid-liquid systems in
which a hot, non-volatile liquid fuel (such as molten glass-salt) is brought
into contact with a colder, volatile liquid coolant (such as water). A
necessary requirement for an interaction is that the coolant must be rapidly
fragmented and intermixed with the fuel to produce new interfacial surface
area for heat transfer and vaporization. When the vaporization process is
sufficiently rapid to produce a shock wave, the phenomenon is termed a
vapor, thermal, or physical explosion, Figure 2.

Vapor Explosion Criterion

biun requires one mcer la te ucinpcr a uur c UJJUII ( .unia^i ueLween trie nuu ant

cold liquids (T.) to exceed the "spontaneous" nucleation temperature (T ]
of the volatile liquid [15]. Spontaneous nucleation is the process wheriB)

The necessary fragmentation and intermixing feature of a vapor explo-
sion requires the interface temperature upon contact between the hot and

iy
vapor nuclei are formed due to random density fluctuations without external
nucleation sites and grow in a liquid against the external pressure due to
surface tension and the ambient pressure. Thus, the large scale vapor
explosion criterion is:

T.j > T s n explosions are possible

(1)
Ti < Tsn explosions not possible

Application of the necessary criterion for a vapor explosion (1) to the
molten glass-salt/water system indicates an explosion is possible. However,
this criterion only supplies the necessary (not sufficient) condition for a
large scale explosion. The required fragmentation and intermixing processes
which determine the energetics of the explosion must also be mechanistically
addressed.
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Premixing of Fuel and Coolant

Intermixing of fuel and coolant would appear possible if the vapor flux
in the film boiling regime is well below the hydrodynamically limited,
critical heat flux value where the vapor flux exceeds the fluidization
velocity [16]. However, if the film boiling vapor flux approaches the
critical value and can be maintained, the volatile liquid will remain
physically separated from the hot liquid thus preventing significant inter-
mixing. For the molten glass-salt/water system, the film boiling heat flux
is nearly the critical value [13]. Hence, significant coarse fragmentation
and intermixing would not be expected in this system [11,13], Extensive
subcooling would be required to enable any significant premixing.

For water added to a molten pool surface potentially containing a
mixture of salts as in a SFCM, experiment and experience indicates that
surface interactions would separate the materials thus minimizing the
probability of a steam explosion. Of the salts potentially found on the
melter pool surface in a SFCM (NApSO,, NaCl, etc.), NaCl is the most reac-
tive both thermodynamically and cnenncally with water. The most energetic,
non-externally triggered interactions that have been produced by dropping
water in free fall onto molten NaCl have been limited to those interactions
that have occurred when only the leading droplets explode upon contact
[3,6]. Explosions have not been observed when kilogram amounts of water
have been introduced in free fall onto NaCl because the surface interactions
limit course fragmentation. The maximum observed efficiency has only been
about 14% of the maximum theoretical work [3], Explosive interactions have
ceased above 200 KPa and water subcooling less than approximately 20K
[7,13]. Water has also been dropped onto pools of NaCl, Na2S0., and NaCl-
Na^SO. mixtures, the latter being with and without an unaerTying molten
glass pool, without producing any significant interaction [8].

Propagation and Fine-Scale Mixing

For systems which have demonstrated propagating vapor explosions, the
corresponding propagation velocity is about 100 m/s [17]. Since the frag-
mentation and intermixing velocity cannot exceed the measured propagation
velocity, an estimate of the time required for the postulated fine-scale
fragmentation [11] is

n . d -./^F~_ O A h 0 1 m \ o n ln-3 . (0,

where d is the characteristic particle size resulting from premixing (about
1 cm)

For systems which have demonstrated vapor explosions, the interface
contact temperature is generally above the thermodynamic critical tempera-
ture while the observed maximum shock pressures are well below the critical
pressure [18,19]. The dynamic impact pressure (pua) resulting from vapor
bubble collapse would appear to be the main pressure source available for
suppressing the evaporative forces which would tend to separate the mate-
rials during the postulated fine scale fragmentation and intermixing pro-
cess. The time required for intermixing becomes extremely small and is
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approximately given by d/a . The required time to avoid evaporative forces
is then approximately (0.0T m/1500 m/s) ^ 10" s which is much less than the
estimated break-up time, approximately 10" sec, [11]. Consequently, very
little fine scale intermixing can occur. The inability to sufficiently
intermix the materials during the propagation phase of the explosion may be
an explanation for the low energy conversion values (<_ 1%) noted in vapor
explosion experiments performed to date [20].

Propagation of Surface Interaction

The depth in the coolant to which mixing occurs in a propagating
surface explosion can be estimated assuming hydrodynamic fragmentation [21]
as

/PH Q 0/2
d ^1 (_2_)UT (3)

T \ pmelt/

Setting u equal to the propagation velocity (about 100 m/s [21]) and

x ,.2L (4)
aV

where the acoustic propagation velocity in the vapor phase reflects the
presence of vapor channels in the liquid layer, the mixing depth becomes
approximately 0.5 mm.

As a limiting case, using the foregoing mixing depth in conjunction
with the total cross-sectional area of the melter pool indicates the maximum
water involved in a surface interaction would be about 1 kg in the DWPF and
approximately 0.6 kg in the WVDP. However, the overlying water pool would
actually only occupy a maximum of about 14% of the melter pool surface area
in the WVDP [13], Alternatively, it could occupy the entire melter pool
area in the DWPF [11]. Consequently, only about 0.1 kg of water could be
mixed in the WVDP and approximately 1 kg in the DWPF. Most importantly, the
maximum water mass that could hypothetically participate in such an inter-
action is far less than that required to threaten the structural integrity
of the melter vessel of most currently conceived SFCM [11,13].

While a reasonable amount of water could accumulate on top of the
melter pool in film boiling, insufficient constraints to allow rapid inter-
mixing would limit the interaction to a relatively small amount of water.
The accumulation of additional water on the melter pool is also recognized,
however, this would require the presence of a cold cap layer which would
separate the water from the molten materiel. Consequently, the necessary
mechanisms required to bring a significant quantity of the lighter, volatile
water into intimate contact with the heavier molten pool materials do not
prevail.
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MITIGATING EFFECTS ON STEAM EXPLOSIONS

Experiment and experience has shown that the high viscosity of boro-
silicate glass, entrained solids and dissolved gas(es) within the slurry,
and radiation from the contained radioactive waste act to mitigate a steam
explosion. Although the extent of these mitigating effects is not thorough-
ly understood, these features decrease the energetics of such an interac-
tion, Table 1. Operational experience of SFCM exceeds 50,000 hours with no
reported in-melter violent interaction which has challenged the melter's
structural integrity. The important features of each of these mitigating
effects are summarized as follows.

Glass Viscosity

The viscosity of borosilicate glasses is considerable in the operating
range of a SFCM because the glasses are held near their softening point.
The experimental results of Robinson & Fry [9] show the influence of glass
viscosity (about 0.2-30 poise, temperature range of 900-1600K) on the
possibility of a steam explosion in the molten glass/water system, Figure 3.
In the tests without an external trigger, no explosions were produced
regardless of the glass viscosity when water was introduced in free fall
onto the molten glass surface as in a SFCM. Even when an external trigger
was used, no interactions were observed for a glass viscosity exceeding
about 6 poise. Since the viscosity-temperature relationships of the boro-
silicate glasses intended for use in the DWPF and WVDP exceed those used by
Robinson & Fry [9], no energetic thermal interaction is expected in these
SFCM [13]. Water was also attempted to be "folded" into and under the
molten glass, but this did not produce an explosion, nor did water injection
into the molten glass. In addition, the water and molten glass were more
rapidly separated as the water approached saturation conditions. This
behavior is consistent with the findings of Krause [8] who observed that
even the minor interactions virtually ceased as the water became saturated.

Entrained Solids

Entrained solids within the slurry as well as within the melt can limit
(1) course fragmentation and premixing, (2) fine scale fragmentation and
intermixing, and (3) the heat transfer surface area. The presence of
sufficiently large solids within the water and melt would make the fluids
more resistant to course fragmentation and premixing. Therefore, the
creation of the necessary pre-explosive state could be more difficult to
achieve, Figure 2. In addition, for the water coolant and melt to rapidly
fragment and intermix to sustain the propagation of the interaction, the
finely dispersed water particles must approach the size (about 100 pm) where
conduction is the primary heat transfer mode. However, if the entrained
solids are large compared to this final droplet size, the solids could
significantly limit this process. Furthermore, entrained solids could
decrease the available heat transfer surface area. If the solids occupy a
significant fraction of the coolant volume, they may also occupy a substan-
tial fraction of the heat transfer area, and consequently, they could impede
the heat transfer to the water coolant.
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Table 1

MITIGATING EFFECTS ON STEAM EXPLOSIONS

Feature

Glass viscosity

Entrained solids

Dissolve noncon-
densable gas(es)

Radiation

Mitigating Mechanism

Limit course fragmen-
tation & premixing

Limit course fragmen-
tation & premixing

Limit fine scale frag-
mentation & intermixing

Limit heat transfer
area

Enhance nucleation to
separate fuel & coolant

Enhance nucleation to
separate fuel & coolant

Enhance nucleation to
separate fuel & coolant

Mitigating Impact

Significant for viscosity
> 6 poise

Significant if particles
large enough (> 1 cm dia.)

Significant if particles
large enough (>100 urn dia.)

Significant if particle
volume fraction large
enough

Marginal

Good for C02 & N20

Not definitive to
marginal

Reference

Robinson & Fry

Asher et al. (1976)
Postma et al. (1980)

Claxton (1967)
Holtz & Singer (1969)
Dietrich (1970)
Nutley & Gardner (1980)
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Dissolved Gases

The basic process involved in initiating a steam explosion is the
nucleation of vapor. With the additional partial pressure of a dissolved
gas, nucleation of a critical size bubble is easier to achieve, and there-
fore, much more extensive nucleation would be produced. The enhanced
nucleation insures liquid-liquid film boiling and virtually precludes the
onset of explosive interaction. Specifically, dissolved (XL and/or N^O in
the slurry has been suggested to be able to accomplish the foregoing 110].
Asher et al. [22] indicated that a C02 concentration of about 80 ml/kg of
water or a N~0 concentration of approximately 60 ml/kg (both about 9% of
saturation) could virtually prevent explosions.

External Radiation

Some experiments in which the fuel/coolant system have been irradiated
have shown a decreased likelihood of a steam explosion [26], However, these
results are not sufficiently definitive to preclude the possibility of a
steam explosion in the design basis evaluation of a SFCM. Other experiments
and analyses have been conducted [23,24] which demonstrate that radiation
would not substantially influence the initiation of a vapor explosion. With
these apparent differences, the conclusion for the design basis evaluation
must be that a steam explosion could potentially occur.

EXPLOSION ENERGETICS

The energetics of a steam explosion involves: (1) the maximum inter-
action pressure, (2) the maximum work yield, (3) the explosion efficiency,
and (4) the potential for slug formation and transmission. These topics
will be considered briefly as follows.

Maximum Steam Explosion Interaction Pressure

The interaction pressure produced by an inertially limited thermal
interaction has an upper limit of about one-half of the thermodynamic
critical pressure of the coolant for primarily three reasons. First, the
pressure at the beginning of the expansion phase of the explosion, insert in
Figure 4, has been observed to be a maximum of about half the thermodynamic
critical pressure [7,13]. Secondly, if the maximum developed pressure is
viewed as that pressure above which the coolant (water) no longer signifi-
cantly fragments, the upper limit can be estimated from bubble growth
mechanics [11,19]. For H«0» this occurs at approximately 10 MPa, or about
one half the thermodynamic critical pressure (22.09 MPa). Thirdly, the work
produced by a freely expanding, atmospheric steam explosion is essentially a
maximum for an intermediate pressure of half the critical pressure as will
be shown in the next section.

Maximum Work Yield From a Steam Explosion

Mechanical work requires the expansion of a vapor/gas along a thermo-
dynamic path. Consider the path comprised of: (1) a liquid compression
along the saturated liquid boundary (approximately a constant volume
compression, insert in Figure 4, (2) constant pressure heating from a
saturated liquid to vapor, and (3) an expansion along the saturated vapor
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boundary to the final pressure (nearly an isothermal expansion). The
initial state may be either slightly subcooled or saturated liquid, the
final state may be saturated or slightly superheated vapor, and the final
pressure (Pf) may exceed the initial pressure (P^).

The available specific work for H20 determined along this thermodynamic
is shown in Figure 4. At an intermediate pressure of half the critical
pressure, the available work is nearly a maximum particular for low to
moderate final pressures. At these conditions, the maximum available work
for the extreme case of the intermediate pressure equaling the critical
pressure is only about 8% greater than that corresponding to the intermedi-
ate pressure equaling half the critical pressure [14].

Efficiency of a Steam Explosion

Once the fuel and coolant have coarsely intermixed, efficient heat
transfer is assumed to only occur until the major expansion of the inter-
action zone begins, Figure 2. The thermodynamic process representative of
this interaction is approximated by the path a-b-g in Figure 5. This path
is contrasted to the maximum work path a-b-c-d. The thermodynamic explosion
efficiency is then defined as the ratio of the work under the path a-b-g to
that under a-b-c-d. This implies that all the coolant involved in the
interaction follows the path a-b-g. However, in reality some of the coolant
may follow the path a-b-c-d, whereas the remainder experiences very little
energy transfer.

For a maximum interaction pressure of half the critical pressure, the
steam explosion conversion efficiency is cast as a function of the final
pressure in Figure 6. This steam explosion efficiency prediction is at
least a factor of two greater than the data. The data shown are for various
fuel-coolant pairs and injection nodes and also with and without the use of
an external trigger. An external trigger is required to initiate a steam
explosion for an initial ambient pressure exceeding about 0.2-1 MPa
[7,13,19] and the trigger energy must increase with increasing initial
pressure to remain effective.

Potential for Slug Formation and Transmission

The relatively slow energy release rate of a steam explosion requires
the presence of a coherent liquid slug above the interaction zone to produce
significant damage to surrounding structure. Such energy release occurs
over a relatively long period (several milliseconds) because of the compara-
tively small propagation velocity (about 100 m/s). Most of the energy
released in a vapor explosion results from the expanding vapor rather than
from shock waves. Hence, the generated vapor must be contained and directed
against a coherent liquid slug in order to damage the containing vessel.

Two criteria must be met for efficient slug transmission: (1) the
initial slug height (h) must equal or exceed the slug's initial equivalent
diameter (d), and (2) the initial slug height must equal or exceed the
available length through which it can be driven.

For a postulated surface explosion in a SFCM, this necessary configura-
tion is not present. However, even if in the extreme case the molten pool
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itself became a liquid slug, maintenance of such a coherent slug can be
dismissed based on the Taylor instability phenomenon. A liquid column
subjected to an axial acceleration has been shown [30] to break up according
to

s = K ^ (5)

For characteristic dimensions of a SFCM, and assuming the entire melter pool
is the slug, such a liquid piston would remain intact for only about 1/2 m.
However, this is much less than the approximate 1 m necessary for the slug
to travel before it would reach the upper surface of the plenum. Hence,
little potential exists to damage a melter vessel due to this mechanism.

MAXIMUM AVAILABLE WATER FOR INTERACTION

The maximum credible amount of water available for interaction must be
established in such a bounding analysis. Only water is assumed to be
introduced onto the melter pool and at the maximum rate consistent with
equipment failure and/or operator error. Significant premixing of water
into the molten pool has been shown to be unable to occur even with the
conservatively large water addition rates. Even with this important obser-
vation, a steam explosion involving the maximum plausible amount of water on
the pool will be considered in order to bound the worst credible scenario
that could occur within the melter. The water on the melter surface will
form a quiescent pool in stable film boiling because the molten pool surface
temperature is sufficiently high (about 1320K), Figure 7. The influence of
a cold cap on the melter pool is also considered.

Film Boiling on Melter Pool

The film boiling condition on the melter pool is supported by direct
experimental observations as well as predictions based upon Henry's minimum
film boiling correlation [31] as illustrated in Figures 7 and 8. Sodium
chloride is employed here to characterize the various salts that may accumu-
late on the molten pool surface since it is the most reactive material
available in the melter [13]. As evident in Figures 7 and 8, the nominal
hot liquid surface operating temperature range far exceeds the minimum film
boiling criterion for water. Thus, the overlying water above the molten
pool would be in film boiling.

Film boiling on the melter pool was also confirmed in small scale
experimental studies at the Savannah River Laboratory (SRL) [32]. In these
experiments, when water was introduced onto the molten glass surface (>
1370K), a stable overlying water pool was formed. As the water feed was
varied, only the pool diameter changed while its thickness remained nearly
constant at about 4-6 mm. Film boiling was always observed to prevail.

The pool diameter can be calculated from a standard film boiling
analysis as follows [11-13]. At steady operating conditions, the water pool
must develop sufficient heat transfer surface area so that the water feed
balances the steam exiting the vent system. The film boiling heat transfer
rate is assumed to be comprised primarily of radiation and convection, and
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the heat transfer area is conservatively considered to be only the interfa-
cial area between the lower surface of the water and the top surface of the
molten pool. The water pool diameter then becomes

Dp
2 = L j(me hVL) L ( T F

4 - Tw
4) + h(Tp - Tw)l (6)

The thickness of the water pool can be determined from a force balance
between the pressure and surface tension forces acting across the liquid
surface around the edge of the assumed circular disk pool as

This model (7) produces a water pool thickness of about 4 mm which agrees
with the 4-6 mm thick pools observed in the SRL experiment [32], and the
prediction is also independent of the feed rate as was observed. The water
mass in the overlying pool is then given by

m =

If the overlying liquid pool completely covered the melter pool surface
and began to deepen, this would lead to nucleate boiling at the melter
pool-water interface thus creating a stable cooling trend. Consequently,
this would lead to the upper pool surface freezing thereby precluding the
potential of a large scale steam explosion.

The overlying water pool mass as a function of melter pool surface
temperature and water feed rate is shown in Figure 9 for the maximum water
addition rates characteristic of the DWPF and WVDP systems. These results
are conservatively high by approximately a factor of two because heat
transfer from the top surface of the water pool was ignored in (6).

Maximum Water on Melter Pool

Since the overlying water pool mass increases with decreasing melter
pool surface temperature, the freezing point of NaCl was taken as the
condition which maximizes the available water on the melter pool (^12 kg in
DWPS and ^ 1 kg in WVDP, Figure 9). Below this temperature, explosive
interactions are not possible because the salt is frozen and thus cannot mix
with the water coolant. The lower end of the softening temperature range of
borosilicate glass occurs just a little above the freezing point of salt
making it a slightly less restrictive condition. In this temperature range,
the high glass viscosity (> 4000 poise) prevents efficient intermixing thus
precluding an explosive interaction. Thus, the criteria employed in this
analysis to establish the potential water available for interaction is
conservative for two reasons: (1) the heat transfer from the top surface of
the water pool was neglected, and (2) the most reactive separated salt that
could reside on the molten pool surface (NaCl) was assumed to be able to
participate in an interaction even at its freezing point (about 1080K) which
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is much lower than the typical operating temperature range of the melter
(1320 - 1470K).

Influence of Cold Cap

If surface freezing and/or a cold cap should develop on the melter pool
surface, no physical limitations of water accumulation in the melter vessel
would exist. If the cold cap does not break and remains as a barrier to
separate the water from the fuel (molten glass-salt), the possibility of an
explosive interaction is eliminated.

If a cold cap did exist on the melter pool, molten salt would not be
freely available. Since the formation of a cold cap is a relatively slow
process, any pre-existing molten salt layer (density about half that of
glass) residing on top of the pool would become chemically bound as part of
the cold cap and thus would not be available to interact with water.

MAXIMUM PRESSURIZATION OF THE MELTER VESSEL

A steam explosion occurring in a glass melter could produce a short
term, dynamic pressurization of the vessel by a Shockwave followed by a
longer term, quasi-static pressurization produced by the expanding steam.
Each of these two regimes is considered as follows.

Dynamic Pressurization

The dynamic pressure produced by a shock impact onto the melter vessel
inner walls is modeled like the shock pressure decay of chemical (TNT)
explosives. Experiment has demonstrated that strong shock waves in geomet*
ries similar to those of these melter vessels decay as approximately 1/r
[33].

To evaluate the maximum shock pressure at the plenum interior wall, the
water considered to participate in the explosion is assumed to initially
exist as a saturated vapor at half the critical pressure and in a hemis-
pherical volume above the molten pool. The amount of water is taken as the
product of the maximum available water, Figure 9, and the explosion effi-
ciency, Figure 6. The dynamic pressure at the interior walls of the plenum
is then determined from a 1/r decay from the initial radius of the high
pressure zone, and this pressure is then doubled as the wave impacts the
wall. For the DWPF, this analysis yields about 1.66 MPa which is less than
the pressure strength of the vessel (approximately 3.59 MPa [11]). Likewise
for the WVDP, the largest dynamic pressure is about 0.32 MPa which is less
tha.-i the vessel's pressure strength (approximately 0.38 MPa [13]). The
actual dynamic pressure incident upon the structural steel boundaries of
these melters would be considerably less than at the interior refractory
walls because of the nearly 0.3 m additional length and also the compres-
sibility of the interstitial spaces in the refractory liner.

Static Pressurization

The longer term, quasi-static pressurization of the melter plenum is
modeled assuming (1) the gases/vapors in the plenum are air and steam, and
they behave as a homogeneously mixed, ideal gas, (2) the air and steam are
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incntropically compressed by the steam explosion and have the same final
pressure, and (3) no strain energy is absorbed by the vessel wall.

With the foregoing assumptions, an energy balance on the system equates
the steam explosion expansion work to the compressive work done on the
plenum gases plus their change in internal energy. This analysis yields a
relationship between the final plenum pressure and the water exploded [13].
This relationship is illustrated in Figure 10 for representative conditions
within the DWPF and WVDP melter. Once the maximum permissible plenum
pressure has been established from a structural evaluation of the melter
vessel (DWPF, about 3.59 MPa [11]; WVDP, about 0.38 MPa [13]), the maximum
water that can be exploded and yet not exceed this pressure limit can then
be determined, Figure 10, for comparison with the maximum available water on
the melter pool in film boiling (DWPF, about 12 kg; WVDP, about 0.9 kg),
Figure 9.

The results of this analysis, Figure 10, are compared to the maximum
available water that can exist in film boiling on the melter pool without a
cold cap in the two cases of the DWPF and WVDP melters as follows, Figure
11.

For the DWPF melter, the water required to be exploded to yield the
vessel exceeds the maximum available water on the melter pool in the range
of observed explosion efficiency, < 14% [3]. Furthermore, if film boiling
heat transfer were considered off "Both the top and bottom surfaces of the
overlying water pool (6 kg rather than 12 kg of available water, Figure 11),
this would preclude the possibility of an in-plenum steam explosion of
sufficient magnitude to threaten the melter vessel integrity.

For the WVDP melter, the required water to be exploded to rupture the
vessel exceeds the maximum available water on the melter pool in the range
of observed explosion efficiencies (less than about 14%), Figure 11. In
addition, if film boiling heat transfer were considered off both surfaces of
the overlying water pool (0.4 kg rather than 0.9 kg of available water,
Figure 11), insufficient water would be available to challenge the vessel
integrity even for a perfectly efficient explosion. Thus, an in-melter
steam explosion would not be of sufficient magnitude to threaten the vessel
integrity.

CONCLUSIONS

Based on the foregoing, the following conclusions are drawn regarding
large scale steam explosions in a SFCM.

Primary Results

Explosion efficiency is small. The most frequently observed conversion
efficiency of a steam explosion is about 1-3%. However, the maximum effi-
ciency that such an interaction could exhibit and yet not exceed the pres-
sure strength of these SFCM would be about 24-30%. This is approximately
twice that demonstrated by the most efficient interaction yet experimentally
observed. Consequently, such small observed explosion efficiencies would
not result in seriously challenging the melter vessel integrity.
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Insufficient water available to damage vessel. The amount of water
typically available on the melter pool is less than the inventory required
for interaction to seriously challenge the structural integrity of most SFCM
for realistic explosion efficiencies.

Mitigation Effects

Cold cap separate water and molten pool. The presence of a cold cap on
the melter pool would separate the water and molten pool material. It could
permit the accumulation of more water on the melter pool than without its
presence. However, the limited exposure between the water and molten pool
material could be a more limiting factor on a steam explosion than the
amount of available water.

Glass viscosity retards fragmentation and mixing. In the range of
operation of a SFCM, the molten borosilicate glass is too viscous to permit
significant interpenetration by the slurry. The presence of a cold cap
would make this even more difficult. Consequently, the necessary coursely
prefragmented and intermixed configuration is difficult to generate.

Entrained solids mitigate interaction. Entrained solids in the slurry
and melt could disrupt the course fragmentation and premixing step as well
as the fine fragmentation and intermixing stage and limit the available heat
transfer surface area and thus mitigate an interaction.

Dissolved, noncondensable gases mitigate interaction. Such gas(es)
could make the film boiling layers more stable and thus retard course
fragmentation and intermixing hence making a steam explosion more challeng-
ing to initiate.

Inherent Phenomenological Safety Features

Surface interactions separate materials. The presence of a separated
salt layer on the surface of the melter pool could lead to surface inter-
actions which would separate the materials and hence prevent the escalation
to an explosive interaction.

Inadequate external trigger. There is no identifiable external trigger
of sufficient magnitude in the melter vessel to initiate a large scale steam
explosion even if the coarsely prefragmented and intermixed condition did
exist.

Slug formation and transmission unlikely. There is no credible mecha-
nism to produce a steam explosion significantly below the melter pool
surface that would create a slug out of part or all of the melter pool.
Even in the hypothetical case if a steam explosion were initiated under the
entire melter pool* the resulting slug would breakup before impacting the
upper head of the melter vessel thus not seriously challenging the vessel
structural integrity.
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NOMENCLATURE

a - acoustic propagation speed
a - thermal diffusivity
c - specific heat capacity
D - diameter
d - mixing depth
6 - thickness of water pool
e - thermal diffusivity
FP - freezing point 2
g - gravitational acceleration (9.81 m/s )
h - thickness of liquid layer

specific enthalpy 2
free convection heat transfer coefficient (about 0.3 KW/m K)

K - constant in slug breakup relationship (5) (about 2.6 [34])
k - thermal conductivity
m - mass flow rate
P - pressure
0 - heat transfer rate
R - radius
p - density
SP - softening point
s - length through which a slug may be accelerated before it

breaks up
a - surface tension n 9 .

Stefan-Boltzmann constant (5.672 x 10"11 KW/m -IC)
T - temperature
x - time for high pressure mixing following local vapor film

collapse
u - explosion propagation velocity

velocity
mixing velocity

Subscripts

a - ambient
c - cold liquid

coolant
co - cutoff
crit - critical
F - fuel
f - final
FB - film boiling
HN - homogeneous nucleation
h - hot liquid
L - saturated liquid
1 - interface

initial
int - intermediate
£ - subcooled liquid
p - pool
sat - saturated condition
sn - spontaneous nucleation
V - saturated vapor
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VL - saturated vapor minus saturated liquid property value
v - vapor phase
W - water
°° - infinity
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IN SITU VITRIFICATION - A STATUS OF THE TECHNOLOGY

V. F. FitzPatrick
Pacific Northwest Laboratory*

ABSTRACT

The In Situ V i t r i f i ca t ion (ISV) process is a new tech-
nology developed from i ts conceptual phase to selected
field-scale applications in the last 5 years. The U.S.
Department of Energy (DOE) has sponsored the ISV program
to develop alternative technology for potential applica-
tion to contaminated soil s i tes. The ISV process converts
contaminated soils and wastes into a durable glass and
crystal l ine waste form in place by melting using joule
heating.

The ISV process has been developed through a series of
25 engineering-scale (laboratory) tests, 10 pi lot-scale
(small f ie ld) tests, and four large-scale (ful l -scale
f ie ld) tests. Its major advantages for stabi l iz ing
radioactive and hazardous wastes are found to be:

• Safety in terms of minimizing worker and public
exposure

• Long-term durabil i ty of waste form (more than 1 mil l ion
years)

• Cost effectiveness ($150 to $3OO/m3)

• Applicabil i ty to a wide variety of soils and inclusions

• Potential for eliminating exhumation, transport, and
handling.

*0perated for the U.S. Department of Energy by Battelle Memorial Inst i tute,
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INTRODUCTION

Pacific Northwest Laboratory (PNL), under sponsorship of the Department
of Energy, is developing an alternative technology for improving the waste
form of contaminated soil sites. Although the process was developed ini-
tially to provide enhanced isolation of previously disposed radioactive
wastes in soil sites, recent tests have shown that many hazardous chemical
wastes are also destroyed and/or immobilized as a result of the treatment.
The process more recently has been demonstrated for hazardous wastes at
selected commercial sites.

In situ vitrification (ISV) is a thermal treatment process that con-
verts contaminated soil into a chemically inert and stable glass and crys-
talline product. Figure 1 illustrates how the process operates. Four
electrodes in a square array are inserted into the ground to the desired
treatment depth. Because the soil is not electrically conductive once the
moisture has been driven off, a conductive mixture of flaked graphite end
glass frit is placed among the electrodes to act as the starter path. An
electrical potential is applied to the electrodes, which establishes an
electrical current in the starter path. The resultant power heats the
starter path and surrounding soil up to 2000°C, well above the initial mrlt-
ing temperature or fusion temperature of soils (which is normally betwee 1
110° and 1400°C). The graphite starter path is eventually consumed by oxi-
dation, and the current is transferred to the molten soil, which is now
electrically conductive. As the vitrified zone grows, it incorporates ion-
volatile elements .̂nc* destroys organic components by pyrolysis. The pyio-
lyzed byproducts migrate to the surface of the vitrified zone, where they

OFF GAS HOOD
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AND FRIT
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ELECTRODE

SUBSIDENCE
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ZONE

BACKFILL
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Figure 1. In Situ Vitrification Process
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combust in the presence of oxygen. A hood placed over the processing area
provides confinement for the combustion gases, and the gases are drawn into
the off-gas treatment system.

PNL began developing ISV technology in late 1980 under the support of
the U.S. Department of Energy. Since then, numerous experimental tests with
varying conditions and waste types have been conducted (1-3). Table 1
describes the different scales of test units that PNL used in developing the
technology. The successful results of the 43 bench-, engineering-, and
pilot-scale tests have proven its feasibility. Moreover, economic studies
have indicated that tremendous economies of scale are attainable with the
ISV process (1). This led to the commitment to design, fabricate and test
a large-scale prototype. Its successful testing has demonstrated the
field utility of the large-scale unit and has proven the initial economic
projections.

This paper describes the large-scale system, discusses its capabil-
ities, and summarizes the test results to date. Both radioactive and mixed
hazardous wastes are emphasized. PNL recognizes that ISV is not the solu-
tion to all radioactive and mixed-hazard waste management problems. But ISV
judiciously applied can offer technical and economic improvements to state-
of-the-art remedial action technology. With understanding of the process
design and functions, the waste manager can make sound judgments about the
applicability of ISV to site-specific disposal problems.

TABLE 1. ISV TEST SYSTEM

System,
Scale

Bench
Engi neeri ng
Pilot
Large

Power
(kW)

30
30
500
3750

Electrode
Spacing (m)

0.11
0.23 to 0.36
1.2
3.5 to 5.5

Vitrified Mass
per Setting

1-2 kg
0.05 to 1.0 t
10 to 50 t
400 to 800 t

Number
of Tests

4
25
14
4

PROCESS AND OPERATION DESCRIPTION

As already described, the melt grows downward and outward while power
is maintained at sufficient levels to overcome the heat losses from the
surface and to the surrounding soil. Generally, the melt grows outward to
about 50% of the spacing of the electrodes. Therefore, if the electrode
spacing is 5.5 m, a melt width of about 8.5 m would be observed under
nominal conditions. The molten zone is roughly a square with slightly
rounded corners, a shape that reflects the higher power density around the
electrodes.
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As the melt grows in size, the resistance of the melt decreases, making
i t necessary to adjust the ratio periodically between the voltage and the
current to maintain operation at constant power. This is done by adjusting
the tap position on the primary power supply to the electrodes. There are
14 effective taps that permit adjusting the voltage from a maximum of 400U V
to a minimum of 400 V per phase and the current from a minimum of 400 A to a
maximum of 4000 A per phase. Operations follow the power equation P = I x
R, where P is power, I is current, and R is resistance.

The large-scale process equipment for in situ v i t r i f i ca t i on is depicted
in Figure 2. The process immobilizes contaminated soil and isolates i t from
the surrounding environment. Controlled electr ical power is distributed to
the electrodes, and special equipment contains and treats the gaseous e f f l u -
ents. The process equipment required to perform these functions is divided
into f ive major subsystems: electrical power supply, off-gas hood, off-gas
treatment, off-gas support, and process control,.

Except for the off-gas hood, al l components are contained in three
transportable t ra i lers (Figure 3): an off-gas t r a i l e r , a process control
t r a i l e r , and a support t r a i l e r . All three t ra i lers are mounted on wheels
suff ic ient for a move to any site over a compacted ground surface. The off-
gas hood and l ine , which are installed on the site for collection of the
gaseous eff luents, are dismantled and placed on a flatbed t ra i l e r for trans-
port between sites to be treated. The effluents exhausted from the hood are

Support Trailer

Electrical System

Site to be „__
\ " '•* Vitrified

HEPA Filter
Housing

V Electrode
Off-Gas

Hood Cover

Figure 2. Large-Scale In Situ Vitrif ication System
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Figure 3. Process Trailers for Large-Scale In Situ
Vi t r i f icat ion Unit

cooled and treated in the off-gas treatment system. The entire process is
monitored and controlled from the process control t ra i l e r .

The off-gas t ra i le r is the most complex and costly of the three
t ra i l e rs . The off-gas treatment system cools, scrubs, and f i l t e rs the
gaseous effluents exhausted from the hood. The primary components include:
a gas cooler, two wet scrubber systems (tandem nozzle scrubbers and quench-
ers), two heat exchangers, two process scrub tanks, two scrub solution
pumps, a condenser, three mist eliminators (vane separators), a heater, a
HEPA f i l t e r assembly, and a blower system.

A major element of the off-gas support system is the glycol cooling
system, which is mounted on the support t ra i l e r . This system interfaces
with the scrub solution and extracts the thermal energy that builds up in
the off-gas treatment system from cooling the combustion gases from the
hood. The heat is rejected to the atmosphere in a f in tube air-cooled heat
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exchanger. This makes the entire process system self-sufficient in terms of
site services, except for electrical supply. In cases where electrical sup-
ply is remote and costly to bring in, diesel generators supply the required
electricity. Details of the large-scale process equipment and the process
capabilities are to be found in Buelt and Carter (4).

The normal processing rate for the large-scale system is 3 to 5 tons/hr,
or nominally 3 to 5 yd/hr, a rate competitive with many other remediation
technologies. The average processing operation lasts about 150 to 200 hr,
depending upon the depth and electrode spacing, although for processing to
depths of 50 ft, single processing operations can run in the range of 300 to
400 hr. The production rate will remain constant duriny the entire period,
resulting in a vitreous mass of about 1000 tons.

For routine operations on a site, all three trailers are coupled
together and moved from one processing position to another by pulling them
as a unit. The hood is moved from one position to another with a crane.
The crane is used to assist also in coupling and uncoupling the off-gas
lines. Moving from one processing position to another takes about 16 hr;
this 16-hr interim for movement also provides time for performing routine
maintenance. Thus a relatively high operating efficiency can be achieved.

PRODUCT CHARACTERISTICS

The ability of the waste form to retain the encapsulated or incorpo-
rated radionuclides (some with very long half-lives) and heavy metals is of
prime importance to the usefulness of the ISV process.

Vitrified soil blocks have been analyzed to determine their chemical
durabilities with a series of tests including 24-hr soxhlet leach tests.

t o

The soxh le t leach ra te f o r a l l elements was less than 1 x 10 g/cm /day , an
acceptable va lue . These rates were comparable to those of Pyrex or g r a n i t e ,
and much less than those of marble or b o t t l e g l ; s s .

A 28-day Ma te r i a l s Cha rac te r i za t i on Center t e s t (MCC-1) (5) was a lso
conducted on a contaminated s o i l sample tha t had been v i t r i f i e d in the l a b -
o ra to ry at 1600°C. The ove ra l l leach ra te of the v i t r i f i e d s o i l i s compar-
able to tha t of the PNL 76-68 waste glass developed fo r h i g h - l e v e l nuc lear
wastes ( 6 ) . The measured re lease ra te of p lu ton ium from the v i t r i f i e d s o i l
was 2 x 10 g/cm /day . Higher v i t r i f i c a t i o n temperatures l i k e those exper-
ienced in the f i e l d (-1700 t o 2000°C) are expected to lower the plutoniurn
leach r a t e .

Another i n d i c a t i o n of the ISV waste fo rm 's d u r a b i l i t y i s found in a
study of the weather ing of o b s i d i a n , a g l a s s l i k e mater ia l p h y s i c a l l y and
chemica l l y s i m i l a r ( 7 ) . In the natura l env i ronment , obs id ian has a hydra-
t i o n ra te constant of 1 to 20 urn per 1000 y r ( 8 ) . Using a 10 nm2 hyd ra t i on
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rate in a linear function yields a higher conservative estimate of a 1 mm
hydrated depth for the ISV waste form over a 10,000-yr time span.

Data are available (1) on the release of sodium from vitrified soil
during an MCC-1 leach test at 90°C for durations of 7, 14, and 28 days.
Since the sodium is soluble in the leachate, its normalized release is a
measure of the extent of hydration of the glass, and, in particular, its
normalized release divided by the density of the glass is the depth of
hydration. If the glass is assumed to hydrate according to the same para-
bolic rate law as found for obsidian, then the square of the depth of hydra-
tion divided by the duration of the test should be constant. Using the data
in Oma (1), the result of this calculation increases between the 7- and
14-day data, but then is constant between the 14 and 28 day data. Taking
this final value and using the density of the glass, the hydration rate at
90°C appears to be about 2 urn /yr. In the literature on field studies of
obsidian hydration, the rate is found to obey an Arrhenius relation with an
activation energy of 20 kcal/mole. Applying this to ISV glass hydration, we
can predict rates of 5 ym /1000 yr at 25°C (e.g., for glass exposed to the
air) and 1 urn /1000 yr at 10°C (e.g., for glass buried underground). These
values are comparable to those found for obsidian hydration rates in the
field for similar average weathering temperatures.

The long-term stability of obsidian in nature is controlled by three
mechanisms (7): alteration (weathering), devitrification (recrystalliza-
tion), and hydration (water absorption). Review of the literature indicates
that the usual controlling mechanism is devitrification. Studies of the
mean age of natural glasses indicate that obsidian has a mean life of about
18 million years (7). Considering the ISV waste form's similarity to obsid-
ian, it Is not unreasonable to postulate that the mean life of the vitrified
material wo:ild be at least about 1 million years.

The ISV waste form is a glass with an atomic structure that is random,
rather than the highly structured nature of a crystalline. This produces
another benefit in that the fracture mechanism is conchoidal and means that
the waste form is not subject to significant damage by tha freeze-thaw mech-
anism, which can accelerate natural degradation. Without this feature,
accelerated fracturing by freezing and thawing could increase the surface
area and the amount of material that could be leached into groundwater.

ECONOMIC ANALYSIS

The economics of the ISV process have been examined under various
conditions that represent "typical conditions thai might be encountered
throughout the United States." While the methodology for developing ISV
cost estimates was developed and reported (1) prior to the design, fabri-
cation and testing of the large-scale system, the approach is still consid-
ered valid. The two key assumptions in the initial economic projections
were that the system could be operated with two people per shift and that
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the system could be moved from one processing area to another in less than
24 hr. Both of these assumptions have proven correct (3).

Highlights of the cost estimate technique used for the initial cost
projections are summarized here, and details can be obtained from the
original reference. The cost estimate is divided into five main categories:
1) site costs, 2) equipment costs, or capital recovery, 3) operations and
labor, 4) electrode costs, and 5) electrical costs. The two factors that
most significantly affect total cost are the amount of moisture in the soil
and the cost of electricity. The amount of moisture directly affects opera-
tional time and, therefore, has a direct bearing on the labor and operations
costs. The electrical energy equivalent of the heat of vaporization for the
moisture in the soil must be supplied and the water boiled off before vitri-
fication can proceed. The cost of electrical power also has a direct effect
on operational costs. Equipment or capital recovery costs and electrode
costs are significant; however, they are treated as constants. Site costs
are based on nominal amounts of civil work that must be performed, including
acquisition and placement of clean backfill in the subsidence area.

Equipment costs or capital recovery include the costs of the ISV sys-
tem and the necessary support equipment such as a front loader and crane for
earth-moving operations and moving the hood and trailers, respectively.
There is also a nominal allowance for extending existing power lines and
installing a substation. All equipment is assumed to have a 10-yr life.
The sum of the equipment costs is multiplied by a 20% capital recovery fac-
tor and added in as a unitized cost factor.

Operations and labor costs consist of the labor and materials for those
activities that must be performed to support normal operations. These
include the two operators required to operate the system, which is calcu-
lated on the basis of 24-hr continuous operations. Other support activities
include digging the holes and placing the electrodes, moving the trailers
and hood from one processing position to another, and performing routine
maintenance operations when the system is being moved. Also included are
costs for placing the starter material and for connecting, disconnecting anri
testing the electrodes. The operational cost also includes an allowance for
secondary waste disposal: treating and/or disposing the scrub solution once
per week.

Electrode costs are for the purchase of electrode materials, which are
used only once assuming that the electrodes are left in the melt. For
radioactive applications, these costs should be considered as realistic
because the cost of decontamination and handling would equal or exceed sal-
vage value. For operations in a chemically hazardous environment, the elec-
trodes can be retrieved and sold for salvage value, which is about 20% of
the original cost. For operations with a process sludge where significant
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decomposition of the sludge occurs, there is a potential for reuse; however,
estimating electrode recovery values to be higher than salvage value is not
conservative planning at this time.

These factors have been calculated and plotted as shown in Figure 4.
The maximum cost for all three cases reaches a maximum at $8.25/kW-hr. At
local electrical rates that are higher than this value, the use of portable
diesel generator power is recommended. Whether the units are rented or
purchased depends on the length of the remediation operation and business
decisions regarding future operations. The flat rate can also be used for
planning for sites where local electrical power is unavailable and the costs
to bring in a power line would be very expensive. The case for process
sludges was included to cover those situations where the sludge has a natu-
ral radioactive component such as radon that must be immobilized.
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Figure 4. Cost of ISV Applications

10 12

PROCESS PERFORMANCE

The discussion on process performance is divided into two sections:
1) radionuclides and 2) other hazardous chemicals. It focuses on the over-
all treatment efficiency, i.e., the retention and/or destruction in the
melt and the capture and removal of the material released from the melt by
the off-gas system. The sum of the two functions represents the overall
destruction removal efficiency (DRE) of the system.
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Radionuclides

Experience with radionuclides is derived from a radioactive pi lot-scale
test and from the testing at the engineering-, p i lo t - and large-scale with
chemicals used to simulate radioactive materials. In general, chemical
simulants are used only for fission-product simulation. The chemicals
required to simulate transuranic elements are very expensive and are
required in large quantities to achieve the same level of analytical detec-
tion in both the glass product and the off-gas scrub solution. Once the
relationship between transuranic retention factors and f ission product
retention factors is known, then reasonably accurate inferences to trans-
uranic behavior can be drawn for the behavior of f ission product data.

Only the highlights of the pilot-scale radioactive test , reported by
Timmerman and Oma (3), are given here. The source term for the pi lot-scale
radioactive test was contaminated soil from a cr ib : the transuranic content
was about 650 nCi/g. Mixed fission products of 137Cs, 106Ru, 90Sr and 60Co
were added to the contaminated soil to a concentration of 30,QUO mCi/g, to
obtain additional information on effectiveness of the process for f ission
products. As some candidate sites for enhanced isolation contain both
transuranic and mixed fission products, those added for testing represent
a spectrum of vo la t i le , semi volat i le and nonvolatile species.

Retention of f ission products and transuranics in the vitreous mass was
greater than 99% for al l species. I t ,-anged from 99.98% for transuranics to
99.2 and 99.8% for the more volat i le cesium and ruthenium. Table 2 shows
the percents retained in the vitreous mass and released to the off-gas sys-
tem and the soil-to-off-gas decontamination factors. Decontamination factor
is defined by the following equation:

m lDF = —
ITU

TABLE 2. RADIONUCLIDE RELEASE DATA FROM PILOT-SCALE
RADIOACTIVE TEST

Nuclide

Pj-239
Co-60
Sr-90
Ru-106
Cs-137

Melt
Retention (%)

99.98
99.94
99.97
99.82
99.24

Release to
Off-gas (%)

0.02
0.06
0.03
0.18
0.76

Soil -to-Off-Gas
DF

4.5 x 1U3

1.8 x 103

3.2 x 103

5.6 x 10^
1.3 x 102
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where IT̂  = the initial or input mass of contamination in the control volume
per unit time, and

v^2 ~ exit mass of contaminant from the control volume per unit time.

The effectiveness of both the process and the off-gas treatment is seen
in the distribution of the small fraction of materials released from the
melt (Table 3). While a small fraction of the fission products (3%) reached
the primary HEPA filter, there were no fission products on the second-stage
HEPA filter or in stack samples taken downstream of the filters. When exam-
ining the data in Table 3, it is important to remember that the percent of
the total material released is less than 1% for all the radionuclides. The
distribution of radionuclides throughout the off-gas system provides insight
into operational procedural requirements, scrubber efficiency, and particle
size. The scrubbers accounted for removal of 65 to 92% of the radionuclides
released to the off-gas, as indicated by the distribution of the radionu-
clides in the two scrub solutions.

Entrained particles in the off-gas exiting the ISV hood were measured
during previous nonradioactive tests to have an average mass-mean diameter
of 0.7 \im. The scrubbing efficiency of the venturi scrubber drops off for
particles smaller than about 0.5 urn. The distribution between the venturi
and hydrosonic scrub solutions indicate that the more volatile radionuclides
of cesium and ruthenium are being released as smaller particles. This is
consistent with other observations (9) that cesium and ruthenium vaporize
from molten glass and recondense as very small particles. The distribution
of cobalt indicates that the particles are also very small; however, the
reason for this is not yet clearly understood. The transuranic elements
were collected primarily in the venturi scrub solution, indicating larger
particles, probably rel-nsed with other nonvolatile soil species. This
corroborates the hypothesis that release of transuranics was increased by
the combustion of the test package containing the contaminated soil and
fission products. This is consistent with the time that the transuranic
levels started to increase in the scrub solution.

TABLE 3. KADIONUCLIOE DISTRIBUTION

Nuclide

Pu-239
Co-60
Sr-90
Ru-106
Cs-137

Ground
Surface

0.09
0.05
0.05
0.3
0.2

Hood

4
4
4
8
2

Percent

Pipi ng

<1
14
<1
2
5

of Total

Tank 1

92
24
91
21
17

Release

Tank 2

3
55
5

66
73

HEPA Fi
Stage 1

1
3
0.1
3
3

Iters
Stage 2

0
0
0
0
0
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The distr ibution within the system is very encouraging from the per-
spective of operations because less than 1% settled on the ground and 20%
deposited on the hood and off-gas piping. The 20% figure was for cobalt,
and the other nuclides were less than 10%. The radionuclides on the ground
and on the hood represent a manageable amount of post-use contamination.
Contamination on the ground can be fixed in place before moving the hood and
can be pushed into the subsidence zone when backfi l l is added. Again, i t is
important to remember that the amount of transuranics on the surface of the
ground is only 0.1% of the 0.02% released from the melt. I f the original
source term is 2000 nCi/g, then only 0.4 nCi/g would be released to the of f -
gas and only 0.0004 nCi/g would be deposited on the ground surface under
the hood. As the test material was only 0.74 m below the original ground
surface during the pilot-scale test, under f ie ld conditions the release to
the off-gas is expected to be at least an order of magnitude less because of
increased depth.

These expectations were confirmed by analyzing the data from the Large-
Scale Operational Acceptance Test (3). Nonradioactive strontium n i t ra te ,
which should perform similarly to transuranics, was placed at depths of
about 5 m; the measured DF was 3 x 10 , as compared to the value of 3 x 10
for the pi lot-scale test . Thus DFs in the range of 30,000 are expected for
large-scale applications.

Deposits on the hood and off-gas piping can be fixed in place by spray-
ing strippable fixatives so that the hood and off-gas line can be moved
without concern for loose contamination. Currently, the reference f ixat ive
is Clear Coat®, chosen because i t is easy to apply and i t combusts readily
during subsequent operations. Spraying techniques have been demonstrated
with both the p i lo t - and large-scale systems.

Q

Overall, system DFs or DREs are greater than 10° for the more volat i le
fission products and 10 nonvolatile f ission products and transuranics.
These factors are conservative because they take no credit for the secondary
HEPA f i l t e r . For large-scale operations with a 2000 nCi/g source, the
resultant maximum concentrations at the stack are 2 to 3 orders of magnitude
below the l imits of 1 x 10"12 uCi/mL published in 10 CFR 20, Table I I (U.S.
Code of Federal Regulations). Thus the measured DF of 1.3 x 10 is quite
suff icient for large-scale radioactive test ing.

Other Hazardous Wastes

The capabilit ies of the large-scale ISV system to treat various soil
characteristics and inclusions can logically be divided into two categories:

®Clear Coat is a registered trade name of the Oakite Co., Inc.
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1) capabilities of the power supply system and 2) capabilities of the off-
gas system to maintain a negative pressure during transient events. Capa-
bilities of the electrical system in terms of electrode width, depth and
shape have been reported in detail (1,4).

The two factors that can influence the ability of the power supply sys-
tem are the presence of groundwater and buried metals. Generally, soils
having low permeabilities do not inhibit the ISV process even in the water
table because the rate of recharge is not significant relative to the pro-
cessing rate. The melt proceeds at a rate of about 3 to 6 in./hr. Thus
soils with permeabilities of 10 to 10~9 are considered vitrifiable even in
the presence of groundwater or in the water table. Soils with permeabil-
ities of 10" to 10 are considered marginal, and soils with permeabilities
higher than 10 are difficult to vitrify in the water table without addi-
tional steps such as drawing the local water table down by pumping and
installing underground barriers.

The presence of buried metals can result in a condition that would lead
to electrical shorting between the electrodes; however, buried metals that
occupy up to 90% of the linear distance between the electrodes can be accom-
modated without suppressing the voltage between the electrodes. Moreover,
once it is melted, the metal has less impact. Miscellaneous buried metal,
such as drums, should have little or no effect on the ability to process a
candidate site. Metal limits by volume are currently 5 wt% of the melt, a
large fraction when considering drums of waste. In fact, drum arrays placed
to take advantage of melt configuration may become a method of disposing of
hazardous and/or classified wastes contained in drums. Such an application
is shown in Figure 5, where the metal content of the 273 drums is 1.5% of
the melt weight, leaving considerable capacity for miscellaneous metal con-
tained within the drum*;.

Capacity of the off-gas system to maintain negative pressure during
processing, and thus prevent spread of contamination or fugitive emissions,
is a function of the gas generation rate within the processing area. (Gas
generation resulting from decomposition of humus and other natural chemicals
within the soil is considered insignificant.) Figure 6 generically shows
gas-generating situations: intrusions of molten glass into void spaces,
resulting in release of the entrapped air; penetration of a drum that con-
tains combustibles; and intrusion into soil inclusions that contain combus-
tibles, either solids or liquids. The capacity of the off-gas system to
contain the gas resulting from the processing event is shown schematically
in Figure 7. These capacities are representative of what might be encoun-
tered in a burial ground for solid waste. Release of the gas is a transient
event, over in about 1 min; therefore, once it has passed, the system can
still handle other transient events. These are time order limits, not
cumulative capacities.
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Figure 7. Limits of Combustibility for ISV Processing

ISV is particularly well suited to in-place disposal of mixed-hazard
waste. The radioactive and toxic heavy metals are encapsulated or incorpo-
rated into the glass, and the organics in containers are destroyed. Certain
inorganic compounds such as nitrates are also destroyed by reducing the com-
pound to the diatomic gases by the temperature and the reducing conditions
of the melt. This is part icularly fortunate because nitrates are a very
common chemical in mixed-hazard waste. Sulfates are part ia l ly decomposed,
and the remainder are easily removed by the off-gas system. Fluorides are
dissolved into the glass to the extent of 98% for source terms of several
hundred parts per mi l l ion. Chlorides are dissolved to the l imits of solu-
b i l i t y ; this is much less than for f luorides, but is up to 1 wt% of the
melt, which can be a large quantity. The fluorides and chlorides not
dissolved in the glass can be scrubbed out by the off-gas treatment system
using a caustic scrub solution.

There are f ive general areas where tha ISV process might be applied to
mixed-hazard waste: 1) contaminated soil s i tes, 2) burial grounds, 3) tanks
that contain a hazardous heel as either a sludge or salt cake, 4) c lassi-
fied waste that is already containerized or amenable to containenzation,
and 5) process sludges and tai l ings piles that contain radioactive materi-
als. Applying the ISV process to mixed-hazard soil sites and burial grounds
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is similar to applying it to general soil and burial ground sites already
discussed, with the same processing limits for metal and combustibles.

The use of ISV to destroy the toxic heel in tanks has been tested on
the engineering scale with simulated wastes. The feasibility study showed
that release of material was within acceptable limits for the off-gas system
and that a vitreous mass was formed. The original tests were performed
on the basis of adding glass formers during the processing to achieve a
vitreous waste form. The data can be extended to a scenario to dispose of
the residual heel and the tank and to immobilize contaminated soil next to
the tank. By adding soil and/or rock backfill, the tank can be filled with
glass-forming materials before processing. Electrodes would be inserted
into the tank through existing openings, and the vitreous area would grow
downward and outward, encompassing the tank, its contents, and some sur-
rounding soil. Estimates of the maximum size tank have not been completed,
but tanks of 100,000 to 300,000 gal can be permanently disposed of by this
technique. The metal content of the tank structure should not impose a
processing limit.

Sludges and tailing piles containing natural radioactive materials and
hazardous chemicals can be processed by ISV. Applications involving natural
radioactive elements that result in relatively high radon fluxes at the
surface are considered potential candidates for remediation by ISV. Tests
with zirconia-lime sludges showed that the material was not only vitrifi-
able, but that the level of radon emanation was reduced by a factor of 10
to 10 after processing. Measured radon emanation rates were in the femto-
curie range. This is a practical solution where the radon emanation levels
are high, the wastes also contain hazardous chemicals that will be leached
into the groundwater, and the local infiltration rate is high. For large
piles in remote areas where the infiltration rate is very low, barriers
over the pile have proved quite effective. Each potential application of a
process must be examined on its own merit.

Valuable land that is contaminated can be reclaimed by processing,
converting a corporate liability to a capital asset. Old transformer and
capacitator storage and repair areas that are not*; in the business district,
but contaminated with PCBs, are an example of this concept. The ISV process
has proved effective on PCB-contaminated soils, achieving a system destruc-
tion removal efficiency of 99.9999%. There will be some limitations asso-
ciated with equipment access; these, however can usually be dealt with by a
combination of equipment design and staging operations.
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SUMMARY OF PROCESS STATUS AND BENEFITS OF APPLICATION

The ISV process has been demonstrated at field-scale conditions. This
fact is significant because the risks of scale-up—the major risk area in
the development and deployment of a new technology—have been eliminated.
Technology adaptation is a much smaller investment risk than technology
development. Applicability to a particular waste can be determined with
existing ISV equipment for a few thousand dollars, making feasibility test-
ing relatively inexpensive. The focus of the feasibility testing is the
performance requirements for the off-gas treatment system and the type and
quantity of secondary waste generated. Type of soil is seldom a considera-
tion as almost all soils encountered have proved vitrifiable.

Experience indicates that the process is ready for deployment for soil
sites contaminated with heavy metals and inorganics. Experience, however,
with low-boiling-point organics that are not contained in the soil column is
\/ery limited, and feasibility testing with actual site samples prior to
application is strongly recommended. Experience with PCBs, process sludges,
and plating wastes is very encouraging. Although no single treatment pro-
cess is applicable to all waste management needs, it is expected that in
situ vitrification will be applied widely in waste management problems. It
is a new and powerful tool that should be considered and evaluated for
radioactive, mixed hazardous and hazardous chemical applications that fall
within its capabilities.

Specific benefits appear to be:

Safety for workers and public
Long-term durability >1 million years
Applicability to a variety of soils
Cost effectiveness - $100-$200/ton for soils
Volume reduction for sludges <$100/ton
Processing rates of 3-5 tons/hr.

ISV's safety reflects the fact that the hazardous materials are con-
tained during processing and that it involves no exhumation and offsite
shipment and their potential for accidents. The waste form's durability is
consistent with the expected duration of toxicity of both radioactive and
chemically hazardous materials. Projected stability for >1 million years is
consistent with the hazard of even long-lived radioactive isotopes such as
plutonium. While it might be argued that heavy Metals have no half-life,
the life of the waste form is consistent with prudent environmental planning.

ISV's applicability to a wide variety of soils and waste, combined with
the cost effectiveness of application, is commensurate with regulatory
changes currently in progress that emphasize the need for onsite treatment
and remediation.
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VITRIFICATION OF SODIUM-RICH HIGH-LEVEL WASTE

H. Wiese

Deutsche Gesellschaft zur Wiederaufarbeitung von Kernbrennstoffen

and
G. Hohlein and S. Weisenburger

Karlsruhe Nuclear Research Center

ABSTRACT

The construction of the PAMELA vitrification plant at the
EUROCHEMIC site in Mol/Belgium was completed in late 1984.
After one year of cold test campaigns with simulated waste
solution, the plant was put into radioactive operation in
October 1985.

INTRODUCTION AND OBJECTIVE OF THE PAMELA-PLANT

The PAMELA vitrification plant, based on liquid-fed ceramic melter process,
is located at the site of the reprocess ing-plant EUROCHEMIC in Mol/Belgium.
It was constructed from 198 1 to 1984 by DWK (Deutsche Gesellschaft zur
Wiederaufarbeitung von Kernbrennstoffen) with financial support of BMFT
(Bundesministerium fur Forschung und Technologie).
The goal for the PAMELA is, to demonstrate the vitrification-process of
high-level waste with a joule heated ceramic melter which is chosen as for
process for the German reprocessing plant in Wackersdorf. The facility
therefore serves as a pilot demonstration plant.
The PAMELA-process shall demonstrate the production of glassblocks and
glass-beads, embedded in lead.
There are two types of high level waste solutions at the EUROCHEMIC site to
be vitrified; approximately 50 m of LEWC and 800 m of HEWC.
The Low-enriched waste concentrate (LEWC)-waste solution is a product of
the reprocessing of spent fuel from commercial power stations with a low
enrichment of U-235.
The High-enriched waste concentrate (HEWC)-waste solution was produced by
reprocessing of snent MTR-fuel, with a high U-235 enrichment.
The LEWC-solution will be comparable to the waste-solution to be produced
in the Wackersdorf reprocessing plant.
The composition and characteristic data for LEWC, are presented in Fig. 2.
The LEWC contains a significant amount of sulphur. Because of the limited
solubility of sulfates in glass, the sulphur concentration dictates the
waste glass loading when the LEWC-solution is vitrified. The glass produc-
tion is controlled so that the waste glass contains 11 WT % of oxides.
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Fig. 1 : Process building of the PAMELA vitrification plant.

As glass making material, glass frit is used in the PAMELA process and

schown in table I. Glass frit has low sodium oxide content to adjust for

the high sodium concentration in the LEWC-solution. The composition of

the final elass product is given in table II.

The design throughput of the PAMELA-plant for LEWC vitrification is 30 kg/h

waste glass production with 1 I WT % oxides.

Ox id

sio2

B2°3

A12O3

Na,0

Li,0

TiO9

CaO

MgO

Analysis and set
point WT %

58,54
(58,6 + 0,6)

14,76
( 14,7 + 0,3)

3, 18
( 3,0 + 0,2)

6,45
( 6,5 + 0,4)

4,61
( 4,7 + 0,2)

5,31
( 5,1 +0,3)

5,01
( 5,1 + 0,3)

2 ,20
( 2 , 3 + 0 , 1 )

range
WT %

57,96 - 58,78
(58,0 - 59,2)

!4,37 - 15,06
( 14,4 - 15,0)

2,91 - 3,38
( 2,8 - 3,2)

6,29 - 6,64
(6,1 - 6,9)

4,54 - 4,68
( 4,5 - 4,9)

5,15 - 5,73
( 4,8 - 5,4)

4,83 - 5,15
(4,8 - 5,4)

2, 14 - 2,32
( 2,2 - 2,4)
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Ox id Setpoint
WT %

Analysis
WT %

Standart
deviation WT

SiO2
B2O3
Na2O
CaO
TiO2
A12O3
Li2O
MgO
Fe2O3
MnO2
ZrO2
NiO
Cr2O3
S03
Nd202
Mo03
Cs20
RuO2

52, 15
13,08
9,49
4,59
4,54
3,81
4, 18
2,11
1,27
0,57
0,31
0,39
0,27
0,30
0,28
0, 13
0, 13
0, 13

53,6
13,24
8,62
4,69
4,45
4,02
3,86
2, 10
1,42
0,56
0,50
0,45
0,37
0,35
0,29
0, 16
0, 12
0,03

1, 18
0,55
0,36
0, 12
0,13
0,39
0,49
0,07
0,25
0, 10
0, 18
0, 10
0,04
0,08
0,04
0,03
0,015
0,02

97,8 98,8

Table II : Composition of the final PAMELA glass product, medium values from
8 analysed samples.

C D Fission
products

10

8

•— B

n
n

• Cladding

15.04

C D Corrosionpr.

44.81

nn D

C D Chemicals C D Diverses

Spec. Activity: 6.2 TBq/l
Density (at 20° C): 1.372 kg/I
Oxide Yield: 179 g/l
FrseHN03: 1.8 m

,n•
Al Ca Ce Cr Fe Hg La Mo. Mn Mo Na Nd Ni Pd Rh Ru S Se Sr Tc Te Zr

Fig. 2 : Composition and some characteristic data of the LEWC-solution.
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DETAILED PROCESS DESCRIPTION

There are two main process feeds, the LEWC-liquid waste stream and glass
frit. The LEWC solution is transferred batchwise from EUROCHEMI2's storage
tanks by steamjets through a schielded overhead pipe line into the PAMELA
3 m receiving tank.
After sampling the receiving tank material the batch is transferred to the
feed tank, by a two storage air-lift system. Then it is continuously fed
into the melter using an adjustable rate air-lift system.
Based on the LEWC-analyses, the weight of the frit addition are adjusted
parallel to the liquid stream.

Gliss Fril Fetfcr Trip

Lei* EmkMinj C»»li*4 Welllne, D«CM Rinse
StlliM SIltiH

Smeire Test Intermediate Storage

' Waste Treitment

Stance Suiifm;

Fig. 3 : Basic sheet of the PAMELA installation.

The major component of the PAMELA process is a joule heated glass melter.
It has outside dimensions of 2 x 2 x 2,6 m (1 x d x h). The inside of the
melter is lined with a ceramic refractory containing 30 £ chromoxide which
is resistant to corrosion from the molten borosilicate glass.
The joule heating for glass melting is provided by four pair of power
electrodes, two upper and two lower made from Inconel 690. These electrodes
are air cooled to keep the electrode temperature below 1120 °C.
At the maximum rates, the power consumption is 55 kw on the upper pair of
electrodes and 20 kw on the lower pair of electrodes.
Since the melter is performing three major functions : evaporation,
calcining and glass melting, it is important to know the internal melter
chamber temperature at various points. Btsed on previous experience, four
thermocouples, placed in Inconel-690 tubes, are installed through the melter
cover to various depths which measure the plenum, calcination and molten
glass zones for the normal melter level ranges.
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Feeding Tube

Glass-Airlift

Overflow- Section

V

Fig. 4 : Joule-heated ceramic waste glass melter.

These temperature profiles, along with the power consumption and mass
balance then provide an understanding of the melter performance and deter-
mine the need for changing feed rates or for removing of glass product.
The melter has two outlets for the glass product : the bottom drain for
the glassblocks and an overflow for the bead production.

Off-Gas Treatment

The nielter off-gas is treated by a series of process equipment. The
initial treatment is in the dust scrubber, where the larger particulates
are removed.
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The offgas leaving the dust scrubber goes to a condenser where cooling
water at 30 °C is used as the condensing media.
The off-gas leaving the condenser, consisting mainly of NOx, small particu-
lates and aerosols, is fed to a jet scrubber where it is contacted by a re-
circulating fluid stream operating at a pressure of 5 bar.
Next the stream is treated to remove NOx by passing the off-gas stream
through a scrubbing column. The scrubbing solution is a 5 to 6 molar
nitric acid solution. This solution is maintained at 15 CC by a cooling
water coil.

Because of the low solubility of NOx, a 0,2 molar hydrogen peroxide solutioi
is added to the scrubber to oxidize the NO to N02.
The offgas at this point of the process is essentially air, nitric-acid
aerosols and fine particulates. The stream is then treated in a fiber
glass filter, hereafter heated up to 70 °C and sent through two HEPA-
Filters in series. After cooling down to 30 °C the off-gas will be dis-
charged with blowers to the stack.

Canister Handling

The canisters used at PAMELA are made of stainless steel. There are two
different types of canisters :

- for the glassblocks : 60 L volume ( 160 kg glass)
- for the glass beads : double tube for 90 kg glassbeads and 350 kg lead.

The canister, placed in a heat-insulating overpack, after filling is trans-
ported to the handling cell for cooling. For the canisters, filled with
beads, led embedding is the in between step.
After a cooling time of 2,5 days the canister is taken out of the overparK
and transferred to the welding station and the cover is welded with a TIC
welder.
The welded canister is decontaminated in an ultrasonic bath containing
1 molar nitric acid. It is then moved to a separate chamber, where the
canister is rinsed with fresh water prior to lifting it iqt0 the stnear-
test cell. If the surface contamination is less than 10 Ci/m , the
canister is placed into a shielded transporter for delivery to the engi-
neered storage building.

RESULTS FROM RADIOACTIVE CAMPAIGNS

The PAMELA plant started hot operation after an extensive cold run period.
Prior to hot start-up a final test run was performed using a mix of 100 L
actual LEWC waste (10,000 Ci) and 2400 L simulated LEWC to confirm the
decontamination factors of the off-gas treatment.

Also remote replacement of the melter and other equipment of the melter
cell was demonstrated before the hot operating campaigns began.
Four hot operation campaigns have been scheduled to vitrify the 50 m
LEWC-waste :

- I campaign from October 1 to December 4, 1985
(glassblock production)
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- 2 campaign From January to March 14, 1986
(glassblock production)

- 3 campaign from April 3 to Mai 1, 1986
(bead production)

- 4 campaign from Mai 12 to June 2, 1986
(rinsing of the storage vessels EUROCHEMIC)

The production results for these campaigns are shown in Table III.

Table III : Production results of the vitrification of the LEWC-solution.

LEWC-Campaigns

Glassblock
1.10.-4.12.85

II

Glassblock
13.1.-14.3.86

III
Beads
3.4.-1.5.86

IV

Rinsing
12.5.-12.6.86

Total

Total campaign time 1560 h
Feeding LEWC waste 1163 h
Down time 397 h
Equipment availibility 75 %

Total waste processed
ot-Activity
R-Activity
Waste oxides

Glassproduct
Cont. of waste oxide
Average Glass rate
Efficiency
Glasscontainer
Average fill.weight

20700 1
3,16 E14 Bq
8.65 E16 Bq
2632 kg

30659 kg
8.66 Gew.-%

19,6 kg/h
66,4 %

199
154 kg

1461 h
1429 h

32 h
97,8 %

J87OO 1
6,70 E14 Bq
J.235EI7 Bq
3609 kg

333% kg
10,66 Gew.-%
22,9 kg/h
75 %

212
357,5 kg

665 h
610,5 h

54,5 h
92,4 %

5110 1
1,816 EI4 Bq
3,283 EI6 Bq
966 kg

8828 kg
10,84 Gew.-%
13,3 kg/h
66 %

100
88,28 kg

744 h
698 h
<*6 h
93,8 %

4430 h
3900,5 h

529,5 h
88 %

2700 1 47210 1
1,16 Ell Bq 1,28 E15 Bq
3,5 EJ6 Bq 2,78 E17 Bq
468 kg 7675 kg

4929 kg 77812 kg
9.5 Gew.-% 9,86 Gew.-%
6.6 kg/h 17,6 kg/h

69 %
31 542

159 kg G3 : 156,3 kg
VM : 88,3 kg

Emiss ions

In Table IV is shown the emission rate for the R and the«t aerosol-activity
and compared with the maximum allowed emission, as per regulatory standards.

Table IV : 13 and ^-Emissions to the PAMELA-stack

Maximum
Activity

R

06

expected
Bq

5.2

2.7

emiss

E 9

E7

ions
Ci

0.

7.

14

3E-*

Actual release
Bq

3.1 E 6

4.1 E 3

Ci

0.8

1. 1

E'4

E"7

c
i

0.

0.

\

.06

.02
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This very low emission rate is the result of the good operation of the off-
gas treatment. In Fig. 6 the UF's for the R-gross activity and activity
flowrate through the components of the offgas treatment are shown.
Due to high volability of suspected release to the stack special attention
was kept to the radionuclides Se-79, Tc-99, Ru-106, Sb-125 and Te-125.
In cooperation with the techn. University of Munich gas samples were taken
from the offgas stream to determine overall decontamination factors of the
vitrification line as well as for single components.
The investigations are still running.
First results from tne PAMELA analytical laboratory indicates minimum DF's
for two nuclides :
Overall-decontamination factor for Ru-106 : > 1,3 E 08
Overall-decontamination factor for Sb-125 : > 2,5 E 08

In Fig. 5 is shown the production of the different waste categories by
vitrifying one liter of LEWC in the PAMELA plant.

LEWC Stlit iM Glass Product

I I

6.53 TB< (176 Ci)
1951 Waste Oxide

Solid Waste

Combustible Nit CMtastible
0.03 I 0.081
a n

1.0kBq(27pCi) 20 MB* (0.54 mCi)

0.681

1.77 k|
1951 Waste Oxide
6.53 TBq (176 Ci)

Bitumen

0.331

44 MBq (1.2 mCi)

Fig. 5 : Balance of volumes and activities for one liter of LEWC.
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1. Melter
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5. NOx Absorber
6. Glass Fiber Filters
7. HEPA-Fillers

Fig. 6 : Decontamination factors obtained for the vitrification campaigns
of LEWC-solution.

Personal Exposure Experience

The average total dose during operation was about 450 uSv per week which is
an individual dose of less than 7.5 uSv/week and person. During maintenance
periods, when interventions are made for repairs, the total dose was
2.1 mSv/week or an individual dose of 34 uSv/week and persons.
The average individual dose rate to date is 50 uSv/week and man with the
maximum single individual having thus far received 1.8 mSv.

Fig. 7 shows the total dose rate for different operating periods of
PAMELA.
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absirM 28

dose (MSV) 26

22
20
18
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14

A - Maintenance
B = Break
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1985

1. Camoaiifl
Glass Blocks

Oecemker Jamiary

.I.4.L
February March

2. Campaign
Bliss Blocks

April May/
1986 June

A - t 3. Campaigns-A —
(Vitromet)

Fig. 8 : Total dose rate for different operating periods.

SUMMARY

The PAMELA plant has had a succesful hot operating campaign.

- It has met its schedule for startup
- Stable melter operation has been achieved and controlled by the use of 4

control thermocoupl?s. TV-viewing of the melt pool, although desirable,
has not been required.

- The bottom drain system has been reliable and pouring can be stopped
within 1 kg of the desired weight.

- A gamma system has been added to provide a second independent system to
measure the glass level in the canisters. The results show excellent
agreement between the weight computed by gamma level detection and the
strain gage weighting system.

- The off-gas system has demonstrated decontamination factors equal or
better than design goals.

- A technique has been developed to clean the off-gas line between the
melter and dust scrubber during operation.

- TIC welding of the canister lid did not provide problems.
- The canister decontamination is adequate to meet safe handling outside

the process building.
- The process equipment can be maintained without subjecting the employees

to high dose rates.
- The sodium control of sodiumoxid in the glass is determined to 9,5 WT %

and guaranteed by the feeding streams of the LEWC and the glass frit.
These streams are calibrated due to the analysis of LEWC and the set
Point of Na2O in the glass.
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LONG TERM LE1CB BEHAVIOR OF REST VALLEY HLK GLASSES

Pedro B. Macedo, Rajani Adiga, Aaron Barkatt,
H. Phelps Freeborn, Robert K. Mohr, and C. J. Hontrose

Vitreous State Laboratory
The Catholic University of America

Hashington, DC 20064

ABSTRACT

The leach behavior of the Rest Valley reference boro-
silicate glass and glasses of closely related compositions
have been studied using several different leach tests.
These include modified IAEA short-contact-time tests, HCC-1
static tests, modified MCC-3 static ponder tests and
partial-exchange pulsed-flow tests. From the data one can
conclude that the resistance of the glasses to attack by
aqueous media depends upon whether the glass develops a
protective surface layer that prevents continued dis-
solution of the glass as the production and precipitation
of silicate crystals from the leachant (the so-called
hydrothermal effect) keep it from becoming saturated with
respect to the glass. The results indicate that only in a
relatively small composition "island" is the rate of layer
generation suitable to balance the pH rise in the leachant
so that a stable protective barrier is formed.

INTRODUCTION

In the development of a glass host to be used in the fixation of high
level radnaste, a major consideration is the long-term durability of the
material Nhen subjected to aqueous attack. Establishing a scientific basis
for examining this question requires

(1) that tests be developed to characterize the durability of the
glass, and

(2) that the mechanisms of aqueous dissolution be well understood so
that models can be developed to predict reliably the leaching
behavior on time scales of geologic importance, i.e., the order of
10* years.

This paper is organized to address these tno points. First, the role of the
most commonly employed leach tests in characterizing durability is assessed.
The interpretation of typical results from these tests is considered, and a
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program for understanding leach mechanisms is described. Results are then
presented for glasses whose formulations are relevant to the imaobilization
of the nuclear Haste in storage at the Rest Valley Demonstration Project, and
these results are used to develop a mechanistic picture of the leaching
process in these glasses. Semi-empirical phenomenological models prill ther
be employed to attempt to relate their long-term durability properties to
relatively short-time test results.

LEACH TESTS: RESULTS AND INTERPRETATION

Four experimental leach tests have been employed to characterize
different aspects of the durability of nuclear waste glasses. Perhaps the
two that have been most frequently used are a modified IAEA high-dilution
frequent-exchange test and the MCC-1 28-day static low glass-surface-to-
leachant-volume ratio test. In the former of these back reactions have no
influence in determining the rate of glass dissolution, while in the latter,
at least for durable glasses, these reactions are of only minor importance.
Consequently, although they can contribute in an auxiliary way to under-
standing the leaching process, neither of these tests provide a realistic
assessment of durability under repository-relevant conditions.

Pulsed Flow Leach Test Studies

Of greatest utility both in assessing the long-term resistance of
nuclear waste glasses to aqueous attack as well as in determining the
mechanisms that govern the dissolution rate is the so-called pulsed flow
leach test developed by Barkatt, Macedo and their colleagues. C1-4] Briefly
in this test a pulverized sample of the glass under study is immersed in the
aqueous leachant (usually but not necessarily deionized water). it regular
interval a fixed fraction (25%) of the leachant is withdrawn from the vessel
for analysis, and is replaced by an equivalent volume of fresh leachant.
Four such intervals, i. e, the time required to replace a volume equal to the
original leachant, are defined as the residence time. Tr, for the test.

Typical behavior for the measured leachate concentration of some element
as a function of time are sketched for various leach mechanisms in Figure 1.
Initially there is a linear rise in the concentration due to congruent
corrosion of the glass. If this were the only mechanism to operate, the
composition would eventually become limited by the rate of leachant refresh-
ment, exponentially approaching a long time limiting concentration c» given
by LoTr(S/V), where Lo is the leach rate associated with congruent dissolu-
tion and S/V is the ratio of glass surface to leachant volume. In fact,
however, as the concentrations in the leachant increase, back reactions
become the controlling factors for the long-time (practically speaking 3 to 5
Tr) limiting concentrations, as the solution becomes saturated with respect
to alteration products that develop (usually) on the glass surface. [5) Under
certain circumstances these precipitates can form a protective barrier
preventing further attack of the glass by the solution.
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Fig. 1. Generic curves showing the general behavior of the leachant concen-
tration in a pulsed flow leach test for a given element as a
function of total tine exposed to aqueous attack. Curve 1 shows the
behavior in the (idealized case) where simple matrix corrosion is
the only mechanism of dissolution. In curves 2 and 3 the long-time
steady-state concentrations are solubility limited. The "overshoot"
shown in curve 3 results from the transient development of a
protective surface layer on the glass that determines the saturation
conditions. Curve 4 reflects the situation in which the thickness
of the layer increases continuously with time.

The important point to recognize here is that if one measures the con-
centration of boron in solution, the question of whether such a protective
layer has been formed can be decided. This is so because for the pressure (1
atmosphere) and temperature (50-90°C) conditions of the experiment, no stable
crystalline compounds containing boron will precipitate from the leachate;
the solubility can (as a practical matter) be taken as infinite. Therefore,
unless a protective barrier forms, the concentration of boron in the
leachate will be given by the simple corrosion kinetics described above,
whereas the concentration of other elements will be limited by saturation
with respect to stable crystalline precipitates. The leach rate of boron,
determined from its concentration in the leachate, is thus a measure of the
extent of dissolution of the glass.
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Moreover, the long-time limiting concentration of boron in the leachate,
normalized relative to its abundance in the glass, will be greater than the
similarly normalized leachate concentrations of all other glass components.
The leach rate of boron thus serves as a conservative estimate of the glasr
durability; if the fractional release rate of boron into the attackim
leachant meets the acceptable durability requirements for the glass, one car
be confident that the release rate of other species will also be acceptably
ION.

Results: Defense Haste Reference Glass

This is just the situation that has been observed in the HCC Defense
Haste Reference Glass (DHRG) [6] in studies carried out over the past five
years. At high and intermediate flow rates (small and intermediate values of
T r), the concentration versus time curves are of the generic type of curve 2
in Figure 1; for the low flow rates (large TP values), the behavior resembles
that shown in curve 3. It is to be emphasized that even the boron concen-
tration exhibits this type of behavior (71, indicating the presence of a
passivating layer that limits the dissolution rate.

From the limiting concentrations, a steady state leach rate coefficient
for the ilh element Li can be obtained as

Li = c(i)/Tr(S/V).

These data are plotted for DHRG in deionized water at 90°C in Figure 2.
Observe that on the abscissa, the residence time has been multiplied by S/V
as the leach rate depends upon Tr and S/V only through their product. This
scaling allows data taken on various samples with different S/V values to be
superimposed on a single plot. From an experimental standpoint it allows one
to simulate very slow geologic flow rates on a laboratory scale.

Observe that at small values of Tr(S/V) the leach rate is constant
indicating that the leach mechanism is simple corrosion, while at larger
Tr(S/V) values the linear drop off with slope = -1 (on the log-log plot)
implies that leachant concentrations are determined by saturation limita-
tions. Note that, as expected, the data for boron exceed those for the other
elements.

The picture of glass dissolution that emerges from these data for DHRG
is as follows. Following an early regime in which simple corrosion describes
the glass dissolution process, the accumulation of dissolved species in the
leachant leads via the precipitation of crystals to the formation of a
protective barrier on the glass surface. During this formation the pH of the
leachant rises as the alkali concentrations increase, temporarily effecting
an elevated rate of silica dissolution; however, as the surface layer
develops, restricting access of the attacking water, this rate drops. Flow
then causes the pH to drop (or at least to level off), steady state being
reached when the solution reaches saturation with respect to the surface
layer crystals. The essential features that make DHRG highly leach resistant
are the stability of the passivating layer and the regulation of the leachant
PH.
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Fig. 2. Pulsed flow leach test data for DKRG in deionized Hater at 90°C as a
function of residence time multiplied by S/V. The two straight line
segments are drawn to indicate the dependence at low- and high-
Tr(S/V) values. The filled points give data using J-13 well water
as the leachant.

One additional point to note involves the comparison of the glass
dissolution rates under groundwater attack versus those measured with
deionized water as the leachant. is would be expected, the dissolution rate
is slowed in a groundwater media where silicon is already present. This is
shown in Figure 2 where leach data are shown for a tuff groundwater (taken
from well J-13 on Yucca Mountain) which has been adopted as a reference water
chemistry for Nevada Nuclear Haste Storage Investigations 17); at a value of
Tr(S/V) = 2. 5 x 10* d/m; the boron leach rate is reduced by a factor of
roughly 20 relative to deionized water. Of course, this is a case in which
the presence of Si in the groundwater improves the durability of a glass that
is already quite durable by increasing the rate of formation of the protec-
tive surface layer. The more interesting question is whether a concentration
of Si in the groundwater on the order of 40 ppm can accelerate the layer
development causing a barrier to form (prior to the leached-alkali-induced pH
rise and concomitant enhanced silica dissolution) on a glass where with de-
ionized water as the attacking solution, no such formation occurs.
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The initial observation on MVCM40 revealed that the addition of 0 and Th
at the expense of Al and Zr produced an unsatisfactory glass. The accom-
panying studies on non-radioactive glasses showed that it is primarily the
decrease in Al and Zr (and not the introduction of D anad Th) that causes
this degradation. Indeed, it has been shown that, using an empirical and ad
hoc modification of the Plodinec-Jantzen tbermodynamic model, (13) that the
durability of these glasses is a function of the reduced composition variable

So = 6[Si) 1.25'6[ZrJ,

where 6[ XI is the difference in concentration of element X between the glass
in question and the Kest Valley reference glass HV-205; the concentrations
are taken as weight percents of the oxides SiO2, AI2O3, and ZrO2. Figure 4
gives durability ( the leachant boron concentration) as a function of £0.

Fig. 4 Concentration of boron in the leachant for static powder leach tests
in deionized water at 90°C plotted as a function of the reduced
composition variable ID. The data are from reference 11. Actinide-
containing glasses are shown as filled circles and triangles.
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It is apparent that one can achieve a glass of satisfactory durability by
increasing its alumina content; however this has the contra-indicated side
effect of increasing the glass viscosity, thereby decreasing its process-
ability.

However, because the replacement of Zr and/or Al by Th produces such a
reduction in the melt viscosity [11], it is clear that by reintroducing these
stabilizing agents into the mix, one can hope to enhance the durability while
still meeting the requirement that the viscosity of the melt be sufficiently
IOK at the desired operating temperature. This seems to be the case in
HVCH45 (So = 5.2) where the 7-day high S/V static test gives the concentra-
tion of boron in the leachant as just 9. 3 mg/1.

SDHMiRY

Several conclusions can be drawn from this study. These include:

(1) Pulsed flow test measurements on HV-205 (deionized water, 90°C) show
that, while a protective surface layer forms when Tr(S/V) is small, for
long residence times, pH control is inadequate for layer stability.

(2) This low flow rate durability problem can be inferred from 28-day static
powder leach tests. Hhen this test indicated inadequate long-term
durability (as in RV205), the flow test mirrored this result; con-
versely, when the flow test implied high durability for the glass
<DHRG), the static powder test echoed this result. This is evident in
Figure 4 where the DHRG data are shown at ED ~ 7.6.

(3) Leaching tests in deionized water give coonservative durability esti-
mates. That is, the leach rates measured in silicon-containing ground-
water leachants are be lower than those in deionized water.

(4) The use (in test glasses) of Zr and Al as simulants for 0 and Th leads
to an overly optimistic picture of glass durability. Leaching tests on
actinide containing glasses from which corresponding amounts of Zr and
Al have been removed showed them to be of unacceptably low durability.
However, because the inclusion of Th in the glass effects a substantial
reduction in viscosity, and because (relative to Si) Al and Zr are
somewhat more effective in improving durability than in increasing
viscosity, one can reintroduce them to achieve a processable glass
highly resistant to aqueous attack.
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CHARACTERIZATION AND COMPARISON OF HIGHLY RADIOACTIVE AND
SIMULATED GLASS AND GLASS CERAMIC WASTE FORMS

Giinter Malow
Hahn-Meitner-Institut Berlin GmbH, 1000 Berlin 39,
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ABSTRACT

Three European HLW glass and glass ceramic waste
forms were investigated. The first part of the paper pre-
sents findings and discussions of fully radioactive waste
forms. A technique was developed to prepare radioactive
samples small enough to be removed from the hot cell for
SEM and EPMA investigations without additional shielding.
The corrosion of the glasses was measured at different
temperatures and in various leachants. In the second part
the process of chemical corrosion of a simulated borosili-
cate waste glass is discussed based on particular processes
such as build up of an alteration layer and phase formation
on the glass surface and saturation of some elements in
solution.

INTRODUCTION

The characterization of HLW waste forms can be considered under two as-
pects: The first one includes properties which can be related to constraints
set by the production process. Viscosity, resistivity, formation of a yellow
phase, devitrification and crystallization of the glass melt and the glass,
respectively, are important properties when the glass is produced by means
of a liquid fed ceramic melter (LFCM) [1]. The second aspect concerns the
fixation of radioactivity in the waste form. In this respect, the chemical
durability is most important. Properties affecting the release of radio-
nuclides are the waste form's composition, extent of devitrification and
fracture toughness. Cracking-, crystallization- and radiation effects may
increase the corrosion rate of the glass but not more than by a factor of
five [2], Fracturing, i.e. an enlargement of the surface area causes a pro-
portional increase of the total corrosion rate. For borosilicate glasses a
factor of <25 is a reasonable estimate.

In the past five years considerable progress has been made to under-
stand the chemical corrosion process of nuclear waste glasses. The corro-
sion mechanism is rather complex under static leaching conditions. The
kinetics give neither evidence for pure alkali-ion exchange nor do they
support a pure congruent dissolution mechanism of the glass. In the simplest
case, the corrosion process can be described by a forward rate of reaction
in the short term and a lower rate for the long-term with monomeric H
the species which determines the mechanism [3,4,5,6].
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The first part of the paper reports on the results of fully radioactive
waste glasses. Specimens from highly radioactive glass and glass ceramic
were prepared and studied. Therefore a technique was developed to prepare
samples small enough to be removed from the hot cell for chemical analysis
and identification of crystalline phases within the glass. The available re-
sults were compared with those obtained from non-radioactive glass samples.

In the second part of the paper the influence on the kinetics of alte-
ration layers on the glass surface, saturation of some elements in solution
and phase formation controlling the concentrations of Si, Mg, Al, Zn, Cr and
Fe will be discussed. It has to be pointed out that there are various diffi-
culties to interpret glass corrosion in solutions with high ion strengths,
when activity coefficients are not known [6].

HIGHLY RADIOACTIVE GLASSY WASTE FORMS

Ideally, a highly radioactive waste form should have the same proper-
ties as a simulated material. The present investigation compares radioactive
and inactive materials in terms of devitrification and leaching behaviour in
order to map possible differences. Highly active waste glass blocks were
prepared as described in [7] by CEA in Marcoule, France. The dimensions and
activities are given in Tab.l. The glass C-31-3-EC was converted into a
glass ceramic by heat treatment (3 hours at 600°C for nucleation, and 10
hours at 800°C for crystal growth).

TABLE 1. DIMENSIONS AND ACTIVITIES OF THE RADIOACTIVE GLASS BLOCKS

Glass C31-3-EC- SON 64 UK 209
SPF-Na 1920F3G3

Weight (g)
Diameter (mm)
Height (mm)
Total p,y activity (Ci)
Measured (month/year)

SEM-EPMA Measurements

In order to study samples by SEM outside the hot cells, small pieces
were taken from the blocks. Their weights were about 15^g and their total
8-, y-activities were less than 2 nCi. The dose rate at the surface was
about 40 mrem/h. Some samples were cut with a low-speed saw and polished to
qet tiny low activity thin sections.

The As Cast Glasses

Fig. la shows a piece of the glass SON 64 as received. At higher magni-
fication inhomogeneities became visible as shown in Fig. lb. Electron micro-
probe analysis revealed phases containing the noble metals Ru and Pd, known
from the simulated inactive glass [8,9]. Some phases were found in the radi-
oactive sample, not detected so far in the inactive glasses (Fig. 2).
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Figure 1. SEM micrograph
of the high active glass
SON 641920 F3G3 (a) at
low (lOOx) (b) at high
(5000x) magnification

Fig. 2A shows an EDX spectrum of a phase containing Cr-Fe-Ni, probably
a spinel. The spectrum in Fig. 2B belongs to an unidentified phase high in
tungsten and Fig. 2C is the EDX spectrum of a phase which contains rare
earth phosphates and some Crt Fe, Ni. The origin of tungsten in the glass
is not known.

Energy/keV 1 Energy/keV 1
Energy/keV

Figure 2. EDX spectra of the various phases shown in Fig. 1.

In Tab. 2 concentrations of some major constituents of the glasses and
glass ceramic resp. are listed as measured by EPMA. The measurements were
•nade with at least 3 different samples in order to get representative re-
sults. There is no indication of a systematic impact of the radiation on
the EPMA measurements. This is not trivial and requires tiny samples in a
•non-shielded SEM-EPMA to keep the radiation background low. The smallest
difference between theoretical and measured values in all products was
found for SiO2 and Fe 20 3, whereas the highest deviation was measured for
Nd2O3. Due to the compositional deviations of the individual constituents
of SON 64 and UK 209 (Tab. 2) new batches of simulated glasses were pre-
pared. These simulated glasses were analysed and the compositions found to
.be the same as those of tne active glasses within the analytical errors.
This inactive material was used for further investigation.

.The Annealed Glasses

Pieces of the glasses SON 64 and UK 209 were annealed in the hot cells
up to 30 days at 800°C and 700°C, respectively. Fig. 3a and m are SEM mi-
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crographs of polished and non-processed surfaces, respectively. Various
crystalline phases with different morphologies and compositions can be seen
in the X-ray mappings in Figs. 3 b-i, n. o. Figs. 3 b,c and d-f indicate
the existence of the already mentioned Fe-Cr-Ni phase. The X-ray mapping of
Ca (Fig. 3h), Sr (Fig. 3n) and Mo (Fig. 3o) suggest a (Ca,Sr)-molybdate
phase.

TABLE 2. CONCENTRATIONS OF OXIDES (WT.-%) IN THE HIGH ACTIVITY
GLASSES AND GLASS CERAMIC

Oxide

Na20
MgO
A12O3
SiO 2
ZrO2
Mo02
CaO
Cs 2 0
BaO
CeO2
Nd 2 0 3
Gd 2 0 3
F e 2 0 3

NiO
C r 2 0 3

MnO2
ZnO

SON 64

1

11.4

1.2
43.8

1.9
2.1
O.O1
1.2
0.6
1.3
1.8
5.9
5.9
0.5
0.5
0.6

.l?'.20.F3G3

2

*5.7 ± 0.5

*4.1 ± 0.2
*43 ± 2
*1.9 ± 0.1
*2.6 ± 0.3
0.06± 0.06
0.06± 0.07

n.m.
0.5 ± 0.3

*3.9 ± 0.5
*5.6 ± 0.5
*ij.l ± 0.5

1.4 ± 0 . 2
0.2 ± 0.1
0.4 ± 0.1

1

8.3
6.3
5.1

50.9
1.4
1.8

0.3
0.4
1.0
1.8

2.7
0.4
0.6
0.7

UK 209

8.
4.
2.

54
1.
3.

1.
5.

3.

0.

2

4 ± 0.9
5 ± 0.3
4 ± 0.1

± 1
0 ± 0.1
3 ± 0.3

n.m.
n . m .

0 ± 0.3
1 ± 0.5

1 ± 0.2
n.m.
n.m.

7 ± 0.1

C-31-3-EC
glass

1

3.3
1.4

10.3
34.8
3.3
2.36
3.85

**1.86
15.2
1.31
2.40

1.47

4.91

ceramic

2

5.5 ± 0.6
1.5 ± 0.2

10.5 ± 0.7
38 ± 2
2.0 ± 0.3
2.2 ± 0.2
1.9 ± 0.2
0.5 ± 0.4

12.3 ± 0.6
0.2 ± 0.2
1.45± 0.5

1.6 ± 0.2

4.3 ± 0.3

1 = Theoretical values
2 = EPMA measurements
number of measurements 10

n.m. = not measured
* = number of measurements = 20
** = Rb20, Cs02

Pieces of the glass UK 209 were annealed for about 10 days at 700°C,
Fig.4 shows a SEM micrograph. Several crystalline phases formed. Some major
constituents of the phases detected by electron microprobe are shown in the
EDX spectra in Fig. 4A-D. Phase A in Fig. 4 shows a high concentration of
Cr and some Fe, Ni, Zn, Mg and Si (Fig. 4A). Phase B seems to be a magnesi-
um iron nickel silicate (Fig. 4B) identified in the simulated inactive
glass [9]. Phase C contains mainly Si and Nd and some Na, Mg, Al, Zr, Mo,
La and Ce (Fig. 4C). In Fig. 4D the spectrum of the small bright needles
(phase D) is shown, the major constituents are Si and Mo and in minor con-
centrations Na, Mg, Al, Zr, Ce, Nd and Mn. All phases except phase A con-
sist of wery small crystals preventing quantitative analyses.

As far as devitrification is concerned inactive and radioactive waste
forms show many similiar features. It is, however, too early to conclude
from this study that no significant differences are encountered.
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Figure 4. SEM micrograph (white
bar = 10|im) and EDX spectra (A,B,C,
D) of HAW glass UK209 annealed lOd
at 7OCPC.
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TABLE 4. COMPOSITIONS OF BRINES USED FOR LEACHING EXPERIMENTS

Moles per 1OOO moles H20
Solution NaCl KC1 MgCl2 MgSO4

NaCl-H20a

Q brineb

Z brine

113

6

1

.4

.8

.0

17.

2.

4

6

77

111

-

.3

.2

3

2

.2

.1

a: This solution is saturated at 55°C. An extra 60 g NaCl
per liter is added so that the solution would be satu-
rated at 200° C.

b: This solution is saturated at 55°C. An extra 71 g NaCl
per liter is added so that the solution remained satu-
rated at 200°C with respect to NaCl.

Results and Discussion
Surface Layers

Surface layers are a common feature of corroded borosilicate waste
glasses. They are of particular interest. Whether these layers can protect
the glass against further attack is still a subject of discussion.
Therefore, in addition to the overall leachate analysis, the corroded sample
surfaces were investigated carefully by SEM and EPMA. It was found that
after leaching in NaCl-solution at 200° C for 10 days the corroded surface
consists of two different layers [3]. EPMA concentration profiles obtained
from X-ray line scans revealed that the layers are depleted in Ca, Ba, and
Cs whereas Mo and Zn concentrations are low in the inner layer, but they
increase again in the outer layer. Si, Al, Mg are also of low concentrations
in the inner layer but again are enriched in the outer layer. U, Ni and Fe
are slightly enriched in the outer layer. The elements Ti, Zr, La and Ce are
enriched in both layers. The surfaces of the glass samples leached in
Q-brine showed enrichment of Cl, S and K i.e. constituents of this
leachant. The samples leached in dsionized water, NaCl-, Q- and Z-brine
showed remarkable differences in the composition of the corroded surface
layers which are summarized in the following compilation:

Elements
depleted enriched

Leachant Outer Scale Inner Scale Outer Scale Inner Scale

NaCl-brine Ca,Ba,Cs,Mo,Zn Ca,Ba,Cs,Mo,Zn Mg,Ti,Zr Ti,Zr

Q-brine Ca,Ba,Cs,Mo,Zn Ca,Ba,Cs,Mo,Zn Al,Mg,Ti,Zr Al,Mg,Ti,Zr

Z-brine Ca,Ba,Cs,Mo,Zn Ca,Ba,Cs,Mo,Zn Al,Mg,Ti,Zr Mg,Ti,Zr

Water Ca,Ba,Cs,Mo Ca,Ba,Cs,Mo,Zn Zn.Al,Mg,Ti,Zr Ti
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Ca, 6a, Cs, Mo and Zn are strongly depleted in the layers formed in salt
solutions, whereas Zn is strongly enriched in the outer scale of tne sur-
face formed in water. Al and Mq are enriched in the surface of samples
leached in Q- and Z-brine. Ti and Zr are enriched in layers formed from all
solutions. Including the more complete data base presented in [3], it can be
summarized that most of the elements are enriched in H2O-leached samples and
least of all in Q- and Z-leached surfaces. In other words, in Q- and
Z-brines most elements of the glass were leached.

Phase Formation and Identification

The morphology of the surfaces was investigated in greater detail and
phase identification was attempted. Chips were investigated by SEM without
further preparation after being removed from the autoclaves. Fig. 7 shows
the surface after 10 (Fig. 7 a and b) and 30 days (Fig. 7c), respectively,
in NaCl brine.

Figure 7.
(a

micrographs of a glass surface (top view) after 10 days
and b) and 30 days (c) corrosion in NaCl brine at 200°C.

The sample surface is covered with a layer of crystals of various kinds.
The cubes in Fig. 7a and 7b are analcime, Na(AlSi2O6)»H20. Light clusters
in the middle of Fig. 7b, at higher magnification seen as rosettes in Fig.
7c, were found to be a phyllosilicate probably venniculite and the light
long small needles in Fig. 7c are Ca-uranyl silicate [4,11]. These phases
are already visible after 3 days of corrosion but they are small and con-
tinue to grow as leaching continues. However, glass powder had to be used to
get sufficient material to identify the phases. Additionally zinc silicate
was detected. Figure 8 shows zinc silicate in the center of the SEM micro-
graph [5,11]. Initially it was present as spherical clusters of needles
i9]. After longer leaching times (1000 d) this phase developes a crystal
morphology willemite, Zn2Si0lt, normally shows.

In the corrosion experiments with NaCl brine the major crystalline
silicate phases were identified. At a high reaction progress, lOg of glass
reacted in 1 1 NaCl-brine, for example, the ratios Mg:Si, Al:Si and Zn:Si
are nearly the same in the glass and in surface layers. No more than 1-2% of
these elements were found in soljtion. Hence, if Mg, Al and Zn are consumed
by the crystallization of silicates, a simple "limiting case" mass balance
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Figure 8. SEM micrograpn of C31-3
glass wafer leached in NaCl brine
(20O°C, S:VA> 2.1 cm"

1, 90 d)
(black bar = 10 \xm)

•yor Si can be calculated [5,11]. Approximately 20% are contained in the
.ihyllosilicate, 1% in the zinc silicate and 70% in the analcime phases,
respectively.

Mass Losses and Solution Analysis

The mass losses NLQ (Fig. 9) of chips and beads were measured after
drying and removing the surface layers. The leachates were analyzed by ICP
optical emission spectroscopy. From the analysis of the component 'i' the
normalized mass loss NL-j (Fig. 9) was calculated. As shown in Fig. 9 tne

600

S 500

o NL(G)
o NL(Sr,Li,Ba.Ca.B,Mo}
• NL(Si)
» NL(Zn)

300 400 500 600 700
Leaching time Idays]

800 900 1000

Figure 9. Normalized mass loss NLQ and normalized elemental mass loss
NLi for glass C-31-3-EC-SPF-Na in saturated NaCl solution V
20CPC as a function of time.
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corrosion rate decreases with time. The various elements behave different-
ly. The curves for Si (and for Al, Mn, not shown in Fig. 9) exhibit a maxi-
mum [9], After an initial increase their NL-j values decreased after about
30 to 60 days and at 90 days NL$i and NLAI are constant or slightly in-
creasing in the long run. After 90 days the normalized elemental mass losses
for these elements and for Mg and Zn are considerably smaller than for B,
Li, Ca, Sr and Ba. The leachates were also analyzed for Zr, Ti, Te, Nd, Mi,
Ce and U but their concentrations were below the detection limits. Some
semiquantitative EDX analyses of the surface layers revealed enrichments of
these elements relative to the glass, indicating that solubility limits were
exceeded.

Leaching Model

The basic assumptions of the leaching model in NaCl-brine for the glass
C-31-3-EC are derived from experimental results. Within the depth resolu-
tion of the microprobe all analyses of surface layers of leached samples
show that the disintegration of the glass is a congruent process if the sur-
face layer is considered as a corrosion product [3,4]. A number of phases,
amorphous and crystalline precipitate from the leachate on the glass surface
(place of highest supersaturation) and form a complex layer. The silicon
concentration of the leachate appears to be strongly correlated with the
glass corrosion rate. It is assumed that the silicon concentration deter-
mines the reaction rate of the glass by a first order reaction [12,13].
Furthermore, in brines of high ionic strength the pH is almost independent
of the concentration of corrosion products. If no precipitation of phases
containing silicon is considered the first order reaction equation can be
easily integrated. The formation of phases containing silicon requires a
consideration of the silicon concentration as a function of reaction pro-
gress, i.e. of the equilibrium ion activity products of all phases contain-
ing silicon. The data are not known for concentrated salt solutions. So con-
centrations for the pure systems have been used instead. The result of the
calculation is presented elsewhere [5,8,13]. The leaching rate is suitably
described by this model. In short term experiments oversaturation might play
an important role. A temporary increase or decrease of the leach rate as ob-
served in the experiment (Fig. 9) can be interpreted by phase formation but
may also be caused by oversaturation and crystal growth [13].

CONCLUSIONS

The highly radioactive borosilicate glasses studied, provided essenti-
ally the same results than the simulated samples, as far as crystallization
and corrosion is concerned. However, the data base is small and more studies
of the radioactive materials are necessary, to justify a full comparison.

The chemical corrosion of borosilicate glasses in concentrated salt
solutions is accompanied by the formation of reaction layers. The corrosion
rate is indirectly influenced by the layer in that the precipitating phases
control the silicon concentration in solution. The quantitative modelling of
the processes is less advanced than in diluted systems. This is due to the
lack of thermodynamic data of concentrated brines.
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SOLUBILITY INTERPRETATION OF LEACH TESTS

J. E. Mendel
Pacific Northwest Laboratory

ABSTRACT

The phenomonological behavior of commercial silicate glasses
and nuclear borosilicate glasses in confined glass: aqueous
solution systems is similar. For commercial silicate
glasses the behavior has been described, "If the neutral
solution is unbuffered and confined in a bottle, it becomes
alkaline and attack is accelerated, but eventually the
accumulated products inhibit further action."1 Similar
behavior is observed for nuclear waste borosilicate waste
glasses in the MCC-1 Static Leach Test Method, the pulsed-
flow test, and other leach tests in which the amount of
solution in contact with the glass is restricted. In these
tests the concentration of ions in the leachate increases
initially (but not congruently, that is, the ratio of ion
concentrations in the leachate is different than in the
original glass), however, the concentration of each ion
tends gradually towards its own steady-state concentration.
The "accumulated products" that "inhibit further action",
and result in the tendency toward steady-state leachate
concentrations, are found in an altered layer on the surface
of the leached glass and are generally considered to arise
from solubility constraints.

INTRODUCTION

Bacon1 described the phenomenon that has been observed by all who study
the reaction of silicate glasses with water, "If the neutral solution is
unbuffered and confined in a bottle, it becomes alkaline and attack is
accelerated, but eventually the accumulated products inhibit further action".
The behavior of nuclear waste glass offers no exception to this observation.
Its dissolution rate acts as if controlled by approach to saturation

R = K (C s-C)
n n > o (1)

where K is the reaction rate constant, C the solution concentration, and C
the saturation concentration. However, the normal concept of saturation,
which requires that the forward and reverse reaction rates be equal, is not
directly applicable to glass.

Glass is a noncrystalline amorphous material that cannot be reconsti-
tuted from solution; no reverse reaction is possible. So even in simplest
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terms, the dissolution of qlass in a confined system must be considered in
three steps: 1) water reacts with glass to solubilize its components, 2} the
solubilized components reconstitute into compounds (i.e., secondary precipi-
tates) that do have solubility products, and 3) the secondary precipitates
then control the rate of reaction as the leachate approaches saturation
(Equation 1).

Remarkably, the secondary precipitates remain in a coherent altered or
gel layer that in most cases adheres tightly to the glass surface. Apparently
the activation energy barrier to the nucleation of the secondary precipitates
is lowest within the gel layer, so that is where +he secondary precipitates
are found. As might be expected, the morphology of the gel layer is often
very complex (see Figure 1). There is evidence that as the hydrous secondary
precipitates "age", the gel layer becomes a significant diffusion barrier.
This diffusion>barrier has been factored into several mathematical models for
the leaching^' of waste glass.2 3 **

«>,„

CROSS SECTION 10 urn

FIGURE 1. Scanning Electron Micrograph of MCC ARM-1 Glass
Leached at !50°C in Silicate Water for 364 Davs

Til TrTthe nuclear waste glass literature the tern "leaching" has come to be
applied to the dissolution and release of waste glass constituents into
water, without regard to what mechanism is controlling, and that
convention is followed in this paper.
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DEVIATION FROM CLOSED SYSTEM

The concept of saturation-controlled dissolution (Equation 1) applies to
a closed system in which there is no mass transfer in or out. Indications
are that although glass in a geologic repository may not be in a truly closed
system it will act much as if it were. If the containment barriers in a
geologic repository are breached, there is a possibility that solubilized
radionuclides will be transported away from the repository through a con-
tinuum of aqueous pathways that may exist in the deep geologic environment.
Transport may occur even though the repositories will be sited to minimize
such pathways (e.g., in monolithic dry salt, unsaturated.tuff, or massive
basalt with fissures blocked by secondary mineralization). Regulations
require that the transport time for any water pathway to the accessible
environment exceed 1000 years. The bottom line is that deviations from a
closed system have to be considered in the interpretation of leach rates.
This analysis was perhaps done comprehensively first by Hughes et al.5 Their
analysis is shown graphically in Figure 2.

As shown in Figure 2, even in an essentially stagnant deep geologic
environment, there can be transport of radionuclides by diffusion along
aqueous pathways (see region A-B). When diffusion is the limiting release
mechanism, the concentration at the surface of the glass will remain
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saturated but dissolution of the glass will proceed at a very low rate to
replenish the material removed by diffusion. Pigford and Chambre 6 have
provided a mathematical analysis of diffusion from waste glass in an
idealized porous geologic repository environment.

As described by Hughes et al.^, the reaction rate between waste glass
and water is sufficient to maintain saturation concentrations at the glass
surface even when the water is flowing at a low rate (region B-C in Figure ?),
Thus, in region B-C release from the glass is a function of only the satura-
tion concentration and the low flow rate, where flow rate is a complex
parameter that includes diffusion and takes into account the geometry and
physical characteristics of the waste package and its environment. Again,
Pigford and Chambre 6 have provided a mathematical analysis of an idealized,
porous, low-flow system. At high flow rates (region C-D in Figure 2) the
reaction rate of the glass becomes limiting and the concentration at the
surface of the glass is less than saturation, and a function of the flow
rate. It is observed that, the release rate decreases as a function of time
in region C-D (see family of lines in Figure 2). This has been attributed to
an increase in the protectiveness of the gel layer with time, as mentioned
above.

The important points to be made here are:

1. Concentrations at the glass surface are at saturation throughout the
region A-C in Figure 2.

2. All credible flow rates in a geologic repository lie within the region
A-C, therefore saturation concentrations will pertain at the glass
surface in a breached geologic repository.

LEACH TEST METHODS

The Nuclear Waste Materials Characterization Center (MCC) was set up by
the U.S. Department of Energy in 1980 to standardize test methods for the
characterization of the waste package materials, including borosilicete waste
glass, destined for disposal in geologic repositories.7 Test methods for
leaching of borosilicate waste glass that have been standardized, or are
candidates for standardization, are shown in Table 1. The test methods are
designed to obtain data pertaining to all three regions in Figure 2, i.e.,
region A-B (static) B-C (low-flow), and region C-D (high-flow). Virtually no
work is now being done in the high-flow region with tests such as the MCC-5
Soxhlet test because these tests avoid saturation effects and thus, as has
been discussed above, are not relevant to repository behavior.

It is experimentally impossible to obtain the very low-flow rates of
region B-C, thus a large proportion of the leach testing being done today
utilizes a static system (e.g., MCC-1, -2, and -3). This is satisfactory,
since these kinds of tests rapidly reach a situation wherein the leaching is
being influenced, or controlled, by the same kinds of saturation phenomena
expected to pertain in a repository. Low-flow testing is still needed,
however, to determine if the same saturated species exert control in a very
Tow-flew system (which is actually of most interest) as in a static system
(which is most easily studied).
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TABLE 1. Leach Test Methods

Static Low-Flow

GLASS ONLY
TRT5

MCC-1 Monolithic Specimens,
No Agitation, 40-90°C

MCC-2 Monolithic Specimens,
Noigitation, 110-190°C

MCC-3 Powdered Specimens,
SgTtation, 40-150°C

High-Flow

SITE-SPECIFIC
INTERACTlTffiS~~TESTS

BASALT

00

00

SALT

Hickson Rocking Autoclave
Powdered Specimens, Contain-
ment Materials, Packinq and
Rock, Agitation, Leachant
Removed at Temperature
100-300°C

MCC-14.4 Powdered Specimens
and Packing, Simulated
Ground Water, Agitation 150°C

MCC-1 Modified by Addition
of Containment Materials,
Simulated Salt Brine and Reck

MCC-3 Modified by Addition
of Containment Materials,
Simulated Salt Brine and Rock

TUFF

MCC-4 Monolithic Specimens,
Single-pass Constant Flow.
40-90°C

MCC-4.1 (Catholic University
Pulsed Flow Test)
Monolithic or Powdered Specin,err,
Partial Replacement of l_ea<-h,-int
Intermittently, 40-90°C

"Drip" Test (Beinq
at Arqonne National I aboratory*
Monolithic Specimen, Cpnt.ain-
ment Material, and Rock, Sinnle
Pass Flow of Simulated Ground
Water, 90°C

is const.3';x.'>'•'
disJ ;lied K 1OOCT.

Flow-Throiiqh Autociave
Ti! i(ih-Pres?nrp Chrnpatoqraphic
Peeked ColunrO
Ppwciorpd ,
Materials, Pac^inq and Rock,
Sircic- Dass Flow cf
Ground



Very low-flow positive displacement pumps are available that enable
testing at the high end of region B-C In Figure 2. Intermittent flow tech-
niques can be used to study the entire region B-C. Two intermittent flow
tests are shown in Table 1. MCC-4.1 is the pulsed-flow test method developed
at Catholic University. The other is the drip test method being developed at
Argonne National Laboratory for the Nevada Nuclear Waste Site Investigation
(NNWSI) project.

More than half of the test methods in Table 1 are site-specific methods.
Site-specific test, methods must be used because ground water, container
materials, container material corrosion products, packing and backfill, and
host rock can all affect the solubility relationships that control waste
glass leaching in a geologic repository. Some of the kinds of effects that
are observed will be discussed later.

Before leaving leach test methodology, two other aspects need to be
mentioned briefly, 1) physical identification of secondary precipitates, and
2) verification of reaction reversibility to demonstrate achievement of
saturation.

Physical Identification of Secondary Precipitates

The MCC has emphasized the need to characterize the altered surface
layer at the completion of all of the standardized leach tests, the goal
being physical identification of the secondary precipitates that limit by
solubility the leachate concentration of specific glass components. The
behavior of the secondary precipitates is the basis on which geochemical
codes are being used to define the source term from leached glass.8 Apted9

has pointed out that the initial secondary precipitates may be metastable.
There is a probability of reordering to successively more stable phases with
time.

The geochemical codes can infer the identity of the secondary precipi-
tates from leachate concentrations, but physical confirmation of the presence
of the precipitates in the altered surface layer increases the credibility of
the computer models. A large number of solid state analytical techniques
have been applied to the analysis of leached surface layers and some success
in positively identifying major secondary precipitates has been achieved.
Examples of secondary precipitates that have been identified on the surface
of leached borosilicate waste glass include various montmorillonite clay
minerals, weeksite, a uranium silicate, and analcime.10 n

Positive physical identification of the secondary precipitates of many
of the long-lived radionuclides on the surface of leached nuclear waste glass
may never be possible because they are only present at very low concentra-
tions in the original glass. In fact, it is probable that many of the
radionuclides present in low concentrations may be coprecipitated in host
phases of the more prevalent components, rather than existing as pure phases.
It has been reported that the solubility products of such coprecipitated
minor components can be several orders of magnitude lower than the values for
pure phases of the same components.12
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Verification of Reaction Reversibility
to Demonstrate Achievement of Saturation

Rigorous investigation of equilibrium saturation conditions reciuires
that the equilibrium be experimentally approached from both under- and
over-saturated conditions. Unless special modifications are made, standard
leach tests (Table 1) approach equilibrium only from undersaturation.

Krupka et al.13 modified the MCC-3 static test to also approach equilib-
rium from oversaturation, using pH increase to achieve oversaturat.ion of
uranium. Recently, rocking autoclave tests conducted for the Basalt Waste
Isolation Project (BWIP) have been modified to produce oversaturation condi-
tions for certain radionuclides in spent fuel leaching experiments.lh Flow
tests, wherein the components can be introduced in separate streams, which
when combined with leached species produce an oversaturated condition, offer
much more flexibility than static tests. Holdren and Adams15 used a flow
system to study the saturation phases involved in silicate mineral dissolu-
tion from the oversaturation side. Similar techniques can be adapted to
waste glass leaching experiments.

SOLUBILITY INTERPRETATION OF INCONGRUENT LEACHING

Under all conditions (except pH<<7 and a very dilute leachant, condi-
tions not relevant to a geologic repository) the reaction of water with waste
glass results in some constituents of the glass being solubilized more rapidly,
and to a greater extent, than others. That is, the net result of leaching,
as shown by the constituents that are lost to the leachate, is incongruent.
The incongruency of waste glass leaching can be related directly to the
solubility of secondary precipitates, as shown in Figure 2 (illustrated as
the family of B-C lines). Generally speaking, elements that form quite
insoluble hydroxides, such as the actinides and rare earths, leach much less
readily than elements that form soluble hydroxides, such as the alkali
metals. The situation is not really that simple, however, since cesium, for
instance, is found to leach at a much lower rate than other alkaline elements
such as sodium and lithium. Apparently, a secondary cesium silicate precipi-
tate controls the leaching of cesium. There is other evidence for nonhy-
droxide (nonhydrated oxide) species controlling the leaching of specific
elements. For instance, it can be inferred from leach test results that an
aluitiino-silicate species controls the leaching of silica and aluminum from
waste glass in a low-flow or static system.16

Maximum Rate of Release of Any Element from Leached Waste Glass

The inconqruency of waste glass leaching, and the fact the altered
surface layer is sharply demarcated from the remaining pristine glass,
(Figure 1) have interesting ramifications. The fact that there is always a
•harp division between the altered layer and unaltered pristine waste glass
t̂ eans that there is a limit on the release of even the most soluble elements.
Their release rate cannot exceed the rate of alteration of the major glass
p-.-itrix components such as silica, boron, and calcium. Thus, one goal of
hach testing is to define the alteration rate of the glass matrix, which in
turn defines the maximum possible release rate of any glass constituent.
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The classic interpretation of the attack of water upon the silicate
glass matrix involves the following reaction:17

2H2° Si(0H)4

However, as we have seen above, the solubilized silica can form other
secondary precipitates in addition to the pure hydrous oxide species, thus
calculations of glass alteration that are based on the amount of silica found
in the leachate will underestimate the extent, of glass alteration. Elpments
with minimum susceptability to secondary precipitation, such as boron,
lithium, and sodium, have been found to be the best indicators of thp total
extent of glass alteration. Good correlation has been observed between the
observed thickness of the alteration layer and thickness of glass layer that,
would have to be depleted to account for all of the boron, sodium, or lithium
found in the leachate. This maximum alteration corresponds to the upppr, or
maximum, release in the family of B-C lines in Figure ?..

Solubility-Controlled Release of Important Radionuclides

Because leaching of waste glass is incongruent, leaching of important
radionuclides occurs at a spectrum of rates, some that are markedly lower
than the leach rates of boron, sodium, or lithium.

For wastes destined for disposal in a deep geologic formation, the
important radionuclides are those, parent or daughter, with a half life
greater than 20 years that are present in the wastes in quantities which
could represent a hazard if they reach the biosphere. The Environmental
Protection Agency (EPA) has identified the important radionuclides, and the
NRC, in a proposed change to 10 CFR 60, will incorporate the EPA list of
radionuclides in its regulations for the disposal of radioactive wastes in
geologic repositories.1® The important radioactive elements are listed in
Table 2. 1 9

TABLE 2.

Critical
Elements

Americium

Plutonium

Radioactive Elements for which an Understanding
of Leach Behavior in a Repository is Needed
(taken from Oversby 1986)19

Significant
Elements

Thorium

Uranium

Curium

Neptunium

Radium

Nickel

Elements of Minor Importance
But for Which Data May Be Needed

Cesium

Tin

Selenium

Zirconium

Niobium

Technetium

Palladium
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Most of the critical or significant radionucTides are actinides, which
tend to form insoluble secondary precipitates and thus exhibit low leach
rates, i.e., they have more losses that are located toward the bottom of
the family of BC lines in Figure 2. Technetium, on the other hand, is
quite soluble in an oxidizing system and leaches in a manner analogous to
boron, sodium, or lithium, when the conditions at the leaching surface are
oxidizing. In reducing conditions however, the leach rate of technetium is
decreased by orders of magnitude. This behavior of technetium is one of
the strongest confirmations of the control that solubility has on leach
rate, because Tc(IV) is very insoluble.20 Similar, although less dramatic,
effects of oxidizing versus reducing conditions are seen in the leaching
behavior of Np and Pu.21 Lower leach rates are observed under reducing
conditions, and again the correlation is direct: the reduced form of these
elements is more insoluble than the oxidized form.

SOLUBILITY INTERPRETATION IN TERMS OF WASTE PACKAGE PERFORMANCE

The dominating effect of solubility on leach rate would seem to greatly
simplify the long-term predictions of leaching behavior. Computerized
geochemical codes can be applied to the predictions, providing the required
thermodynamic data base exists. As yet, the data bases are incomplete for
the important radionuclides and for the clay minerals and other complex
species that probably control the maximum rate of alteration of waste glass,
but progress is being made in making the thermodynamic data bases more
comprehensive, internally consistent, and accurate. However, defensible
prediction of release rate controlled by solubility must ultimately rely on
direct testing of waste forms and analysis of solution and secondary products

The problem is essentially one of understanding how the various
components of the waste package interact with each other and the environ-
ment in the geologic repository to affect the solubility relationships.
Important examples of these interactions and their potential effects are
discussed oelpw.

Influences of pH

The solubility of most species is strongly influenced by pH. Of the
important radionuclides, the actinides tend to become more insoluble as the
pH increases, whereas technetium is relatively unaffected by pH. The bulk
waste glass matrix behaves amphoterically and is least soluble at about pH 7.

Leachate pH has been observed to vary from about 3 to 12, depending upon
the leach test parameters. The fundamental reaction of water and silicate
glass (Equation 2) raises the pH at the surface of the leached glass.
Generally, the leachate pH stabilizes in the range of pH 9 to 10. However
the pH can go higher if the glass matrix contains an excess of alkali metals.
Radiolysis reactions can act to lower the leachate pH, due to the formation
of nitric acid from dissolved nitrogen, or formic and oxalic acid from
dissolved CO^.

Influences of Eh

As already described, Eh can have an important effect on solubility and
thus leach rate. Opposing reactions can be postulated for Eh control of the
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leaching environment in a waste package. Radiolysis reactions are generally
expected to produce oxidizing conditions, although experimental evidence is
conflicting. Most waste package designs contain large amounts of mild steel,
the corrosion of which should produce a reducing environment. Which condi-
tion will dominate, a radiolytically-induced oxidizing condition or a
reducing condition induced by the corrosion reaction? Further testing is
required. The question is moot for geologic formations such as Hanford
basalt, which, due to a high ferrous to ferric iron ratio in the rock, will,
in any event, produce reduced species in the ground water surrounding the
waste package,

Ground Mater Influences

The ground water composition in a geologic repository can affect
solubility-controlled leaching by 1) influencing the type of secondary
precipitates that form and ?} introducing complexants, such as carbonate,
chloride, or humic and fulvic acids into the system. Salt brines, particu-
larly those with a high magnesium content, are observed to buffer the pH
around neutral, thus lowering the attack on the bulk glass matrix.

Colloid Formation

Colloids may be thought of as mobile (or potentially mobile) precipi-
tates. As such, they complicate the analysis of solubility-controlled
leaching. Two potential waste package components, mild steel and bentonite,
are known to increase the alteration rate of waste glass through reactions
that are believed to be colloid-related.

When waste glass is leached in the presence of mild steel, the rate of
attack on the waste glass matrix is observed to increase.21 This is attribu-
ted to the reaction of dissolved silicon with iron oxide from the corrosion
of the mild steel to form a silicon-containing colloid that is less soluble
than the secondary silicon precipitates that normally form in the gel layer
on the leached glass surface. Silicon that would normally stay in the gel
layer is mobilized as a colloid. Similarly, the presence of bentonite can
apparently lead to the formation of aluminosilicate colloids that are less
soluble than the silicon precipitates in the gel layer. Colloids can become
a vehicle for radionuclide transport either by sorption of the radionuclides
on, for instance, an iron-silicate colloid, or in the case of actinides, by
the growth of hydroxyl species to collodial dimensions.

The question becomes one of colloid mobility. If the colloids are truly
mobile they can lead to the anomalous situation of a less-soluble species
(the colloid) actually accelerating attack upon waste glass and potentially
increasing the release of radionuclides from the waste package. Will the
colloids remain suspended in solution and thus be susceptible to transport
by liquid-phase diffusion or ground-water flow, or will they tend to be
filtered or sorbed and thus not be a vehicle for transport of radionuclides
away from a geologic repository? Evidence suggests that filtration, sorp-
tion, agglomeration, and other transport-limiting reactions will predominate,
but more confirmatory testing is being done.
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SUMMARY

It is apparent that solubility relations are of fundamental importance
to the understanding of waste glass leaching behavior. There is a real
possibility that the leaching of waste glass and ultimate release of radio-
nuclides from a waste repository is controlled by only a few secondary
precipitates. When these are identified and their thermodynamic constants
obtained, computerized models using geochemical codes will be able to predict
long-term leaching behavior based on mechanistic principles. In the mean-
time, the understanding of the role played by solubility gives confidence
that the empirical results obtained by leach tests are bounding. If the
controlling secondary precipitates in the gel layer are metastable, leaching
can only decrease as these precipitates convert to more stable forms.
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SAVANNAH RIVER WASTE GLASS PERFORMANCE

G. G. Wicks
E. I. du Pont de Nemours and Company

Savannah River Laboratory

ABSTRACT

A multi-phase experimental program has been in
progress at Savannah River for almost ten years to
assess and explain the behavior of glass containing
nuclear waste during solidification, transportation,
and burial. Borosilicate glass wasteforms have
performed superbly under the many conditions studied
to date.

INTRODUCTION

The primary mission of the Savannah River Plant (SRP) is to produce
materials for national defense, primarily tritium and plutonium-239. In
producing these materials, high-level radioactive waste is generated as a
byproduct. There are approximately 30 million gallons of high-level radio-
active waste currently being stored at SRP in large underground tanks in
liquid or semi-liquid form. The option that has been selected for the
long-term management of the waste involves processing the waste in the
tanks, removing it, and then immobilizing the radioactive portion into a
solid and stable form. Based on processing considerations and technical
performance, borosilicate glass was selected as the host matrix for immobi-
lization of SRP waste.

After production, SRP waste glass products will be temporarily stored
onsite before being shipped to a federal repository. Once at the repository
site, the waste glass product will be placed in deep burial, as much as 1/2
mile under the earth's surface. The vitrified waste will become one compo-
nent of a multi-barrier isolation system, aimed at permanently disposing of
the potentially hazardous material. The entire waste disposal strategy is
summarized in the simplified flowsheet depicted in Figure I.1

Among the most important objectives of the Waste Management Program at
Savannah River are to assess and to understand waste glass behavior during
each stage of the solidification, transportation, and burial scenario. In
order to accomplish these tasks, a multiphase experimental program has been
in progress for almost ten years. This overall effort is summarized in
Figure 2. SRP waste glass forms have been observed to perform superbly
under the many conditions studied thus far. Data will be presented in many
of these areas.
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SRP WASTE GLASS SUITABILITY CONSIDERATIONS

After evaluation of 17 different solid waste alternatives, borosilicate
glass was selected as the host matrix for the immobilization of SRP high-
level radioactive waste.2*3 There are many factors which contributed to
the selection of glass. These considerations can be grouped into two main
categories; product performance and processing characteristics. In terms of
product performance, SRP waste glass forms have performed very well in five
major areas: (1) flexibility, (2) chemical durability, (3) mechanical
integrity, (4) thermal stability, and (5) radiation stability. In terms of
processing characteristics, the vitrification process is relatively
straightforward, involving a limited number of operations and a minimal
amount of complicated pieces of equipment. In addition, vitrification is
not only a well developed process, but also well demonstrated, as exempli-
fied by the vitrification plants located in Marcoule and LaHague, France,
and Mol, Belgium. Additional vitrification facilities are being planned
elsewhere.

PERFORMANCE OF SRP WASTE GLASS

It is important that SRP waste glass performs well in every stage of
the disposal scenario; during fabrication, interim storage, transportation,
and permanent geologic burial. The performance of the waste glass has been
assessed in each of five critical technical areas and found to be very good.
Following is a discussion of the five main areas of technical performance
and examples of the behavior of SRP waste glass in each of these areas:

Flexibility

The chemical composition and structure of borosilicate glass makes it
very desirable for incorporating high-level radioactive waste. The choice
of glass-forming components is important either in improving product dura-
bility or in easing vitrification of the waste. The effects of glass-
forming additives on product performance and processibility are summarized
in Table I.1* In Table 2, the various compositional ranges of key glass
additives are depicted along with the SRP reference glass frit 165.

The relatively open random network structure of borosilicate glass
allows the glass to be able to accommodate many different elements as well
as wide ranges in waste composition. It is important to be able to incor-
porate these many different species, each with its own characteristics,
because SRP high-level waste can contain more than 40 different elements as
illustrated in the chemical analysis of sludge from SRP tank No. 5 given in
Table 3.5 Due to the different processing operations used and various waste
management policies, major components in the waste stream can vary even more
than an order of magnitude as illustrated in Table 4.5 The important point
to note is that all the extremes as well as the averages shown have been
successfully immobilized into durable waste glass products of high integrity.
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TABLE 1

EFFECTS OF WASTE-GLASS COMPONENTS ON PROCESSING AND PRODUCT PERFORMANCE*

Frit components

SiO2

B2O3

Na2O

Li2O

CaO

MgO

TiO2

ZrO2, La2O3

Waste components

A12O3

Fe2O3

U,O6
NiO
MnO2

Zeolite
Sulfate

Processing

Increases viscosity greatly;
reduces waste solubility

Reduces viscosity; increases
waste solubility

Reduces viscosity and resistivity;
Increases waste solubility

Is same as Na2O, but greater
effect; increases tendency to
devitrify

Increases then reduces viscosity
and waste solubility

Is same as CaO; reduces tendency
to devitrify

Reduces viscosity slightly;
increases then reduces waste
solubility; increases tendency
to devitrify

Reduces waste solubility

Processing

Increases viscosity and has
tendency to devitrify

Reduces viscosity; is hard to
dissolve

Reduces lendency to devitrify
Is hard to dissolve
Is hard to dissolve
Is slow to dissolve; produces foam
Is an antifoam. melting aid

Product performance

Increases durability

Increases durability in low
amounts, reduces in large
amounts

Reduces durability

Reduces durability, but less than
Na2O

Increases then reduces durability

Is same as CaO

Increases durability

Increases durability greatly

Product performance

Increases durability

Increases durability

Reduces durability
Reduces durability
Increases durability
Increases durability
Too much causes foam or forma-

tion of soluble second phase

" Plodinec el al. (ref 4)

TABLE 2

COMPOSITION OF GLASS FRITSJ"

Component

SiO:

B:Oj
Na-O
Li,O
K;O
CaO
MgO
ZnO
CuO
TiO;
ZrO,

U,6,
AI,Oj

- From Wicks
* 25-35 wt.u,;

Compositional
range, wt. %

27-59
10-20
1-20
0-6
0-3
1-6
2-3
7-30
0-4
0 5
0-1
0-1
0-3

(ref 5)
waste loading.

Defense waste. Frit 165

68
10
13

7
—

1
—
—

1

—
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TABLE 3

CHEMICAL COMPOSITION OF WASHED SLUDGE DRIED FROM SRP TANK 5 SLUDGE"

Element

Fe
U
Mn
Na
A!
Ca
Nd'
Sr
Zr'
Cr'
Rur

Ba
Ce'
K
Cl'

</i

Hg
La'
Pr'
S'

Amount

Wt. °/o

27.5
15.4
10.8
6.1
1.5
0.6
0.5

<0.4
0.4
0.3
0.3
0.25
0.2
0.14
0.1
0.1
0.10
0.08
0.09
0.08

Mole %"

39.6
5.2

15.9
21.6
4.6
1.3
0.3

<0.2
0.4
0.5
0.2
0.15
0.1
0.3
0.2
0.09
0.004
0.05
0.05
0.2

Element

P'
Zn'
Th
Mg
Nb'
Yf

Ag'
Pm'
Pb'
Ti'
Sm'
Eu'
V
Rh'
Mo'
Pu'
Np'
F'
B'

Amount

Wl. %

0.07
0.07
0.07
0.06
0.05
0.04
0.04
0.04
0.4
0.04

<0.04
0.02
0.01
0.01

<0.01
<0.01
< 0.008

0.007
< 0.003

Mole %*

0.2
0.O9
0.02
0.21
0.05
0.03
0.03
0.02
0.02
0.06

<0.02
0.01
0.02
0.01

<0.01
< 0.005
< 0.002

0.03
<0.02

"From Wicks (ref 5)
* Calculated from sum of the elements shown, O, N. or C.
' From spark-source mass spectrometry (factor of 2 accuracy); all other values from elemental

anulvses.

TABLE 4

MAJOR CONSTITUENTS OF SRP SLUDGE

EXPRESSED AS OXIDE"

Oxide

Fe2O3

AI,O3

MnO,

L'jO.
Na2O
NTO
CaO
SiOj
HgO
Nd,O 3

Composition'1, wt. °,

Average

38.9
23.1
10.5
9.8
5.5
4.5
2.7
2.1
1.6
1.2

in sludge

Range

4.5-46.9
2.8-63.3
2.7-17.1

0-18.5
1.3- 8.2
0.4- 8.0
0.3- 4.1
0.4- 6.8
0.1- 3.0
0.3- 12

' F r o m Wicks (ref 5)
* Based on 19 batches of SRP sludge from 8

waste tanks.
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Chemical Durability

The chemical durability of waste glass is perhaps its most important
property. SRL waste glass forms have exhibited good resistance to aqueous
attack under a wide range of conditions. Low Teachability is important
because leaching and subsequent transport of released species by the ground-
water are the most probable mechanisms for moving radionuclides from an
underground repository to the accessible environment.6

The chemical durability of waste glass can be assessed by a variety of
experimental techniques. Solution analyses are generally coupled with more
detailed bulk and surface studies of the leached waste glass in order to
better understand the leaching behavior. In general, the leaching experi-
ments fall into three main groups. The first group of tests are Inter-
comparison Tests and are characterized by being performed under relatively
well defined conditions, this being necessary in order to obtain a basic
understanding of the mechanisms involved. The experiments are often used to
optimize the composition of the system, perform parametric studies, and to
compare the waste glass form to alternatives. These tests are also used to
obtain a fundamental understanding of the leaching process as a function of
key parameters that the waste glass may be exposed to either during fabrica-
tion, interim storage conditions, transportation, or permanent geologic
burial. Among the most important observations made are that glass leaching
is ^ery slow, and that glass performance generally improves with increasing
time. These effects are shown in the 3.5-year leaching data for an SRP
waste glass system given in Figure 3.7

The second group of leaching tests involve Repository Interactions.
These tests more closely simulate the final burial environment of the waste
glass. The tests are characterized by still being performed under the
control of the laboratory, but now, factors associated with proposed geo-
logic repositories are introduced into the tests. Furthermore, the tests
are often performed under site-specific repository conditions. These
experiments are often used to assess the effects of various package
components, geology, and hydrology on'the durability of the waste glass.
The tests are exemplified by the "rock-cup" experiments developed at
Savannah River and in data obtained from tuff system tests.8 In Figure 4,
you will note the beneficial effects of the tuff rock in reducing the amount
of species of interest that are found in solution after leaching. In
general, the repository systems improve glass perforvnance and minimize the
amount of species of interest found in solution.

The third group of leaching experiments are the in-situ tests. These
tests are characterized by exerting as little external control over the
experiment as possible and instead, exposing the glass to the variability of
the natural environment. Therefore, these experiments are the most realis-
tic of the leaching tests. In-situ testing of SRP waste glass began in 1982
and involved the burial of over 100 simulated waste glass samples in the
granite site at the Stripa mine in Sweden, as part of a joint KBS-Sweden/
University of Florida/SRL effort. Among the most important findings from
these tests is the fact that the SRP waste glass systems perform even better
in the field than predicted from most "standardized laboratory leaching
tests."9"12 A second in-situ program was started early in 1986 and involved
the burial of additional SRP glasses in the clay geology in Mol, Belgium. A
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third effort, which represents the first in-situ tests to be started in the
United States, involves not only SRP but other nuclear waste glass systems.
This is a joint Sandia National Laboratories/Savannah River Laboratory
effort and involves the burial of almost 2000 waste form samples, canister
metals, and geologic specimens in the salt geology at the Waste Isolation
Pilot Plant (WIPP) in Carlsbad, New Mexico.*3 There are over 900 individual
glass and waste glass samples comprising 15 different systems and waste
forms supplied by seven different countries: the United States, Germany,
France, Canada, Belgium, Japan, and the United Kingdom. The 50 test assem-
blies comprising this effort are shown in Figure 5. This international
effort represents perhaps the largest cooperative venture yet undertaken in
the field of waste management. One of the many objectives of this program
is to tie the very large data base derived from laboratory testing to the
performance of the waste glass in a realistic repository environment.

In order to assess and understand waste glass behavior under each of
the conditions of the waste disposal scenario, the data bases from all three
areas are being correlated and meshed with more fundamental efforts as
indicated in the overview representation of the SRL program (Figure 2).

Mechanical Integrity

The mechanical integrity of waste glass forms has been shown to be very
good.11*-17 Work performed at Battelle Pacific Northwest Laboratory (PNL)
has shown that as a function of thermal shock, the increase in surface area
is only about a factor of 10 after air cooling for a 0.5 x 5-ft glass-filled
canister and about 27 for a 2 x 10-ft glass-filled canister. In addition,
the amount of dispersible fines (less than 10 microns) was very low.14
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The impact resistance of waste glass has also been assessed at PNL.16

For an extreme case of an 80 mph impact velocity, similar to a high-speed
train accident, it was noted that the fracture of the glass was localized to
the area of impact and that the resulting surface area increase was about
40x. Also, the amount of fines produced was again seen to be low. The good
response of glass to impact events was further confirmed by the impact
studies performed at Arqonne National Laboratory.17

Canisters filled with SRP waste glass, 24-in 0D and 9-ft 10 in. length,
were also impact-tested at PNL. Some of these tests were conducted in
accordance with Federal Regulation 10 CFR 71 - Hypothetical Accident Condi-
tions. This involved a drop test through a distance of 30 ft onto a flat,
unyielding surface. No breaching of the welds or canisters occurred.18

Additional drop tests which are designed to evaluate the waste glass product
inside the canisters will be performed this year.

FIGURE 5. MIIT sample assemblies for WIPP in-situ tests

Thermal Stability

SRP waste glass has good thermal stability. In the unlikely event that
the product is exposed to elevated temperatures for extended periods of
time, the glass could phase separate or crystallize. The different phases
that could result from a variety of heat treatments have been defined and
represented in time-temperature-transformation plots. It has been noted
that even for appreciable crystallization, the effects on the durability of
the product are generally very small.19*2" Significant phase changes
resulting from self-heating effects due to radionuclide decay are not
anticipated due to the relatively low temperature produced for the defense
waste glass systems.



Radiation Stability

Waste glass systems subjected to various types of radiation have been
studied extensively and found to be very good.21>22 Three basic types of
irradiation experiments have been used to evaluate the effects of radiation
on waste glass behavior. First, actual radioactive waste glass systems,
with realistic but low total dose, have been studied under a wide range of
conditions. Second, accelerated tests, using high radiation doses, have
been used to study the effects of radiation on the behavior of key radio-
nuclides or species in the glass. Often in these tests, glasses are doped
with large amounts of relatively short-lived radionuclides, such as Cm-244
and Pu-238 to simulate long-term alpha damage, perhaps the most potentially
damaging radiation effect that could occur in the glass. In the third type
of experiment, external irradiation or ion-implantation is used to accel-
erate the effects of radiation of glass behavior. In general, with acceler-
ated testing small volumes of the glass can receive extremely large radia-
tion doses in short periods of time and cause larger amounts of damage than
would occur for lower doses over longer times. Therefore, extreme care must
be used in interpreting these results.

Although a full understanding of radiation effects in glass is not yev

complete, all existing data indicate that radiation would not be expected to
alter significantly the performance of the glass. Glass properties that
have been evaluated as a function of radiation include density, Teachabil-
ity, mechanical integrity, helium accumulation, and stored energy.

SUMMARY

The selection of borosilicate glass as a host matrix for immobilization
of SRP waste is based on many considerations, including excellent product
performance in five important areas and ease of processing. The resulting
waste glass products will provide a significantly safer situation than
currently exists for managing the waste, and when coupled with the "?ulti-
barrier isolation system in a deep geologic repository, will allow permanent
disposal of hazardous radionuclides. The potential risks associated with
vitrification, transportation, and geologic disposal of SRP waste are
summarized in Table 5.23 As noted in this representation, natural back-
ground radiation levels are considerably higher than levels projected for
the solidification and isolation tasks.

Savannah River programs will continue to supply relevant information on
behavior of SRP waste glass under a wide range of conditions. Data of this
type can be used in conjunction with existing repository programs to aid
repository developers in demonstrating compliance with emerging federal
regulations.
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TABLE S

PROJECTED DEFENSE WASTE PROCESSING FACILITY RISKS: VITRIFICATION.

TRANSPORTATION. GEOLOGIC BURIAL"

Waste recovery and immobilization
(max. individual dose)

Normal operation
Postulated accidents

Transportation
(radiologic—max. individual dose)

Normal (per shipment)
Accident; rail
Accident; truck

Geologic disposal (peak dose)
1.6 km well (max. individual)
River System (avg. individual)

0.20
0.04

0.0006
7.5
1.5

0.06
0.000003

Natural background radiation levels

Savannah River Plant. Aiken, South Carolina
Atlanta. Georgia
Denver, Colorado

93
124
195

mrem'yr
mrem'yr

mrem/yr
mrem'yr
mrem.yr

mrem 'yr
mrem/yr

mrem/yr
mrem/yr
mrem yr

a From ref 23
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CHARACTERIZATION OF A B0R05ILICATE GLASS INCORPORATING MTR
HLW WITH REFERENCE TO THE UNDERGROUND DISPOSAL.

C. Cantale* A. Donato* G. Guidi* Zhang Ji Fu**
*ENEA, CRE-Casaccia, Rome Italy

* * Visiting Scientist from the Bejing Institute of Nuclear Engineering.
People's Republic of China

ABSTRACT

A borosilicate glass named BEL-15 for the immobilization of
liquid HLW stored in Italy, produced by reprocessing of MTR
fuels, has been studied from the point of view of a disposal in
clay formations. Samples of this glass have been contacted
with simulated clay interstitial water according to the MCC-1
test methods. The leachates have been analyzed by the ICP
technique, while the leached sample surfaces have been
examined using the SEM and EDAX techniques. The glass
surface shows the presence of crystals of two types,
different both from the point of view of the morphology and
of the chemical composition. The activation energy of the
glass corrosion reaction has been evaluated.

INTRODUCTION

About 84 cu. metres of MTR 1AW high level wastes have been
generated and stored in stainless steel tanks from the operation of the
EUREX Reprocessing Pilot Plant in the past years. Although the radioactivity
of these wastes, which is as high as 2.44 beta-gamma Ci/1 and 1.41 E-O3
alpha Ci/1, is not so high as in the case of the 1 AW coming from the LWR fuel
reprocessing, their alpha content and specific activity oblige to vitr ify them
directly or after a declassification process (1).

For the vitrification of the MTR HLW mentioned before, which contain
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sulphates at 0.06 M concentration and 27.01 g/1 of Aluminum, a borosilicate
glass composition, named BEL-15, whose chemical composition is shown in
the Table 1, has been selected and partial ly characterized in the past. The
thermal expansion coefficient, the viscosity, the impact strength and other
physical and chemical characteristics have been determined, including the
leachability in dist i l led water and in in terst i t ia l clay water at 90 *C (2).

In order to investigate the behaviour of the BEL-15 glass from the
corrosion point of view w i th reference to the disposal conditions, some
further studies have been carried out and presented in this paper. For these
studies i t has been assumed that the HLW glass disposal w i l l be performed in
Italy in clay formations, and one of them, to consider as representative of the
Italian geological situation, has been choosen as reference. Then leachability
tests at three different temperatures have been carried out.

TABLE 1. CHEMICAL COMPOSITION OF THE BOROSILICATE GLASS BEL-15.
(the bracket values refer to the composition of the batch used in the tests)

OXIDE

5iO2

Na20

Li2O

Fe2O3

Cs2O

%W/W

43.4

10.67

5.0

0.2

0.46

(41.5)

(10.5)

(4.7)

(0.2)

(0.2)

OXIDE

B2°3
CaO

A12O3

so3

SrO

% W/W

17.0 (18.8)

8.93 (8.94)

12.89 (14)

1.21 (0.9)

0.24 ( 0.2)

C0RR05I0N EXPERIMENTS.

Experimental

The BEL-15 glass corrosion behaviour has been studied carrying out
leachability experiments at three different temperatures according to the
MCC-1 test procedure (3). The glass samples were indeed contacted up to 28
days with disti l led water (DW) and simulated intersti t ial clay water (SIC.) at
40, 70 and 90 *C. The glass surface/leachate volume ratio was 10 m" V
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The chemical composition and the characteristics of the interst i t ial
clay water used in the tests are shown in the Table 2. The glass composition
of the BEL-15 batch used in the test is shown in Table 1, bracket values: the
experimental results are referred indeed to this actual composition. The
leachates have been analized using the ICP and AES techniques.

TABLE 2. THE INTERSTITIAL WATER CHEMICAL COMPOSITION OF A
REPRESENTATIVE ITALIAN CLAY FORMATION.

pH 8.8
Eh (mV) 290

Conductivity (O.cm) 4 E-3
Ca eq/1 45 E-4
Mg " 68 E-3
Na " 32E-2
K " 66 E-4
HC03" 10 E-3

S0 4
2 " 47 E-3

Cl" 38 E-2
F(mol/1) 16E-6
B " I I E-4
SiO2" 21 E-5

Sr ppm 3.06

Corrosion in distilled water (DW)

Weight Loss and Elemental leaching

The experimental results are plotted in the Figure l In terms of
Normalized Mass Loss (MLXg m~2) vs time, while the Normalized Elemental
Mass Losses (NLXg rrf2) are shown in the Figures 2, 3 and 4.

The Aluminum leaching behaviour seems to be the most sensitive to
temperature.

The NL's of the analized elements always exceed the Silicon value, but
this difference decreases as the temperature increases. Sodium, Lithium
and Boron leach congruently at all investigated temperatures.

Although there are not many experimental points in the range 0-14
days and the test time lenght is not so long to reach a stationary state,
anyway an attempt to apply an empirical time law of the type ML~tfi has been
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Figure 1. The Normalized Mass Loss ML in g rrf ̂  of the BEL 15 in DW as a
function of the corrosion time.
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FIGURE 2. The Normalized Elemental Mass Loss NL in g m"2 of the BEL 15 at
40*C as a function of the corrosion time.
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as a function of the corrosion time.

9 1 3



done, as shown in the Figure 5.
The temperature strongly influences the mass losses as well as the

time exponents. The Figure 6 shows the linear dependence of fi on the
reciprocal temperature.

The data obtained at the three different temperatures have been also
used for trying to outline the temperature effect in terms of activation
energy (EA), although the corrosion time is probably too short for allowing an

evaluation of the temperature effects at very long times.The obtained results
are given in the Table 3.

TABLE 3. THE CORROSION TEMPERATURE DEPENDENCE IN TERMS OF
ACTIVATION ENERGY FOR SOME NORMALIZED ELEMENTAL RELEASES, AS

FUNCTION OF THE PARAMETER (S T).

Element E ^ k J m o f 1 ) *

for different S T values in m~^ d

30 70 140 280

Si 58 50 44 4)

Al 62 53 48 44

Li 40 39 35 32

B** 54 54 46 48

* range of validity 40-90'C
** extrapolated values

The found values are comparable to similar data reported in the
literature (4X5). In the Figure 7 the time dependance of the activation
energy EA for some elements is shown. The shape of the plot is similar to

others reported in literature (6), at least as concern the first part of it, due
to the short test duration.
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DH results

The pH evaluation of the leachate is very important, because the pH
determines, as well known, the speciation of the leached glass components
and so their solubilities.This is particularly true for the Silicon, whose
solubility strongly depends on the pH, and for those elements which form
insoluble hydroxides, like Iron and Aluminum.

The leachate pH values measured during the BEL-15 glass leachability
test are shown in Table 4 . The pH values are not much different from those
typical of this type of experiments, being in the range 7.7 - 9.4 after 28 days
at 70-90'C. Moreover it seems that the pH Is not significantly influenced by

the temperature.

Corrosion in Synthetic Interstitial Clay Water (SIC)

Leachate analysis

The corrosion results obtained using SIC as leaching solution are
summarized in the Table 5.
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TABLE 4. THE PH VALUES MEASURED IN D.W. AFTER THE TEST.

CORROSION TIME
(days)

3
7
14
21
28

40'C

7.2
7.6
7.3
-

7.7

CORROSION TEMPERATURE
70'C

8.7
8.8
8.9
-

9.4

90*C

9.2
9.4
9.4
9.4
9.4

TABLE 5. A GENERAL VIEW OF THE RESULTS OBTAINED AFTER 28 DAYS
LEACHING USING DW AND SIC AS CORROSIVE MEDIA

Mass Loss
(grr f2 )

40#C

0.88

DW
70'C

5.4

90'

7.1

C 40*C

-1.2

SIC
70*

-13

C

.0

90'

-16

C

.0

pH 7.7 9.4 9.4 9.1 8.7 8.7

AKmg/1) 0.4 3.7 5.7 <0.2 <0.2 <0.2

Fe " sO.04 0.07 0.1 <0.2 <0.2 <0.2

B " 0.6 3.5 - iO.1 0.97 2

As previously reported (2), the Aluminum content in the leachate is
lower using SIC corrosion media in comparison w i th the concentration found
wi th dist i l led water, indipendently on the temperature. The Boron release
seems lower, too.

The increase of the final weight of the specimens after 28 days of
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corrosion leads to the negative values of the mass less.
The mass loss values measured after the SIC corrosion are usually

quite scattered, and therefore there exist a significant difference between
the values reported here and those obtained in the past for the same glass in
the same conditions (2) At this moment we are not able to explain these
differences, but it seems reasonable to attribute them to a more rich
surface morphology, with a large mineral compound formation.

Surface Analysis.

Some SEM investigations have been performed to examine the surface
of the glasses corroded in SIC. Moreover EDAX spectra of the most
interesting phases were also performed in order to better understand their
nature.

Some different crystalline phases have been found; their amounts and
even their compositions seem to depend closely by temperature.

In the Figure 8 the SEM-EDAX analysis of glass after 28 days corrosion
at 40"C is shown. The phase which appears in the picture is the only phase
found on the surface of this sample. The EDAX analysis shows that Calcium is
the main component of this deposits. The Si/Mg ratio on the surface free
from phases has been determined to be about 7. The analysis of samples
corroded at 70*C show the formation of the same phase, as confirmed by
the EDAX spectrum. In addition to this, the SEM and EDAX analysis reported
in the Figure 9, show that another phase is present on the surface, which is
completely different and more abundant than the previous one, Magnesium
being the main component of it. The Si/Mg ratio of the surface free from
mineral phases has been determined to be about 7 also at this temperature.

In the Figure 10 the surface of the specimen corroded at 90*C is
shown. The same two phases formed at lower temperatures are present, no
other different deposits existing in the surface. The first phase spreads
randomly, while the second one lies over almost all the sample surface. The
Si/Mg ratio of the underlying surface is about 4.

The Figure 11 shows a magnification of the surface free from the
mineral phases and its complex morphology, which is completely different
from the same analysis performed on 40 and 70*C samples.

EMPA analysis across the gel layer are in progress to better determine
the composition of the underlying surface. The preliminary results seem to
indicate that there is a precipitation of Magnesium, together with a
reprecipitation of Aluminum and probably Silicon.
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Fiqure 8. 5EM 3nd EDAX analysis of the BEL-15 qlass after 28 days
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in SIC at 70 "C. a) 40 X b) 300 X c) EDAX analysis of the phase shown in
"a" d) EDAX analysis of the phase shown in "b" square area, e) EDAX analysis
of the surface lying below the crystals.
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Fioure 10 5EM and EDAX analysis of the BEL-15 qlass after 2d day corrosion

in SIC at 90 °C a) 100 X b) 300 X c) 200 X d) 300 X e) EDAX analysis of

the surface lyina below the crystals f) EDAX analysis of the chases a-d
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B

Figure !!. The 5EM analvsis of the BEL-15 borosilicate glass corroded 28
days in SIC at 90 "C. The surface free from crystalline phase
is shown at 2,000 X in A) and at 10,000 X in B).
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CONCLUSIONS

The results unti l now obtained show that the general performance of
BEL 15 glass can be considered satisfactory for an application in the
immobilization of MTR HLW.

However further data are necessary to better explain the corrosion
mechanism of the glass, not only in SIC, but also in presence of the clay
itself , and giving special attention to the temperature effects.

Further investigation are also necessary in order to better understand
the reasons of the very poor reproducibil ity of the corrosion behaviour in SIC,
as far as the surface morphology is concerned.

For this purpose a research programme is start ing now in the frame of
a CEE research contract based on the characterization of the BEL 15 glass,
which includes in s i tu experiments in the underground Mo I laboratory.
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DEVELOPMENT OF A CERAMIC-BASED WASTE FORM TO IMMOBILIZE ICPP HLWa

R. S. Baker, B. A. Staples, and H. C. Wood
Idaho National Engineering Laboratory
Westinghouse Idaho Nuclear Company

ABSTRACT

A potential product for reducing high-level waste volume
for final disposal is a ceramic-based waste form which
has high waste loading and high density. Candidate
ceramic-based waste formulations are being developed by
varying the constituents of waste loading and oxides of
boron, silicon, sodium and lithium using statistical and
self-directing optimization techniques to result in a
minimal volume of immobilized waste. The products
resulting from this systematic variation are being com-
pared on the basis of desirability coefficients derived
from waste loading and product durability.

INTRODUCTION

The acidic high-level liquid waste (HLLW) generated at the the Idaho
Chemical Processing Plant (ICPP) consists mainly of dissolved aluminum,
zirconium, sodium nitrate and fluoride ions^»2 which are routinely
solidified as granular calcined waste. A synthetic calcine composition
used for this study is shown in Table 1.

Based on a projected increase in fuel reprocessing rates, the annual
rate of ICPP HLW production will increase by up to a factor of four.
Under these conditions conversion to a glass waste form containing 33 wt%
calcine-* would fill approximately 1700 canisters per year. Ceramic-
based waste forms are currently being investigated for potential to reduce
immobilized ICPP HLW volumes. Ceramic waste forms were first proposed by
Hatch^ and further developed by others including Ringwood5 and
McCarthy.*>»? Laboratory studies supported by the ICPP have developed
candidate ceramic-based waste forms with waste loadings of 50-80 wt% and
with product densities of 3.0 to 3.4 g/cc for ICPP wastes.8>9 These
forms were prepared by hot isostatic pressing (HIPing) simulated calcines
with additives to result in products that host radionuclides and waste
matrix elements, see Table 2, and have potential to reduce final waste
volumes by up to 60% compared to those obtainable with glass waste forms.

a Work supported by the U.S. Department of Energy Assistant Secretary
for Defense Programs, under DOE Contract No. DE-AC07-84-ID12435.
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TABLE 1. COMPOSITION OF SIMULATED Zr-Na BLENDED ICPP CALCINE
USED FOR THIS STUDY

Component

K20
Na20
A12O3
ZrO2
CaF2
CaO
NO3
Misc.

wt%

0.7
2.7
18.6
18.2
32.9
13.7
7.5
5.7

TABLE 2. CRYSTALLINE PHASES IN ICPP CERAMIC-BASED
WASTE FORMS AND EXPECTED IMMOBILIZED RADIONUCLIDES

Crystalline Phases

Fluorite

Zirconium Oxide
Calcium Stabilized
Zirconium Oxide

Zircon

Nepheline

Aluminum Borosilicate
Glass

Phase Formula

CaF2

ZrO2
Ca.15Zr.s5Oi.85

ZrSiO4

NaAlSiO4

Amorphous

Immobilized Radionuclidesa

Sr

Actinides and Multivalent
Fission Products Including
Sr, and Rare Earths

Actinides

Monovalent Fission Products
Including Cs

Fission Products Including
Cs, Sr

Radioactive immobilization tests have not been run. Data is based on
using non-radioactive species and uranium to simulate fission product
and actinide behavior.

Ceramic-based waste forms are currently being prepared from zirconia-
sodium calcine and frit components at ICPP with the goal of maximizing
product density, durability and waste loading. A self-directing optimiza-
tion (SDO) technique based on the Nelder-Meade simplex algorithm^ is
applied to initial round formulation products that are ranked by a desir-
ability coefficient derived from a common scale. The methodology is con-
tinued until formulations are generated that will yield products of
maximum desirability coefficient.
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EXPERIMENTAL FORMULATION DEVELOPMENT

Formulations Using Calcined
Zirconia-Sodium Blended Waste and Frit Components

The combir.ation of components based on previously developed glass
Frit 1273 and calcined simulated zirconia-sodium blended waste was
studied. The limits of mass ratios of calcine and frit additives were:
calcined waste 50-80 wt%, SiOg 14-35 wt%, B2O3 1.7-4.3 wt% and
alkali oxides 3.8-9.5 wt%. Throughout the study the alkali oxide com-
ponent of the frit consisted of a 2.2:1 wt% Na2O:Li2Q ratio and the
calcine was composed of 80 wt% granular bed particles and 20 wt% fines.
The limit of the ranges were used as upper and lower limits in a 2^
factorial design matrix, generating 16 formulations of systematic composi-
tion. The four components of each formulation were normalized to 100%
using the relationship:

Normalized Component Amount (wt% in Product) = Relative wt. of Component
Total Relative wt. of
Components in Formulation

A half-fraction of the matrix which uses the limits of the waste
range is used to systematically reduce the number of initial-round samples
for preparation and product characterization from 16 to 8. These combina-
tions of frit components and waste are given in Table 3.

TABLE 3.

Formulation
Number

2
3
5
S
9
12
14
15

HALF-FRACTION FORMULATIONS

Test
Number

1
2
3
4
5
6
7
8

Waste
(wt%)

80.3
55.1
66.4
63.3
69.2
64.9
74.1
50.5

SiO2

(wt%]

14.2
38.8
18.7
27.9
19.5
28.6
13.1
35.6

PREPARED IN

Na20
1 (wt%)

2.6
k.9
8.7
5.2
3.6
2.1
6.0
6.6

INITIAL

Li20
(wt%)

1.2
1.3
3.9
2.3
1.7
0.9
2.8
3.0

Preparation of Initial-Round Formulations

ROUND

B2O3

(wt%)

1.7
1.9
2.3
1.3
6.0
3.5
4.0
4.3

The eight frit formulations were prepared by wet mixing alkali-
nitrate salts and boric acid with silicic acid, then vitrifying the dried
mixtures at 1200°C to remove residual nitrates and to obtain complete
vitrification. The resulting glass was ground to a powder (<100 mesh) and
dry mixed in the ratios given in Table 3 with 0.5 wt% chromium metal and
calcined zirconia-sodium blended waste bed particles that were previously
heat-treated at 600°C for 16 hours in air to volatilize residual
nitrates and carbonates present in the calcine. The mixtures were pre-
compacted at approximately 34.5 MPa (5000 psi) into 7.6 cm (3-inch) high,
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2.5 cm (1-inch) O.D., straight wall, 304 stainless-steel HIP cans (see
Figure 1). Nickel foil dividers were placed on top of the compacted
formulations, the void spaces were filled with alumina, the lids were
welded in place, and glass wool plugs were inserted in the evacuation
tubes to hold the alumina in place. The filled cans were evacuated to
less than 13 Pa (100 mtorr) and their evacuation tubes were sealed by
welding. The sealed cans were then HIPed according to the process
conditions given in Table 4.

Figure 1. Straight Wall Canisters before and after HIPing.

TABLE 4. OPERATING CONDITIONS FOR HIP RUNS

HIP Conditions

Intermediate Pressure Setpoint
Heat-up Time
Soak Temperature
Soak Time
Final Pressure Setpoint
Cool-down Time
Pressurizing Gas

Operating Level

48.3 MPa (7,000 psi)
90 minutes
1000°C
2 hours
138 MPa (20,000 psi)
75 minutes
Argon

9 2 7



Sample Analysis

After HIPing, the cans are cut from the waste forms. The waste forms
are then cut into 1 cm thick sections with a low speed diamond saw. The
sections are prepared for analysis by Scanning Electron Microscopy with
Energy Dispersive X-Ray Spectrometry (SEM-EDS) and X-Ray Diffraction
(XRD). Additional sections are used in density determinations and Soxhiet
leach tests. Figures 2 and 3 show typical microstructures of the ceramic-
based waste forms. The needle-like crystals seen in Figure 2 are cubic
ZrO2- The small, almost spherical crystals of monoclinic ZrO£ seen in
Figure 3 are formed during the calcination process. Both figures show an
amorphous phase which consists of oxides of aluminum, sodium, lithium,
boron, silicon and calcium. A major constituent of the waste forms,
CaF£ can be seen in Figure 3. A minor constituent in several of the
formulation products, ZrSiCty, can also be seen in Figure 2.

Figure 2. SEM micrograph of ceramic-based waste form
(Test No. 4, 1000X).

Common Scale and Desirability Coefficient Derivation

In order to rank the initial eight and all succeeding formulation
products the properties of waste loading and durability (leach resistance)
are used to develop the common scale given in Table 5. Thus, the proper-
ties determined for each formulation can be projected onto the scale to be
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Amorphous
Phase

Figure 3. SEM micrograph of ceramic-based waste form
(Test No. 6, 1000X).

converted to a numerical value. The common scale values for each property
are adjusted by being raised to the power of the appropriate weighting
factor given in Table 6. The adjusted values for each formulation are
then combined as terms in the expression for the geometric mean (GM =
(x| • X£ ••••xn)l/

n) to give the overall desirability
coefficients presented in Table 7.

TABLE 5. COMMON SCALE DEVELOPED TO EVALUATE CERAMIC-BASED WASTE FORMS

Common Scale

Waste Loading
(wt%)

Durability3

(g/m2-day)

a Determined
test, see

by the
Table 7

0.1

42

50

total

0

54

37

mass 1

.3

.5

OSS

0.5

66

25

response to

0.7

78

12.5

72-hour Soxhl

0

90

1

et

.9

leach
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TABLE 6.

Property

Waste Loading
(wt%)
Durability
(g/m2-day)

WEIGHTING

Weight

0.5

0.5

FACTORS FOR CERAMIC-BASED WASTE

Number of
Properties

2

2

FORM PROPERTIES

Weighting
Factor

1.0

1.0

Waste form durability is evaluated by applying the Soxhlet leach
test11 to the formulation products. The results of applying the Soxhlet
leach test are givers in Table 7. Waste form density which is largely
dependent on waste loading is determined by the Archimedes method. The
linear relationship between density and waste loading can be calculated by
the method of least squares.12

TABLE 7. DESIRABILITY COEFFICIENTS FOR
INITIAL-ROUND CERAMIC-BASED WASTE FORMS

Waste Form
Test No.

1
2
3
4
5
6
7
8

Waste Loading
(wt %)

80.3
55.1
66.4
63.3
69.2
64.9
74.1
50.5

Soxhlet
Leach Rate
(g/m2-day)

28.14
6,29
69.82
16.93
33.94
11.55
46.02
7.22

Density
(g/cc)

3.10
2.86
2.92
2.95
2.98
2.92
3.04
2.82

Overall
Desirability
Coefficent

0.576
0.507
0.225
0.535
0.444
0.587
0.323
0.438

Application of the SDO Technique to Generate Additional Formulations

The SDO technique is applied to the initial formulations to determine
if formulations with products of higher desirability coefficients can be
defined. In this technique the formulations with the lowest desirability
coefficients (formulations 3, 7. and 8) are used to generate three new
formulations in a second round.11 These second round formulations are
given in Table 8. In general, these and subsequent formulations are of
similar waste loading but lower alkali content than the initial round
formulations. They are prepared and ranked using the described
procedures.
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TABLE 8. SECOND, THIRD AND FOURTH ROUND
CERAMIC-BASED WASTE FORM FORMULATIONS

Test Run
Number

Second Round

9
10
11

Third Round

12
13
14

Fourth Round

15
16
17

82 Calcine
(wt%)

64.7
59.0
82.6

87.2
72.0
83.3

85.0
79.9
67.5

SiO2
(wt%)

31.9
38.4
16 ,,0

8.6
27.5
9.0

11.4
12.2
30.2

Na20
(wt%)

0.0
0.6
0.0

1.1
0.4
3.4

0.0
1.9
0.0

Li20
(wt%)

0.0
0.2
0.0

0.5
0.1
1.6

0.0
1.0
0.0

B203

(wt%)

3.4
1.8
1.4

2.6
0.0
2.7

3.6
5.0
2.3

The second round formulation densities, Soxhlet leach rates, and the
desirability coefficients are given in Table 9. Generation of new formu-
lations continued in this manner in third and fourth rounds given in
Table 8. Third and fourth round formulation product densities, Soxhlet
leach rates and desirability coefficients are given in Table 9.

Generation of new formulations using the SDO technique was ended after
the fourth round based on scheduled priorities and a statistical
analysis^ which indicated that the formulation desirability
coefficients were all from the same population.

CONCLUSIONS

Figure 4 presents the progression of the formulation product desir-
ability coefficients. Formulations 1, 6, 11, 12, and 17 have the largest
desirability coefficients. These five formulations are listed in order of
decreasing desirability coefficient in Table 10. In general, these
formulations have lower alkali oxide contents than those having smaller
desirability coefficients (see Tables 7 and 9).
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TABLE 9. DESIRABILITY COEFFICIENTS FOR SECOND, THIRD, AND FOURTH
ROUND CERAMIC-BASED WASTE FORMS

Waste Form
Test No.

Second Round

9
10
11

Third Round

12
13
14

Fourth Round

15
16
17

Waste Loading
(wt %)

64.7
59.0
82.6

87.2
72.0
83.3

85.0
79.9
67.5

Soxhlet
Leach Rate
(g/m2-day)

18.04
13.16
23.65

21.80
27.84
36.46

36.24
36.76
13.58

Density
(g/cc)

2.96
2.93
3.16

3.24
2.98
3.16

3.17
3.12
3.02

Overall
Desirability

Factor

0.540
0.514
0.637

0.686
0.522
0.500

0.511
0.471
0.597

Although the durability differences in these five products may not be
significant, the data indicate that formulation products of higher silica
content and lower waste loading may be more durable than those of higher
waste loading and lower silica content.

The major crystalline components of these five ceramic-based waste
forms are ZrOg and CaF2, while Cao.15ZrQ.85Ol.85 ^s P r e s e n t i"
each in minor amounts. Formulations 6, il, 12, and 17 contain ZrSiO4
in very small amounts. Formulations 1 and 12 contain minor amounts of
NaAlSiO4 and formulations 11 and 17 contain minor amounts of
NaAlSi30s (albite). Formulation 17 also contains alpha-SiO2
indicating the presence of excess Si0£ which may possibly be replaced by
waste, thereby increasing the waste loading. All of the ceramic-based
waste forms contain an amorphous phase which consists of various amounts
of silica, alkali oxides, calcium oxide, boron oxide and alumina depending
on the formulation. The composition of the amorphous phase will determine
the overall waste form durability. Thus, further studies to densify Zr/Na
calcine will use the five formulations given in Table 10 to investigate
compositional changes to increase the durability of the interstitial glass
phase.
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First Round
Second
Round

Third
Round

Fourth
Round

Eliminated Formulations

10
Formulation Number

1 5 ICPP-S-13463
(8-86)

Figure 4. Desirability Coefficients of Formulations Developed
Through the SDO Technique

TABLE 10. CERAMIC-BAStD WASTE FORM FORMULATIONS WITH
LARGEST DESIRABILITY COEFFICIENTS

Formulation
Number

12
11
17
6
1

SiO2
(wt%)

8.6
16.0
30.3
28.6
14.2

Na20
(wt%)

1.1
0.0
0.0
2.1
2.6

Li2O
(wt%)

0.5
0.0
0.0
0.9
1.2

B203

(wt%)

2.6
1.4
2.3
3.5
1.7

Waste

(wt%)

87.2
82.6
67.5
64.9
80.3

Soxhlet Leach
Rate

(g/m2-da.v)

21.80
23.65
13.58
11.55
28.14

Desirability
Coefficient

0.686
0.637
0.597
0.587
0.576
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ABSTRACT

The d u r a b i l i t y of g l a s s e s with composi t ions near that of
the Hest Valley re ference g l a s s composit ion (HV-205) have
boon fharacter i zerl u«?i ng both 7- and 2ft-dav "sfatin pnurtrr
learh tests. Tn addition the viscosities of there alaircs
have been measured over the temperature range O50°r to
115O°C to determine their suitability for professing. Both
radioactive (containing IT and Th) and nonradi oaoti VP
glasses (with Al and 7r as surrogates) have been te«?ted.
For the narrow composition range studied i t i s found that
as Inner as the pH of the leaohate is nearly constant, the
durability, as characterized by the concentration of boron
in solution, can be regarded as a function only of the
differences in the content of Si, Al and Zr relative to the
reference glass: indeed it i s possible to define a single
reduced composition variable that apparentlv governs the
durability of the glass. The form of this variable
indicates that varying the Al?0i content is twice as effec-
tive as Si 0-> nn a weight basis in changing the durability
of the glass.

INTRODUCTION

Two of the prime criteria for the acceptability of a glass for the
i mmobi 1 i 7a1"i on of nuclear waste are i t s durahi 1 i ty under aqueous attack and
i*-s pror;e5_sabj_LiiLif- which is determined principally by the viscosity at the
desired merting temperature. Tn borosilirate glasses a modification of the
glass composition that, improves one of these properties generally adversely
sffp.rt.«! the other Indeed, i t has been suggested Ml that for borosi 1 i n ate
alass. durability is essentially a single-valued function of vis^n«;-ity. This
originate^ in the dependence of both the viscosity and the durability on the
presence of non-bridging orygen atoms in the glass matrix: increasina the
nnncentration of such "T^aens decreases both the viscosity and durability of
the rji ass.

9 3 5



Hhilr> this general correlation is certainly a strona nno it- i«- nr>«-

Thrniut-c The primarv goal of the study being reported h»r" i<; to suggest

t-hnt- certain a 1 terat i one in glass composition are more offioarioiir in npn-

finri nn r-hprnir-al durabil i ty improvements than Hi""1 ar» in deirartina the pr*o-

nn<T.nMiit« Thp hasp composition about which variations H T " man'o •> •- *"*"-

n r̂-f f^iiov Hemonstration Proieot rpforonnn riTas^ f ?i rfpnorall" dpri rjnaterl r»«-

W t / — -j r» c; Thi 9 gl as*? i= thp r e s u l t of an intpn<;ivo s tud" b« c h i r t ot qi M i

nP t-ho rlop*»ndpnop of d u r a b i l i t y ( as mpasurpd i n an MCf-1 loa^h t e r t i on CM.T-~

nn»nnci t i <">n Thp oomposi 1"i on*? of the glasses "iturii ori horn nro l i "on in Tsbl «

that" unlik*» manv pr'^'i otj"? «?t:ti<1i es in whiph «?iirroaatp«;--iioi!f?11 •'

7irponi»im—sr° «tiih«it-» tntef i f o r rqr'ii napti vo PiPniPnt-e; thi«- TJOI~V-

thf» rtijrahi 1 i ty of (jln«7<;!Pc! pont-.aininq both thorium ann1

EXPBRTMFHTAI.

Fnr H I P na<:t year, thp 1 ona tprm durab i l i ty of thp Hp«;t

ha«; bppn undpr i n"P5t.i qati on in a tpr i P<? of pulton1 flow lps

ropontl" a similar t*>t of flow test"? ha«? been berf'jn on a nla<

l RVCM40 in whi rh thorium and uranium art* inpiurtpi in approTi

nrnnortion«? that arp eTPPPtpd in the f u l l y waste-i oadpd q1a«?«* Thi«? t-vpp of

f-otri- i«; thp best prpdiptor of long-term durabi l i ty , and. nnronvpr. prnvirtoi

fho mô t- di <?cri mi nat.i na mpthnd for test ing dynamioal mathematical mnrtpl«? and

for detprmi ni na 1 pach meohani sms. However because the studv of 'rpnn^i

rp lovinU ^low-flow ratec< requi res experiments nhose duration i s of the

nr r-p.,p,r-,i vears. i t was de"i rled to empl nv a l te rnat i "p test methods for

i nq studies in which a larae number of glass compositions could he «•*•-

f in a r e l a t i v e l y shorter timr- period. For th is purpose a s ta t i c ponder

tost f modi f i »d MOff-1 test^ was chosen

Tn rjeneral terms thp s ta t ic powder leach test employer) -involves i«i«ipr-

<?i nrr \ rrrams of f ine ly groijnd glass < -100 to +200 mesh> in 4 0 ml of leaohnnt

in a sealed container ITnrier thP«?e circumstances the gl ass-surf aoe-to-

1 panhnnt-vni ume ra t io (S/V) is 26f-0 m"'. For a l l the experiments reported in

th is piper, dp-ionized water was used as the le.aohant. and a t.emperatvire. of

on°c HPS maintained. A f ine ly threaded septum cap on the leaching vessel was

i)e>pr] to ro ' i t r ipf atmospheric invasion of the leach *•**<-*• environment < t-hprpb"

avniriinrr buffpring the leachatp by CO?), whilp at the samp time allowing for

the possib i l i ty of withdrawing a small amount of the 1eachate for analysis

'rithmit disturbing the experiment. Tn most nf the tests that Here conducted.

1 oar>hat° nor.centrati ons were analv7»d a f te r 7 and ?R days

RFSni.TS AND

Rpcausp t.hpre are no boron compounds that wil l precipitate from solution

the pitpprtmenta 1 conditions, the amount of boron in solution is a

JTP of the PTtent. of dissolution of the glase;; non«-erpient1 v boron

ions in the leachate are given as an indicator of the durabi l i ty of

under aqueous attack, r 11 The results are qivpn in Table ? ftiona

9 3 6



e ql
who

prp"
1 uni
rfl T~

a s s
h a s

entf
1 i t-
o r» *~

f o r

That
pmphas

: th" pr
• l i m i t

do not

-imfi on

t h i

i^ed
pc;pn

n n d

c o n

o f

s is
that

ce of
"^hntt
11 nue

stabl e

H I P hopor o o n o e n t r a t i nns a r e l i s t e d t h e f.H " a i n ^ s me*cnred i n t h »

ns H » 1 1 as t h e vi <tf n<!i t i P<! o f t h e q l a s s e s a t i i n n ° c

f . i o t t h a t horon c o n c e n t r a t i o n s i n s o l u t i o n r»aoh a l i m i t i n g v a l u e nt

»o r 41 r a n n n t he a t t r i b u t e d Rimply t-n s a t u r a t i o n o f t h e l o a n h a t p w i t h

so has hppn p l p q a n t l v desopi hprf h"

f c i who ha"; "mpha^ i jp ' i t h a t t h » f o p m n t i n n o f n p v r t a l l i n p " - i H r i t "
^oi r,i f-qt or pppi /ppfr t h n pfpepfine of* q?iv. c;i 1 i nnn i n *~ h™ Tenoh^ n t rr»--*p

n i flown" H I P d i n o l i i t i o n ^° H ^ T I T - -

t o d i s s o l v e u n d *"* P *-1- -»t- H o r-or-. ^•»^>onr-

p r o t p n t i VP r>.T~ri "?il"i n i I.T'or1" on H i "

Thr> q»jf>stinn of Hhpth^r such a l n v ° r w i l l Hr--/=ion Tor ->

t o a p f i r t i r u l a r s e t o f l e a c h i n q conrt i t - ion r : in"oi>-r>«r -,

<iolir>at-f> b a l a n c e o f oomppti nq k i n p t i r p f f p r t s Boiirjhly r p n n k i n q , t h ? r-><-° o f

nf f h » snrParp l a y p p i n compar ison w i t h t h e r a t p of pH r i S P i n t h «

nn sol n t i on w i l l rtptprminp whether a p a s s i v a t i n r j h a r r i p r H i l l ho

foprjiprj o r i f i t s <1PVP1 opmpnt H i l l he a r r e s t e d as t h e l a y e r it-«?-->lf rii c«:ni \rp<?,

Clear ly the spec i f i c process that, i s dominant in a par t i nuiar rasp i s

lipponripnt upon the composition of the glass. A reasonahlp approach toward

understanding the compositional control of chemical d u r a b i l i t y in termr of

i-hprmndvnami c considerat ions has been proposed by Jant7en and Plodinec r «l

Althonah t h i s approach was proposed to account, f o r data obtained i n a

pp ln t - i -p i " short tprm s t a t i c leach t e s t on block glass samples. i . e . . MCC-1.

ih i r- n-^rt-ninlv more su i tab le f o r character! 7i ng powder speoi mpns where the

nins-iirni •-•omnosi t ions are morp l i k e l y to be determined by s o l u h i l i t y l i m i t s

i of rit-hnp t-he glass. i t s pro tec t ive layer, or c r y s t a l l i n e preci pi

rni-h^r f-hnn k i n e t i c parameters

Tho appl icat ion of the ,7ant7en-Plodi nee thermodynamin model of

d n r a h i l i t v depends c r i t i c a l l y upon the existence of an accurate in ternal I1 '

r.nn--i<;t-ont data base of thermodvnamic f ree energies of hydration for th»

nnn^t'itiipnt' sppci es of t"he glass. Pecause of rather *;r*"t*r''* flaws in prtant-

data bases, serious attempts to corre la te the powder fhigh S/v\ leach data in

ai^eopc hased on the Hest Valley reference composition were ahandonpd. An

e hut. essent ia l ly equivalent procedure was adopted: the composition

of the glass d u r a b i l i t y i s regarded a.s a function of a "reduced"

oompoe;-: t-.i on var iable which i s wr i t ten as a l inear superposition of the

dif ferences in the concentrations of the various components of the alass and

reference composition.

«s an i n i t i a l "zeroeth order" approximation i t was assumed that among

those components that were allowed to vary substant ia l ly in th is stud", the

principal factors determining the d u r a b i l i t y are the content of s i l i con ,

aluminum and zironnium in thp glass. Accordingly, the reducpd composition

variable i «• takpn as

y r = Ar s i i + anr M l + h < S r 7 r l .

uhppp or Y1 i s the d i f f e r e n c e i n concen t ra t ion of element Y between the rjlass

in rjue<?tion and the Hest U a l l e y re fe rence g lass HV-2n«> and a and h aro

p i p f f i ci pnt<? to he determined e m p i r i c a l l y . For s i m p l i c i t v (-JIP conct»ntra*-i on"

nrr> tnV"n nr weight percents of thp oxides Si 0?. AlrO--. and
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TJsina th* sevpn-^iy r e s u l t s presented in Table 2 suggests that the
rt-sta nari be rprtiioert to a s i n g l e curve i f we choose the expansion ooef fi ci
a = 2 and h = 1.25. Thp e f f e c t of t h i s choice i s shown in Figure 1
that- r e l a t i v e l y highly durable g l a s s e s correspond to values of 7*
than about two. Tt. i s e s p e c i a l l y i n t e r e s t i n g to note the time evolut ion of
the "urve hy comparing the seven- and twentv-ei crht-day rosuU'r. Thi «j
behavior can be ra t iona l i zed by hypothesizing that the 2fl-day result*;
ropposent s t e a d y - s t a t e s i t u a t i o n s The high ?,$ l i m i t i n g value i s thpn i nt*>r-
r>rpte>.i as bpina rroverned bv s i l i c a saturat ion of the leaohant with rpspent t-n
n some ^rvsfsl l inp s i l i c a t e that form'; the protec t ive surface 1nv»r. Thn l o i
V- l imit th-ir corresponds to thp s i t u a t i o n in which the surface laver i s
nnr--ii|r- on fhaf ini'"11'" attack nf thP n iass can prnpoeil Thi s 11 th» cn ro
on-'i ri rm îi b" r - .mbnjr I c. 1 in whi oh the nppnrent l»aphant ^atiiratinn nr i"° r

frnrn n haian"» nP fh" i ia 1 ; ' di rsol uti nn rate and thf» rafp of nro^i p i fa t inn nP
' i l i m t o r>r>"rtnls. thp sn-fallprt h"drothprmal e f f e c t

As a f inal comment we note from Table 2 that, aluminum i s somewhat more
of Tpcti vp in incrpasing durab i l i ty than in in^reasina the • ' ipcos i t" and
therehv degrading the processabi1i ty . This seems to imply that a radwarte-
f iTat ing rxlass (based on HV-205 or i t s wastp-1 oaded eqiii«'slent ITM-101 of
acceptable durab i l i t y can be achieved without s a c r i f i c i n g processabi1 i tv

* This work wil l be submitted in part ial f u l f i l l m e n t of the t h e s i s
requirement for the Ph.D. degree of one of us ( J?)
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Figure 1. Concentration of boron in leachant for modified MCC-3 leach testc
plotted as a function of the reduced composition variable EQ.
Glass compositions are given in Table 1; the leach data are pre-
sented in Table 2. The data for glasses containing uranium and
thorium are shown as filled circles and triangles.
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PHYSICAL MODELING TEST OF JOULE HEATED CERAMIC MELTER SYSTEM
FOR HIGH LEVEL WASTE VITRIFICATION

H. Asano, M. Morioka, T. Sugawara, H. Yamaguchi, T. Murakoshi, A. Sakai
Ishikawajima-Harima Heavy Industries Co., Ltd.

ABSTRACT

In order to avoid the effects of noble metal
precipitation in the joule-heated ceramic-lined melter,
the melter should be so designed that it has the sloped
floor with the bottom sump. It is important to confirm
the geometric configuration of the melting cavity and
electrode arrangement on melter designing. Therefore, we
have performed physical modeling tests of three-electrode
melter systems, and have developed a thermal and fluid
flow analysis code to confirm the experimental results.
From the results of the physical modeling test, the effect
of bottom slope angle is discussed, and the analytical
results are verified by experimental results.

INTRODUCTION

In the joule-heated ceramic-lined melter, it is expected that some
precipitates of noble metals are generated during the vitrification of the
high level liquid waste from high burn-up fuel reprocessing. If these
precipitates are generated in a large amount and have high electric-
conductivity, there is a possibility of the electrical shorting between the
electrodes. In order to avoid this problem, the melter should be so
designed that it has a sloped floor with bottom sump which provides the
opportunity for removing precipitated metal by a bottom drain. The geo-
metric configuration of the melting cavity and electrode arrangement are
important factors on melter design. These factors should have an effect on
temperature distribution and the degree of convection in the melting cavity.

In order to confirm the effect of these factors, we have performed
physical modeling tests of a three-electrode melter system by the use of
model fluid and have also developed thermal and fluid flow analysis code.
Comparing the experimental results and the analytical results, it can be
concluded that uniform temperature distribution and good convection effect
is expected in the three-electrode melter system. It can also be confirmed
that the physical modeling test and analysis code is an effective method of
melter designing.
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CONCLUSION

From experimental and analytic results, it can be concluded;

(1) The physical modeling test is an effective method to simulate the
temperature distribution and fluid flow pattern in the melter.

(2) In case of the sloped floor with bottom electrode system model,
the natural convection effect has been so active in the melting
cavity that the model fluid has been heated homogeneously.

(3) The analytical results have mostly corresponded with the experi-
mental results. So this analysis code is applicable for designing
the geometric configuration and electrode arrangement in the
melting cavity.

LAW OF SIMILARITY

Based on the technical papers of melter physical modeling test^ '* ,
Glycerine/7.5% LiCl has been chosen for the model fluid. We have surveyed
the law of similarity between model fluid and actual molten glass by the use
of dimensional analysis method. The following dimensionless numbers have
been introduced. In the volumetric heat generating system like joule-
heating of glass, Modified Rayleigh Number (Ra*) has been introduced from
dimensional analysis.

Ra* = ^Qt!.
u A
p

where g is gravitational constant (m/S ), g is coefficient of volumetric
expansion (1/K), Q is heat-generation density (W/m ), L is characteristic
length, u is kinetic viscosity (m / S ) , X is thermal conductivity (W/mK).
Pr is Prandtl Number.

The fluid temperature dependence of Ra* in actual molten glass from a
full-scale melter and the model fluid for this physical model are shown in
Fig. 1. Ra* for actual molten glass is ^10 at 1100 * 1200°C. On the other
hand, Ra* for the model fluid will be -vlO at 50 ^ 60°C. So the operating
temperature of model fluid for this physical modeling test has been settled
at about 50 % 60°C.

EXPERIMENTAL APPARATUS

Three types of melter models, which were made of transparent acrylic
board, have been prepared. Model dimensions are all one-third of full
scale, and the degrees of bottom slope angle to 0°, 30° and 45° respec-
tively. All models are fabricated based on a three-electrode cystem. The
first model has a flat floor with the electrode at the center of the bottom,
and the latter two models have the sloped floor with the sump electrode at
the bottom. All electrodes have been made of copper plate. The dimensions
of these three types of models are shown in Fig. 2.
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In order to simulate cold-top condition, the water-cooled jacket has
been equipped on the top of the model melter. The model melter has been
immersed in the water bath to make easier for temperature control in the
model. A power supply and control system have been prepared for joule
heating between two main electrodes and bottom electrode. This three-
electrode power control system consists of a delta circuit with three SCRs
to control constant power supply between the electrodes. The schematic of
the above model melter system is shown in Fig. 3. And glycerine/7.5% LiCl
mixture has been chosen for the model fluid.

EXPERIMENTAL METHOD

Constant power of 200 W has been supplied between the electrodes. To
observe the effect of the power supply method, the power supply control has
been varied from two electrodes to three electrodes. The three-electrode
power supply has been controlled by a time-sharing method as follows:

U-V :V-W :U-W = 30 sec :10 sec :10 sec

Temperature distribution of the model fluid has been measured by 26
thermocouples (1 mm in diameter) which was inserted into the melting cavity
through a hole in the upper water-cooled jacket.

Electric potential distribution in the melting cavity has also been
measured at the same point as the 26 thermocouples. Based on the results of
these temperature and electric potential distribution measurements, density
distributions of current and heat generation have been obtained by
calculation.

The steady-state flow pattern in the melting cavity has been observed
by adding the anthracene powder as a tracer. On the other hand, copper
powder (40 pm in diameter) has been chosen for simulated precipitates,
because copper has high electric conductivity and a density ratio of model
fluid similar to molten glass and noble metals. The comparison of the
density between copper and noble metals is shown in Table 1. Experimental
conditions are summarized in Table 2.

RESULTS

(1) Temperature distribution
It has been observed that in the case of two-electrode power supply,

fluid temperature has become lower and lower in proportion to fluid depth.
After the start of the three-electrode power supply, the model fluid has
been heated homogeneously in the sloped floor models (Fig. 4). But in the
case of the flat bottom model, non-heated zones were observed at the both
end sides of the bottom (Fig. 5).

(2) Steady-state flow pattern
In the case of the two-electrode power supply, a non-heated stagnation

zone has been observed near the bottom in all models. After the start of
the three-electrode power supply, the non-heated stagnation zone has
remained at the both end sides of the bottom in the flat bottom model. But
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in the sloped bottom models, the corrective down flow along the bottom slope
have been observed at the bottom of melting cavity. It has also been
observed that the whole model fluid in the melting cavity could be stirred
by natural convection. It is also observed that flow pattern correlated
with temperature distribution in the melting cavity (Fig. 4, Fig. 6).

(3) Flow pattern of copper powder as simulated precipitates
In the case of the flat bottom model, the copper precipitates have

accumulated on the bottom of melting cavity and there has been no stirring
effect observed with the three-electrode power supply. On the other hand,
for the sloped bottom models, copper precipitates have gradually floated off
the bottom and extended over the melting cavity, after the start of the
three-electrode power supply.

The behavior of copper powder has been observed continuously. In this
case, after the start of the three-electrode power supply, it has taken
about 20 minutes for copper precipitates to rise and extend over from the
bottom.

DISCUSSION

From the results of physical modeling test, it can be confirmed as
follows:

(1) It is difficult for fluid to be heated and stirred at the bottom of
melting cavity by the use of a two-electrode power supply. But a
three-electrode power supply is very effective method for heating and
stirring the fluid homogeneously.

(2) Electrical shorting between the electrodes by precipitates was not
observed in the sloped floor with sump electrode system under the
three-electrode power supply.

(3) Judging from the standpoint of compact melter design, the bottom slope
angle of 30° will be sufficient for heating and stirring the fluid.

THERMAL AND FLUID FLOW ANALYSIS

(1) Development of the thermal and fluid analysis code
In parallel with the physical modeling test, we have improved the
general fluid flow analysis code in order to make thermal and fluid
flow analysis possible in the melting cavity. Distribution of electric
potential, electric current density and heat generation density could
be obtained by the use of this analysis code.

(2) Analysis model and conditions
A 45° sloped model has been chosen for numerical analysis, and its
analytical procedure is shown in Fig. 7.
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(3) Analytical results
Temperature distribution and fluid flow pattern for the three-electrode
power supply are shown in Fig. 8. These analytical results have mostly
corresponded with the experimental results.
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T a b l e 1 Density of Fluids and Precipitates P(kg/m3)

F l u i d

P r e c i p i l a tes

Densi ly Rat 10 of

P i e c i p i t a l e s to F l u i d

Physical Model

Glycer me

1260

Copper

8 9 6 0

7 1

Meller

Glass

2500

Rutheniurn
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Rliodi JO I
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Pal l a d luili

12000
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Table 2 Experimental Conditions

Upper Water-Cooling Jacket Temp. ('

Surrounding Water Bath Temp. (

Power Supply

Two-Electrodes

Three-Electrodes

•C)

(w)

u-v

v-w

u-w

>C)

(W)

(W)

(W)

a.

200

200

200
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' 75

200
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(10

sec)

sec)

sec)
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Fig. 3 Schematic of Model Melter System
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Fig. 4 Temperature Distribution in the Sloped Floor Models
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STARTUP SEQUENCE OF THE DWPF SCALE GLASS MELTER

A. F. Wei smart
Savannah River Laboratory, Aiken, SC 29808

ABSTRACT

The Ou Pont Company is building a facility at the
Savannah River Plani to immobilize high level
radioactive waste within a borosilicate glass matrix.
The process, known as the Defense Waste Processing
Facility (DWPF), is scheduled to begin operation in
1989. The design and operation of the DWPF Glass
Melter will be demonstrated during testing of a 2/3
linear scale melter. This paper reviews the startup
phase of the Scale Glass Melter, completed in February
1986, which is representative of the planned DWPF
melter startup.

SRP/DWPF BACKGROUND

Nuclear materials for national defense, space, and medical applications
have been produced at the Savannah River Plant (SRP) in Aiken, South
Carolina, since 1954. The plant was designed and constructed, and is being
operated by Du Pont. The plant includes a fuel fabrication facility, four
production reactors, and two chemical separation facilities. Research and
development of plant processes are supported onsite by the Savannah River
Laboratory (SRL).

Radioactive wastes produced during the chemical separation process are
stored in liquid form in underground tanks as large as 1.3 million gallons.
Since the mid-19701s the Savannah River Laboratory (SRL) has been developing
a process to immobilize the waste radionuclides within a borosilicate glass
matrix. The borosilicate glass waste form was chosen for the high level
waste because of its relatively low leach rate, high durability, and resist-
ance to matrix breakdown by radiation. The process, known as the Defense
Waste Processing Facility (DWPF), is scheduled to begin vitrifying the
liquid waste in 1989 (see Baxter1).

The focus of the Savannah River Laboratory's DWPF efforts has shifted
in recent years from process development to equipment design demonstration,
and operability testing. Important process equipment will be tested prior
to use in the DWPF by either the operation of a scale representation or
operability testing the actual unit. The design and operation of the DWPF
Glass Melter will be demonstrated via a 2/3 linear scale melter. This paper
focuses on the startup phase of the Scale Glass Melter which is representa-
tive of the future startup in the DWPF.
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SCALE MELTER DESIGN OVERVIEW

Figure 1 illustrates the design of the 2/3 Scale Melter. Since the
design and operational concepts of the 2/3 Scale Melter are similar to the
full-scale DWPF Melter, this paper will only mention the Scale Melter. The
design concepts of the Scale Melter are based on the operational constraints
of the glass rnelter, SRL operating experience with previous small and large
melters, and studies conducted regarding the material of construction. The
operational constraints are as follows:

• Cylindrical melter design for optimum mechanical integrity
• Melter operating life of >2 years
o Maintain glass pool between 1050°C and 1170°C
• Achieve a glass melt 0.34 kg/hr m 2

o Maintain glass fluid characteristics during pouring
o Provide a leaktight flexible seal between the melter and

canister to accommodate differential pressure glass pouring
o Melter contents must be drained after two years
o All melter surface temperatures <50°C
o Glass and vapor space temperature monitoring
<i C o n t i n u o u s o b s e r v a t i o n o f t h e f e e d p i l e
o Glass pool level monitoring

Each Scale Melter heating system is of unique design to perform
specific tasks for melter operation. The glass is maintained in a molten
condition by joule heating. During this operation, power is produced by
passing current through the resistive glass. Four InconeV* 690 electrodes
located below the melt line provide power input to heat up and maintain the
glass between 1050 to 1170°C. The electrodes are mounted in an over/under
configuration to provide the capability of skewing power to the upper or
lower melt pool.

The lid heaters consist of four Inconel* 690 heater tubes mounted
horizontally in the melter vapor space. The tubes are heated by passing up
to 6000 amps through them. The tubes, in turn, radiate heat to the vapor
space and melt surface. The lid heaters provide a significant amount of
startup and slurry vaporization heat.

Glass is discharged from the melter by way of flow-through Inconel^ 690
channels known as the riser and pour spout. The glass in the riser channel
is maintained in a workable range by an independent electric strip heater,
which surrounds the 6.78 cm inside diameter riser channel. The temperature
of the glass pour stream is maintained by an independent pour spout heater.
This heater has a similar design to the riser heater and surrounds the
5.08 cm pour spout channel. Glass is poured from the melter by creating a
vacuum at the canister relative to the vapor space .vhicn forces glass to
overflow the riser.

Glass is deinventoried prior to melter shutdown through a bottom
draining valve. The temperature of the glass flowing tnrough the valve is
maintained by independent heaters similar in design to those used in the
riser and pour spout.
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Figure 1. DWPF scale glass melter

Glass containment is provided by Monofrax K-3 refractory brick. K-3
was chosen as the glass contact refractory because of its corrosion/erosion
resistance to the SRP waste glass. Mullfrax 202 brick make up the vapor
space gas contact refractory.

Temperature monitoring and control for the glass pool, and melter
heating systems is provided by type B thermocouples. These thermocouples
were chosen because of their long life/low drift properties.

The melter vessel is water cooled to maintain all surfaces below 50°C.
This minimizes thermal updrafts in the DWPF melt cell.

A borescope/TV camera is provided for viewing the melter surface during
slurry feeding. Other melter support systems include a dip tube bubbler for
level detection, and an argon purge in the upper end of the riser to prevent
a glass siphon effect during pouring.

An off-gas treatment system is provided to decontaminate melter gases,
primarily cesium, by a factor of 8 x 108. Feed is transported to the melter
in a slurry form. The off-gas system and the feed system are described by
Kessler and Randall2, and Crow3, respectively.
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SCALE MELTER OPERATION

The Scale Melter will demonstrate many concepts of the DWPF Melter and
provide the opportunity to optimize its operation. Actual construction of
the Scale Melter facility was completed in June 1985. During the initial
startup of the melter in July 1985, the riser strip heater element failed,
which resulted in a four-month repair period. Failure of the element was
the result of heater control thermocouple placement in a thermally non-
representative zone. Excessive power was supplied which resulted in a
failure of the heater. Subsequently, the restart of the Scale Melter began
in December 1985 and was completed in February 1986. The startup was
prolonged by complications which will be described later. As of September
1986, the .nelter has completed three campaigns of continuous operation which
lasted 31, 6, and 17 days.

MELTER STARTUP CONSTRAINTS

The startup sequence of the Scale Melter is based on operating and
material constraints within the melter system. These constraints must be
considered to complete startup with minimum operating problems and
refractory damage.

Controlling the rate of temperature increase is necessary during melter
heatup to protect the refractory brick. The Carborundum Company recommended
a maximum heatup rate of the Monofrax K-3 glass contact refractory of 10*C
per hour to minimize thermal stresses within the brick. This conservative
rate mitigates the potential for refractory damage during startup, which
could jeopardize the two-year melter life.

Conceptually, the melter startup consists of heating an initial dry
frit charge until it is transformed into a molten glass pool. The frit
consists of simulated waste glass that has been ground to a sand-like
material. The following characteristics of the frit must be considered for
startup:

• The frit simulation is essentially electrically non-conductive below
700°C

o The frit charge volume is approximately 2 times that of the melted
glass

o The waste glass/frit material will crystallize if maintained below
950°C for an extended period of time

o The frit is an excellent thermal insulator

Each of these frit characteristics has an impact on melter startup.
Figure 2 illustrates the electrical resistivity of SRP glass from
800-1200°C. The lid heaters are the primary source of heat to raise the
frit temperature up to 700°C and must be sized to achieve this.

Since the upper and lower electrodes are split in an over and under
configuration, the frit must be charged so that electrical continuity is
never lost. If charged to contact with the upper electrodes, the frit would
slump upon heating and possibly lose electrical contact before the lower
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electrodes are hot enough to pass current. Therefore, the frit is charged
across the top of the lower electrodes to assure continuous electrical
continuity.

The heatup of the frit from room temperature to a molten glass pool
at 1150°C must be continuous to avoid crystallization below 950*C, The
electrical properties of the crystalline material are different from the
glass. The degree of crystallization during heatup at 7 to 10*C per hour
will not adversely affect melter operation.

Melter glass inventory is increased to a normal operating level by
slow slurry feeding. The Carborundum Company recommended that a sacrificial
layer of Fiberfrax paper be applied to the K-3 bricKS exposed to the
increase in glass level. This layer dissolves into the glass while mini-
mizing the thermal stresses developed in the brick.

IDEAL MELTER STARTUP SEQUENCE

Prior to heatup of the melter interior, several prerequisite operations
must take place including:

o Apply the sacrificial Fiberfrax lining

o Charge the ineiter cavity with frit to the top of the lower electrodes

• Seal the melter pour spout to the canister to minimize air flow across
the frit charge

o Startup of the off-gas system

o Confirm operation of melter support systems (i.e., cooling water system,
glass level dip tube, TV camera)
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The ideal startup sequence, from room temperature frit charge to a
molten glass pool at 1150*C, is illustrated in Figure 3 and explained
below.

The lid heaters and the top heater of the three zone dump valve are
used to heat the frit charge from room temperature to ~700°C. The lid
heaters are the primary source of heat during this step. The thermoelectric
voltage of type B thermocouples, such as those used in the Scale Melter, is
<1 mV below 450°C which is below the range of conventional temperature
transmitters. A low temperature measuring system was developed, which
combines an HP-3478 multimeter with an HP-85 computer, to monitor tempera-
ture below 45O°C during heatup. Below 450°C, amperage is manually ramped
to the lid heaters and top zone dump valve heater such that the surface
temperature of the elements increases less than 10°C per hour. Above 450°C
the heaters are switched to automatic temperature control and heatup
continues to 950*C.

Joule heating is established using the lower electrodes when the frit
charge reaches 700°C. The combination of energy input from the lid heaters
and joule heating by the lower electrodes will raise the rnelt temperature
from 700°C to 1150'C.

After the lid heaters reach 950°C, the riser and pour spout heaters are
energized and amperage to them is increased such that their skin tempera-
tures reach 1050°C at a rate less than 10°C/hr. Temperature monitoring and
control is executed in a similar manner to the lid heaters and top zone dump
valve heater.

The melt inventory will be brought up to the normal operating level by
slowly slurry feeding the melter at ~0.76 liters per minute (22.7 kg per
hour of glass). The electrical resistivity of the glass at 1150°C is about
1/lOOth of that at 700°C. The resistance of the glass pool also decreases
as the melt level increases. As a result, the current provided to the elec-
trodes must be increased during the filling of the melt pool by changing the
electrode power supply transformer primary setting. The lower electrodes
will then be capable of supplying 2742 amps.

At the time when the molten glass inventory is brought up to normal,
61.0 cm, slurry feeding will be stopped and the upper electrodes are
energized. At this point the startup phase is considered complete.

EXPERIENCES FROM ACTUAL SCALE MELTER STARTUP

The objective of the Scale Melter startup phase was to represent the
planned startup of the DWPF Melter, and learn about the tecnnicalities of
such a sequence. Several alterations were recommended to the DWPF Melter
heatup as a result of the Scale Melter startup, although the sequence in
general was determined to be satisfactory.
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HEATUP LID HTRS AND DUMP VALVE ZONE I HTR
FRIT TO 700*C

STEP II

ENERGIZE LOWER ELECTRODES
HEATUP RISER AND POUR SPO:JT (NOT SHOWN')
GLASS TO 1150'C

STEP III STEP IV

- SLURRY FEED - ENERGIZE UPPER ELECTRODES

|§ heater deenergized

| heater energized

Figure 3. Startup sequence for the scale/DWPF melters
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The most important experience obtained during Scale Melter startup was
related to the level of the frit charge. After charging the frit, one lower
electrode was only partially covered while the other was buried. Upon
heatup, the frit in contact with the buried lower electrode was insulated by
the frit above it and only reached 450°C. As a result, joule heating could
not be established with the lower electrodes. The frit became hardened and
could not be redistributed. Additional frit had to be charged to the melter
and leveled across the middle of the upper electrodes. As expected the frit
slumped off the upper electrodes shortly after the establishment of joule
heat and the frit in contact with the lower electrodes was not electrically
conductive. Subsequent frit additions were necessary before joule heating
with the lower electrodes could be established. There is no provision in
the DWPF for adding dry frit to the melter once it has been placed in the
melt cell. Ensuring a level frit charge in the DWPF Melter prior to
installation in the canyon is important.

The startup sequence originally executed simultaneously the heatup of
the lid heaters, riser heater, pour spout heater, and the top zone dump
valve heater. Upon inspection of the melter interior after the riser heater
failed in August 1985, the riser K-3 refractory was found to be shifted
slighly toward the melter cavity. As a result, the sequence was changed
to first heating the melter cavity with the lid heaters and dump valve to
preclude this movement of refractory. By staggering the sequence, the
melter cavity bricks expand and set in place, thereby protecting the
integrity of the refractory design.

Human interface with the melter control system was found to be impor-
tant during startup. Adjustments to the rate of power increases to the
electrodes, for example, were necessary to avoid an excessive heatup rate.
DWPF operation will be controlled primarily by a process computer called the
Distributed Control System (DCS). Because of Scale Melter experience, it
was recommended that a manual controlled rather than a DCS program startup
be considered to maintain the human interface.

The instrument system for the Scale Melter was designed to measure
electrode current on the order of 1000 amperes. It was necessary during
the initial phase of joule heating to measure current as low as 1.0 amp to
provide control information during this stage. Clamp-on AC power meters
were installed around the power cables to provide measurements in the
0 to 200 amp range. This instrument was recommended for use in the DWPF.

Frit temperature monitoring to provide information regarding energizing
the electrodes was important during the startup phase. The DWPF melter1s
thermocouple design accounts for measurement during normal operation and not
startup. Modification of thermocouple design was recommended to satisfy
this requirement.

The low temperature measuring system for use with type B thermocouples
provided data which allowed for controlled melter heatup below 450°C. The
system is simple and can easily be incorporated into the DWPF.
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SUMMARY AND CONCLUSIONS

The objective of the Scale Meiter test program is to confirm design
features of the DWPF meiter never previously demonstrated and to provide
operating experience on a melter of similar design to the DWPF. The melter
will operate for approximately two years.

Design features and operating constraints of the melter must be
considered during the startup phase of operation. The startup sequence must
account for limitations of heatup rate necessary for refractory brick
protection, frit electrical and physical properties and their change with
temperature, and the over/under electrode configuration.

The startup sequence consists of slowly heating a dry frit charge from
room temperature to molten glass at an operating temperature of 1150°C.
Supplemental lid heaters are the main source of heat input to slowly
increase frit temperature to 700°C. Joule heating is established and is
used to increase the frit/glass temperature to 1150*C.

Important operating experience was gained during the startup of the
Scale Melter such as

• Heatup of the main cavity first to preserve the structural integrity
of the melter1s refractory

• Leveling the frit charge prior to heatup

o The necessity for human interface with the control system during startup
• Low amperage monitoring during initial joule heating
• Account for frit temperature measurement needs during thermocouple design

The startup phase of the DWPF melter's operation will be improved as a
result of the experience gained during Scale Melter startup. The techni-
calities of melter startup were discovered, thereby reducing the possibility
of costly delays to DWPF startup.

ACKNOWLEDGMENT

The information contained in this paper was developed during the course
of work under Contract No. DE-AC09-76SR00001 with the U.S. Department of
Energy.

REFERENCES

1. R. G. Baxter, R. Maher, and J. B. Mellen, et al. "The Defense Waste
Processing Facility Project at the Savannah River Plant." Presented at
Waste Management '84, March 11-15, 1984.

2. J. L. Kessler and C. T. Randall. "Performance of a Large Scale Melter
and Off-Gas System Utilizing Simulated SRP DWPF Waste." Presented at
Waste Management '84, March 11-15, 1984.

3. K. R. Crow. "Glass Melter Feed System for Vitrification of Radioactive
Waste." Paper for presentation at American Nuclear Society,
September 14-18, 1986.

9 6 0



ELECTRODE CORROSION AND RUTHENIUM BEHAVIOUR IN A SMALL JOULE CERAMIC MELTER

J.B. Morris, J .T. Dal ton, J.P. Evans, A. Hol l inrake,
G. Horsley, E.L. Paige, P.W. S u t c l i f f e , D. Walmsley

AERE Harwell, UK

INTRODUCTION

A f t e r ea r l y work a t PNL in the USA*1', the Joule-heated Ceramic Melter
(JCM) is now the preferred tool for v i t r i f y i n g high level waste (HLW) in the
USA, Germany (FRG) and Japan. Harwell began to take an in teres t in the JCM
system in the la te 1970s with a desk study of some design concepts. The JCM
was i n i t i a l l y regarded as a second generation process which might be needed
to replace the Windscale v i t r i f i c a t i o n p lant , now under construct ion at
Sel l a f i e l d , when i t becomes obsolete. More recent ly the o r ien ta t ion of
Harwel l 's JCM programme has been changed to support an evaluation of the JCM
process as a possible opt ion for v i t r i f y i n g fast reactor HLW ar i s ing at
Dounreay.

A large melter, the f u l l - s c a l e JCM, wi th a 0.6m x 0.6m cav i ty , was
del ivered to Harwell in 1982. However, owing to funding l im i ta t i ons t h i s
melter has not yet been completely i n s t a l l e d . A smaller melter, wi th a 0.2m
x 0.2m cav i ty and hence known as the one-th i rd-scale JCM, was designed,
constructed and operated at Harwell for about 10 months during 1983/84. I t
was then shut down and dismantled. A s imi lar sized melter but not possessing
any glass production capab i l i t y ( i . e . i t i s without feed and off-gas systems)
i s presently being commissioned. I t i s intended pr imar i ly fo r materials
tes t ing purposes.

HARWELL JCM CONCEPT

The design of the Harwell Fu l l -sca le JCM has been descr ibed* 2 ' . Except
fo r i t s s ize, the one-th i rd-scale JCM is very s im i l a r . The d i s t i n c t i v e
features of t h i s design concept are:

(a) The absence of any penetrations in to the melt cavi ty through the
wal ls and f l o o r . Consequently the electrodes must be supported
from above, and the glass product must be removed through the upper
part of the melter.

(b) The electrodes consist of a single pair of plates occupying the
whole of the ver t i ca l cross-section and standing on the f l oo r of
the cav i t y . This design minimises current density a t the
electrode.

9 6 1



(c) Glass product is withdrawn by suction through a vert ical pipe
reaching to the f loor of the melter.

ONE-THIRD-SCALE JCM

Design

To date the opfirthird-scale JCM is the only melter which has been
operated at Harwel l^3 ' . The principal components of the melter are shown in
Figure 1. The electrodes, glass withdrawal pipe, and thermocouple probe were
fabricated from Inconel-690 (approximately 60% Ni, 30% Cr, 10% Fe). The
electrodes were made from 6mm plate, and were 200mm wide by 300mm t a l l . They
stood on the f loor of the melt cavi ty . Normally the glass hold-up in the
melter was 200mm (~20kg glass), i . e . 100mm below the top of the plate
electrodes. The thermocouple probe contained f ive thermocouples which
occupied fixed positions ranging from 40mm to 260mm above the melter f loo r .
The glass withdrawal pipe was a 20mm diameter tube reaching to 10mm above the
melter f loo r . I ts upper portion from 210mm above the f loor was surrounded by
a co-axial section fabricated in type 310 stainless steel containing an
e lec t r ica l heater. Glass could be withdrawn by suction into small canisters
of 10A (25kg) capacity. The melt cavity i t s e l f was constructed from bricks
of Monofrax K3 (60% A l ,0 3 , 27% Cr203) . Start-up from cold was achieved by
resistance heaters in the superstructure.

Operation

The JCM was operated for about 10 months. During th is time the melter
was twice shut down for a total period of 788 hours, and in each case
successfully restarted. The melter was under power for about 6000 hours, for
most of which i t was id l i ng at about 1000°C. Seven canisters of glass were
withdrawn at various times, on average 16.7kg per canister, the total glass
production duration being 64 hours. The calcine-feeding mode was employed,
using a mixture of 75% M9 cr izz le ( f r i t ) and 25% Magnox calcine. (For part
of the time the Magnox ca lc ine was replaced by an LWR s imu lan t . )
Compositions are given in Table 1.

During the last 3 months of operation the maintenance of power and
temperature proved increasingly more d i f f i c u l t . Adequate measurements of
voltage had not been taken, but i t became clear that the apparent e lec t r ica l
resistance of the melter was progressively f a l l i n g . After 8 months the
current on reaching the supply l i m i t could not be increased any further (to
compensate for the reducing resistance) and so the bulk glass temperature
thereafter gradually declined over the last 2 months from 1000"C to about
850°C. At th is point the glass became too viscous and could not be
transported up the suction pipe. I t was therefore decided to shut down the
melter and dismantle i t to f ind out the cause of the f a l l in e lec t r ica l
resists ice.
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THE DISMANTLED MELTER

Because the f ina l batch of glass (3O-35kg) could not be withdrawn from
the melter, the system was allowed to cool with the electrodes, suction pipe
and thermocouple probe frozen into the block of glass. These components were
eventual ly recovered by removing the frozen core (glass block and K3
brickwork) and heating i t in an inverted posi t ion in a large furnace. This
allowed the bulk glass and frozen-in items to separate. A f i l m of glass
remained on surfaces (brickwork, e lectrodes). A more detai led descr ipt ion of
the dismantl ing operation w i l l be repor ted^ 4 ' .

The two electrodes were found to have suffered excessive corrosion over
the lower 40mm height, see Figure 2. Or ig ina l l y each electrode had an
attached horizontal foot extending 30mm. Much of t h i s had disappeared. In
addi t ion the attack in two places had penetrated completely through the
ver t i ca l section of one of the electrodes. The to ta l weight losses from each
electrode were 14.6% and 4.2% ( i n i t i a l weight = 3.75kg each). In contrast
the rest of each electrode above the 40mm level seemed in excel lent
cond i t i on . Clearly the attack on the electrodes had been a very loca l ised
affair .

The K3 bricks were in excellent condition, and there was not even any
melt-line attack. There were no signs of significant deterioration of the
thermocouple probe or the suction withdrawal pipe.

The important question which emerged after completing the dismantling
was this: what was the mechanism which led to the severe but very localised
electrode corrosion, and was i t related to the decline in melter electrical
resistance?

EXAMINATION OF ATTACKED ELECTRODE

Samples of the more severely attacked electrode were cut from various
pos i t ions, including areas in the upper port ion which had escaped s i gn i f i can t
cor ros ion. They were examined by opt ica l microscopy and electron probe
micro-analys is . A f u l l account of th i s work i s to be repo r ted * 5 ' .

Five samples at varying heights above the base of the electrode were cut
from areas not subjected to obvious corros ion. The maximum grain size and
hardness are given in Table 2. Sample A was well above the melt level for
most of the campaign, and was very s imi la r to as-received metal . Sample B
was j u s t above the melt level and had suffered a small loss of hardness but
no change in grain s ize. The remaining samples were permanently below the
melt level and showed a fur ther small drop in hardness. The maximum grain
size in the two lowest samples (wi th in 80mm of the f l oo r ) was about lOOO^m,
three times that of metal from the top of the electrode.

The surfaces of a l l these samples held evidence qf grain boundary
at tack, but the penetration depth was re l a t i ve l y small , e .g . about lOO^m in
sample D in Figure 3, thus confirming the normally good corrosion resistance
of Inconel-690 to molten nuclear waste glass. At the metal/glass in ter face
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there were layers rich in Cr2O3, see Figure 4. All this evidence is
consistent with the view that the normal, slow corrosive attack on the metal
is by oxidation of Cr to Cr203 followed by its removal by fluxing in the
glass melt. Voids are created in the grains behind the surface layer as Cr
migrates to replenish the loss at the surface.

Turning now to the areas of the electrode which had undergone obvious
and severe corrosion, a section through the thickness of the electrode
adjacent to the largest hole was examined. It was apparent that attack had
proceeded by grain boundary penetration as discussed above, but on a much
greater scale. The attacked layer was about lmm deep. A range of features
was examined using the electron microprobe and the most remarkable result was
the high concentration of Ru found in the attacked zone towards the rear of
the hole. The average level of Ru in 30 separate analyses made in this
region was 15.8%, which may be compared with the expected concentration in
the glass of only 0.6%. A sample of glass taken from the melter floor was
also rich in Ru (mainly as the metal but also as oxide) together with Te, see
Figure 5. Thus there appears to be an association between the severe attack
on the electrode and a local accumulation of Ru species.

Finally a portion of the electrode with the remains of the foot still
attached was examined, see Figure 6. The vestige of the foot shows clear
signs of having melted. This indicates that its temperature must have
exceeded 1350°C in spite of the fact that none of the thermocouples in the
bulk glass ever gave readings above 1125°C. Significant depletion of Cr was
found within the melted region. In the foot outside the boundary marking the
melt affected zone the Cr/Ni ratio was 0.44, close to that in as-received
alloy. Within the melted area the Cr/Ni ratio was a factor of 4 lower at
0.11.

It may be noted that the trend of increasing grain size towards the
bottom of the electrode is also consistent with higher temperatures in this
region.

DISCUSSION

It seems reasonably clear that the excessive local corrosion was due to
high local temperatures, in parts exceeding 1350°C, i.e. at least 200°C
greater than the highest glass temperature recorded. The corrosion mechanism
had not altered but had merely been accelerated by the enhanced temperature.
The high local concentrations of Ru had no direct effect on corrosion as
separate tests have shown^"'. It remains to discuss the cause of the high
local temperatures.

It is well known that RuO is virtually insoluble in nuclear waste
glasses'7', and since its density (6.97) exceeds that of the glass (2.6) it
may be expected to sediment. More significantly, RuO2 is a good conductor of
electricity. Seddon and Seddon* 8' quote resistivity values at room
temperature of about 4x10~7 ohm.m, and although the resistivity will increase
with temperature it is expected to be still well below that of molten waste
glass (about 0.1 ohm.m). Thus as a sediment accumulates a point will be
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reached when its resistivity starts to fall due to
concentration. A simple test*6' showed that the effect is
glass loaded with only 20% RuO .

the rising RuO,
significant for

In the Harwell one-third-scale JCM the electrodes stood on the floor of
the melter and so any sediment formed would eventually provide a continuous
bridge between the electrodes. Because of the electrical role of the RuO^
(or metallic Ru) in the sediment a reduced resistance will thus be placed
between the electrodes, in parallel with that provided by the bulk glass.
Hence the overall melter resistance will fall. However, the power density in
the sedimented layer will rise even when the total current supplied to the
melter is fixed. Thus a mechanism for raising the local temperature is
created.

The depth of the sedimented layer must have been less than 10mm since
there was no evidence that the suction pipe or thermocouple probe had
experienced excessive temperatures. It may be shown that for a sediment of
this geometry the maximum increase in power density is obtained when its
effective resistivity has been reduced below the bulk glass value by a factor
of only about 20. (Further reduction in resistivity causes power density to
decrease since the total current available is fixed.) At this point the
power density in the sediment is about 5 times that of the original system
prior to sedimentation. Since a reduction in resistivity in the region of a
factor of 105 is possible if the sediment consists of pure RuO2, it is clear
that a fairly loosely packed sediment is sufficient to produce a significant
rise in local power density.

CONCLUSIONS

Sediments of electrically conducting species (which includes RuO ) can
cause increased local power density in a JCM if allowed to form a Dridge
between electrodes. A consequential rise in local temperature follows which
will accelerate corrosion rates. It is not possible to prevent the formation
of sediments, and so a JCM must be designed and operated so that

(a) sediments accumulate in regions where electrode bridging is not
possible,

and (b) sediments are withdrawn as fast as they accumulate.

If these precautions are not taken local temperatures can exceed the melting
point of the preferred electrode alloy, Inconel-690.
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TABLE 1
Glass Precursor and Waste Compositions

M9 Precursor

Oxide

Na9O
L i O

11.0
5.4

29.5
54.1

Waste

Total
Total
Al
Fe
Cr
Ni
Mg
Zn
Gd

Element

fission products
actinides

% as

Magnox

39.1
0.2

20.0
10.6
2.2
1.4

24.8
1.7
-

oxide

LWR

63.4
1.4

_
2.7
0.7
0.5

-
_

31.3

TABLE 2
Hardness and Maximum Grain size in Electrode (Inconel-690)

Sample Height above
floor

mm

Hardness

VPN

Maximum grain size

As-received
A
B
C
D
E

-
290
220
120
80
10

165
162
145
138
136
138

300
300
300
400

1000
1000
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Electrodes shoving Localised Attack at Base

Figure 2

Electrode (')) - 80mm above Melter Floor

Grain Boundary Attack

Figure 3
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Ru X-ray image Te X-ray image

Ru/Te-rich Phases in G]ass on Melter Floor

Figure 5
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Electrode (D) - 80mm above Melcer Floor

:h Layer i

Figure A

Cr^O^-rich Layer at Surface

Foot of Electrode showing Evidence of Melting

Figure 6
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MODEL PREDICTIONS OF GLASS FRACTURING IN
CANISTERS DURING DECONTAMINATION

Richard K. Farnsworth
Pacific Northwest Laboratory (PNL)

ABSTRACT

The decontamination of high-level waste canisters typically
involves wet operations that induce a series of thermal
transients in the glass product. If excessive, these
transients can affect glass quality by increasing fracture.
An examination of these transients was made by numerically
modeling the transient thermal history of the glass in a
typical canister cooling and decontamination cycle. Pro-
cess variables examined in the modeling effort included
glass decay heat, canister diameter, decontamination bath
temperature, and the use of insulative liners. Results
were evaluated to determine the parameters required for
minimum impact on glass quality. The results show that
insulative liners inside canisters-are an effective means
of reducing glass fracture during ca'nister cooling and
decontamination. Results also show a need for higher
quench temperatures with any decrease in canister surface
emissivity that may accompany decontamination. Processing
options that could minimize this effect are discussed.

INTRODUCTION

A major factor in glass quality after canister filling is the transient
thermal history of the glass during canister cooling and decontamination.
The transient thermal history of the glass can affect the degree of devitri-
fication and the degree of fracture. Verification of glass quality in the
canister becomes necessary as long-term high-level waste (HLW) canister
storage concepts are realized. Because of the presence of decay heat in HLW
glass, verification using non-radioactive simulations is not possible;
either direct measurement of radioactive glass quality or some form of
numerical modeling may be required.

The decontamination of HLW canisters typically involves a series of wet
operations that can induce thermal transients in the glass product. If
excessive, the transient temperature difference can affect glass quality,
causing an increase in fracturing. Variables that can influence the inten-
sity of these temperature differences include the glass decay heat, the
temperature of the decontamination solution, the use of insulative liners in
the canister, and the canister's surface emissivity (&).
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A modeling evaluation of these variables on canister thermal history
was performed for the Nuclear WasteTreatment Program (NWTP) to estimate the
effects on radioactive glass fracturing. Numerical modeling of the t ransi -
ent thermal history of glass was performed for each step in a typical canis-
ter cooling and decontamination cycle. The computer analysis was performed
using TEMPEST, a transient heat transfer code that has been used extensively
to predict the thermal history of the canisters during f i l l i n g and cooling*
The TEMPEST simulation calculated the transient center!ine-to-wall tempera-
ture differences that occur for 30-cm- and 61-cm-diameter canisters f i l l e d
with 2.56, 10, and 28 watts of decay heat per l i t e r of glass. The use of
insulation liners inside the canister was also examined. Maximum tempera-
ture differences were predicted for each of the following steps:

• as the oxidized canister (e = 0.7) cooled through the glass
sol id i f icat ion zone (~550°C), while inside a canister turntable
envi ronment

• as the oxidized canister cooled to steady state in a i r , sur-
rounded by a temporary storage rack, or overpack shell

• as the oxidized canister cooled to steady state in a i r , outside
the overpack

• as the oxidized canister was quenched in the decontamination
solution (at 25°C, 75°C, and 125°C)

• as the decontaminated, unoxidized canister (e = 0.1) returned to
steady state in air

• as the decontaminated, unoxidized canister was requenched in the
solution (to simulate any extra decontamination attempts).

These steps constitute a cycle that is typical of decontamination systems
that use electropolishing. However, the results are applicable to other
decontamination systems involving wet techniques.

Results of the analysis are evaluated to determine the desired process
variables with which minimal impact on glass product quality could be
expected. An important factor is the avoidance of signif icant changes in
the centerline-to-wall temperature difference that could increase glass
fracture. Results from the various quench simulations are used to determine
the minimum allowable decontamination bath temperatures. Temperatures for a
phosphoric-acid-quench-bath (used in electropolishing) can reach 140°C; how-
ever, there are great incentives for keeping the quench bath temperature
below 100°C.

GLASS FRACTURE ESTIMATION CRITERIA

The changing temperature fields in the glass during canister cooling
result in stress buildups that, if unrelieved, inevitably cause glass frac-
turing. The theory of thermal stresses is well developed for cases where
the stresses do not exceed the strength of the glass. However, no accurate
mathematical technique exists for glass fracture prediction after glass
strength is exceeded. To predict cracking, the canister thermal history
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would have to be modeled accurately and in almost microscopic detail before
and after the onset of cracking. In addition, the initiation and propaga-
tion of glass fractures would have to be predicted in the same detail.
Crack initiation and propagation must be viewed as a stochastic process.
However, the avoidance of cracking has been predicted for nonradioactive
glass (Peters and Slate, 1981; Faletti and Etheridge, 1986). By analogy,
cracking avoidance can be predicted for radioactive glass with various
levels of decay heat. To do this, some assumptions regarding glass fracture
and thermal history need to be made.

The first assumption predicts glass fracture using only radial tempera-
ture differences in the glass, ignoring any axial temperature differences.
This assumption can be considered valid in examining the potential for
increased fracture during decontamination processes, because the predominant
changes in axial temperature difference occur during canister filling and
cooling. Elimination of axial temperature differences reduces the simula-
tion to a one-dimensional analysis, simplifying examination. To more
completely analyze each canister, radial temperature differences are
examined at three axial positions in the glass.

The second major assumption states that essentially no stress relief
occurs in the glass below 550°C. Because of the vitreous nature of glass,
there is a temperature range for glass solidification, instead of an exact
point. This range is between 500°C and 600°C. As the glass cools through
this solidification zone, stresses produced by the changing temperature
field in the glass will require some period of time for relaxation. Meas-
urable stress relaxation points in this zone include: 1) the annealing
point, at which relaxation to 10% occurs in 15 minutes, and 2) the strain
point, at which relaxation to 10% occurs in 15 hours (Vogel, 1979). To
simplify the analogy, the annealing point was chosen as the temperature
below which essentially no stress relief occurs. Though only an approxima-
tion, this reasoning is valid for the purpose of comparison. The annealing
point for most glasses is expected to be between 530°C and 550°C. The
selection of 550°C for the glass solidification point will provide a con-
servative estimate for the degree of fracture in the canister.

The third major assumption directly relates the developing stress in
the glass to a change in the centerline-to-wall temperature difference after
glass solidification. This can be done provided the glass cools with a
parabolic temperature profile, and is free from any compressive stresses of
the cooling canister shell (Peters and Slate, 1981). Faletti and Etheridge
(1986), Tooley (1974), and Martin (1985) all present a detailed discussion
of strain generation and release in glass, which is summarized here. Fig-
ure 1 shows some radial temperature profiles in a typical canister of HLW
glass during cooling that are used to clarify the discussion.

At temperatures above the glass annealing point (temperature profile
#1), the glass behaves as a liquid, incapable of retaining stress. This
liquid behavior continues as the glass cools until the annealing temperature
at the glass wall is reached (profile #2). At this point, glass at the wall
begins to behave as a solid, capable of retaining stress. Glass
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sol id i f icat ion proceeds inward unt i l the glass centerline temperature drops
below the annealing point (prof i le #3). The sol id i f ied c,lass monolith w i l l
then proceed to cool to steady state (prof i le #4).

Stress buildup occurs after so l id i f icat ion as the centerline-to-wall
temperature difference changes. Regions that experience large temperature
changes w i l l shrink more than adjacent regions with smaller temperature
changes, causing tensile stresses to build between the two (see Figure 1).
I f prof i le #3 is considered the zero stress reference p ro f i l e , the glass at
the centerline of the canister w i l l cool 300°C to steady state (prof i le #4)
(550°C to 250°C). However, the material at the wall w i l l only cool 250°C to
steady state (400°C to 150°C). The 50°C difference in temperature drop that
the glass experiences from the centerline to the wall w i l l cause the glass
in the middle to attempt to shrink away from the glass at the wa l l , result-
ing in tensile stress. Glass fracture occurs when the magnitude of this
tensile stress exceeds the strength of the glass. Based on evidence by
Kamizono and Senoo (1983) and Peters and Slate (1981), the estimated maximum
change in centerline-to-wall temperature differences that w i l l not cause
fracture is about 70°C.

This type of reasoning is continued in decontamination operations (see
Figure 1). Upon quenching the canister at steady state (#4), the tempera-
ture of the glass wall starts to drop at a faster rate than the centerline
glass temperature. Eventually, the centerline-to-wall temperature d i f fe r -
ence reaches a maximum (#5), after which i t decreases back to a value around
steady state (#6). The increasing radial temperature difference during
quenching serves i n i t i a l l y to reduce the residual stress in the glass. I f
i t increases beyond the centerline-to-wall temperature difference recorded
at glass so l id i f i ca t ion , the stress starts to build in a reverse manner,
with glass at the wall in tension and glass at the centerline in compres-
sion. Eventually the canister stress returns to a prof i le similar to
predecontamination operations, as the steady state to centerline-to-wall
temperature difference is approached.

In view of the widespread use of this reasoning in the glass industry,
and in the absence of a practical mechanistic model, the following c r i te r ia
were adopted:

• Two canisters w i l l have similar levels of glass cracking i f the
maximum change in radial temperature differences encountered
after glass sol id i f icat ion is the same.

• Glass cracking is minimized i f the change in radial temperature
differences encountered after so l id i f icat ion is less than 70°C.

Although these cr i ter ia assume no stress creation or relaxation after glass
so l id i f i ca t ion , they do provide a reasonable basis for evaluating this model
that is compatible with the state of knowledge on cracking.
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Annealing Point (550° C)

Prior to Glass
Solidification

Solidification
at Wall

Solidification
at Center Line

Steady State in Air

Maximum Experienced
During Quenching

Steady State in
Quench Bath

Center Line Wall

Figure 1 . Typical radial temperature p ro f i l es during cooldown.

EXPERIMENTAL

A matrix of various processing options was simulated using TEMPEST.
The process variables chosen were:

• 2.56 W/L decay heat in a 61-cm-diameter x 3-m canister ( l ined and
unlined with ceramic f i be r insu la t ion (Fiberfrax®)

• 10 W/L decay heat in a 61-cm-diameter x 3-m canister ( l ined and
unlined with Fiberfrax® insu la t ion)

• 28 W/L decay heat in a 30-cm-diameter x 1.5-m canister ( l ined and
unlined with Fiberfrax® insu la t ion)

®Fiberfrax ceramic f ibe r paper, manufactured by Carborundum Insulat ion
D iv i s i on , Niagara F a l l s , NY 14302.
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The two canister sizes represent typical canisters used for HLW v i t r i -
f i ca t i on . The large (61-cm-diameter) canisters were used on the low- and
intermediate-decay heat simulations, because of thei r higher f i l l volume and
s imi la r i ty to projected U.S. waste glass canister sizes. The small (30-cm-
diameter) canister had to be used on the high-decay-heat simulation, to keep
the glass below softening temperatures at steady state.

The canister f i l l s were simulated using two di f ferent f i l l i n g options,
each dependent on canister size. A continuous f i l l was assumed for the
large canisters. This f i l l method represents the planned f i l l i n g approach
for most U.S. waste glass canisters. A three-batch f i l l was assumed for the
small canisters. The three-batch method was used because i t allows direct
comparison with future results from canisters f i l l e d in the pi lot -scale
Radioactive Liquid-Fed Ceramic Melter at PNL. The pi lot-scale size of th is
system requires batch pours to provide satisfactory glass product qua l i ty .
Although ba tch- f i l l i ng is not typical of planned production scale opera-
t ions , i t s effect on cracking behavior is expected to be small.

The cooling and decontamination cycle for each canister was simulated
using published, temperature-dependent thermal property values for 304L
stainless s tee l , Fiberfrax® insulat ion, and borosi l icate glass. Decontami-
nation quenches were simulated by immediately exposing the canister, at
steady state, to a highly conductive, non-convective, and non-radiative
environment with a temperature equivalent to the proposed quench bath temp-
erature (25°C, 75°C, or 125°C). This assumption ignores the effect of
local ized-boi l ing heat transfer between the canister and quench bath. Most
temperatures on the canister surface are in the nucleate-boil ing (<125°C) or
t rans i t ion range (125°C to 371°C); therefore, heat transfer in the l iqu id is
expected to be re lat ive ly fas t . Because glass conductivity l im i ts heat
t ransfer , the effect of boi l ing heat transfer on cooling is negl ig ib le .
Canister cooling operations were also performed assuming normalized one-
dimensional radiative and convective heat transfer in the gaps between the
canister and the various external shel ls . This assumption is also accepta-
ble for canister cooling simulations.

RESULTS

Analysis of the glass cooling simulations was done for tne three groups
of decay heat levels. Results of each simulation cycle are examined to
determine the potential for fracture as the glass so l id i f i es and the degree
of fracture that may occur as the canister cools to steady state. An exami-
nation of the potential for increased glass fracture during the decontamina-
t ion cycles is then made, to arrive at a minimum allowable quench bath
temperature during decontamination. Simulations for insulated and uninsu-
lated canisters are performed at each decay heat leve l .

Low-Decay-Heat Simulations

Table 1 shows the centerl ine-to-wall temperature differences for the
2.56 W/L, uninsulated canister simulation as glass temperatures at the cen-
te r l i ne and wall pass through the glass so l id i f i ca t ion point (550°C). These
are depicted at three axial levels in the glass. Also shown in Table 1 are
the positive or negative changes in radial temperature difference (based on
centerline radial temperature), as the simulation continues through the
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cooling and decontamination cycle. Based on the 70°C maximum change allowed
in radial temperature differences, fracture is predicted to occur primarily
as the glass is cooled to steady state in the overpack. Further increases
in glass fracture resulting from decontamination quenches at or above room
temperature will be negligible because of extensive fracture present from
the initial cooling step.

The results suggest that the use of insulation in and on the canister
can reduce fracture as the glass cools to steady state, as well as during
decontamination cycles. Table 2 shows the predicted radial temperature
difference history for the 2.56 W/L simulation, lined with 0.95 cm of insu-
lation. The insulated-canister simulation still predicts most glass frac-
ture occurring while the glass cools to steady state in the overpack. How-
ever, the degree of fracture is significantly reduced relative to an
uninsulated canister. The results suggest that glass fracture could be
completely avoided provided enough insulation is placed in or around the
canister during glass solidification and cooling. Some of the insulation
required to avoid fracture could then be removed during cooling to allow
lower glass temperatures at steady state. However, at least 0.32 cm of
insulation should be used to line the canister interior to prevent increased
fracture during the decontamination cycle (see Table 1, last column).

Intermedi ate-Decay-Heat Simulations

Table 3 shows the predicted radial temperature history for the 10 W/L,
uninsulated canister simulation. In this and all later tables, the changes
in radial temperature difference for oxidized and unoxidized canisters at
steady state in air are omitted. These omissions are possible because their
values are similar to those for the oxidized canister in an overpack at
steady state. The simulation predicts slightly less glass fracture during
solidification and cooling than the low decay heat simulations. Increased
glass fracture could occur during the decontamination cycle, however. This
is due to the increased decay heat in the canister, which raises the steady-
state surface temperature to 160°C if oxidized (e =.7) and 240°C if unoxi-
dized (e = .1). These temperatures are 70°C to 120°C above those for the
low decay heat simulations. Using the same 70°C criterion for cracking, the
results show a minimum quench temperature of approximately 70°C to prevent
increased glass fracture for the oxidized canister (e =.7). The results
also show an inability to decontaminate unoxidized canisters (e =.1) below
125°C without increased glass fracture.

Table 4 shows the predicted radial temperature history for the same
10 W/L canister if it were lined with 0.32 cm of Fiberfrax® insulation. The
use of an insulative liner with this level of decay heat reduces the minimum
allowable quench temperatures to approximately 35°C for oxidized canisters
and approximately 85°C for unoxidized canisters. The presence of an insula-
tive liner retards the cooling rate resulting from the quench by over 50%.
In addition, insulative liner use reduces the amount of glass fracture pre-
dicted to occur during solidification and cooling.
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TABLE 1. RADIAL TEMPERATURE DIFFERENCE HISTORY FOR A 2.56 W/L, 61-CM-DIANIETER UNINSULATED CANISTER

Glass Level

Radial Temperature
Differences During

Glass Solidification
(550*C), °C

Change In Radial Temperature Differences (from Centerllne Values)
For Various Periods In the Cooling and Decontamination Cycle, °C

Steady State Steady State Maximum, 25"C Steady State Maximum, 25"C
In Over pack Oxidized, € =.7 Quench, £=.7 Unoxldlzed, € =.1 Quench, € =«1

Top Level
(50 cm Below Top)

Mid-Level
(140 cm from Top &
Bottom)

Bottom Level
(50 cm Above Bottom)

202 (centerllne)
467 (wall)

18? (centerllne)
453 (wall)

198 (centerllne)
443 (wall)

-160

-142

-156

-157

-140

-152

-105

-86

-99

-160

-142

-154

-80

-57

-73

TABLE 2 . RADIAL TEMPERATURE DIFFERENCE HISTORY FOR A 2.56 W/L, 61-CM-DIAMETER CANISTER
LINED WITH .95 CM OF INSULATION

Glass Level

Radial Temperature
Differences During

Glass Solidification
(550*C), *C

Change In Radial Temperature Differences (from Centerllne Values)
For Various periods In the Cool Ing and DecontamI nation Cycle, "C

Steady State Steady State Maximum, 25°C Steady State Maximum, 25"C
In Overpack Oxidized, £=.7 Quench, € =.7 Unoxldlzed, £ =«1 Quench, £=.1

Top Level
(50 cm Below Top)

Mid Level
(140 cm from Top &
Bottom)

Bottom Level
(50 cm Above Bottom)

113 (centerllne)
311 (wall)

107 (centerllne)
296 (wall)

111 (centerllne)
305 (wall)

-73

-63

-71

-72

-62

-68

-53

-43

-50

-74

-64

-71

-46

-36

-43



TABLE 3. RADIAL TEMPERATURE DIFFERENCE HISTORY FOR A 10 W/L, 61-CM-DIAMETER
UNINSULATED CANISTER

Glass Level

Differences During
Glass Solidif(cation

(550*0, *C

Top Level
(50 cm Below Top)

Mid-Level
(140 cm From Top i.
Bottom)

Bottom Level
(50 cm Above Bottom)

183 (center!fne)
448 (wall)

173 (center line)
419 (wall)

183 (center line)
452 (wall)

Change In Radial Temperature Difference (From Centerllne for
Various Periods In the Cooling and Decontamination Cycle, °C
""Steady State Maximum, 25"C Maximum, 75°C Maximum, 125"C
In Overpack Quench, €=.7 Quench, £ =.7 Quench, € =.1

-26

-9

-25

+97

+112

+97

+52

+68

+51

+66

+95

+73

00
O TABLE 4. RADIAL TEMPERATURE DIFFERENCE HISTORY FOR A 10 W/L, 61-CM-DIAMETER CANISTER

LINED WITH 0.32 CM OF INSULATION

Glass Level

Differences DurIng
Glass Solidification

(550oC), CC

Change In Radial Temperature Difference (From Centerllne for
VarIous Periods In the Cooling and Decontamination Cycle, *C

Steady S+ate Maximum, 25"C Maximum, 75"C Maximum, 75"C Maximum, 125"C
in Overpack Quench, €=.7 Quench, £=.7 Quench,€ =.1 Quench, €=.1

Top Level
(50 cm Below

Mid-Level
(140 cm from
Bottom)

Bottom Level
(50 cm Above

Top)

Top &

Bottom)

176
361

172
343

165
352

(centerlIne)
(wall)

(centerlIne)
(wall)

(centerline)
(wall)

-31

-24

-21

+59

+77

+73

+31

+48

+46

+59

+74

+72

+31

+46

+43



High-Decay-Heat Simulations

Table 5 shows the predicted radial temperature history for a 28 W/L,
uninsulated canister simulation. The results show that there is less crack-
ing during glass solidification and cooling and more potential for cracking
during decontamination quenching than in the larger canister, containing
glass with lower decay heat levels. The results show a minimum allowable
quench temperature of approximately 100°C for an oxidized canister, and an
inability to decontaminate unoxidized canisters. The addition of a
0.32~cm-thick instil at? ve liner to the canister reduces the minimum quench
temperatures to approximately 50°C for oxidized canisters and approximately
120°C for unoxidized canisters. The liner also reduces the potential for
fracture during glass solidification and cooling (see Table 6).

IMPROVED GLASS PRODUCT QUALITY OPTIONS

The decontamination cycle in this series of computer simulations
involves three major steps:

• quenching of the oxidized canister (e =.7) in an electrolyte
bath, removing the oxidation by electropolishing until the canis-
ter surface has an emissivity of 0.1.

• allowing the quenched and polished canister to return to steady
state in air

• requenching the polished canister in another electrolyte bath,
removing any residual contamination remaining on the canister
surface.

Other decontamination cycles exist that could have less impact on glass
quality and may allow for lower minimum quench temperatures. These options
are discussed below.

Use of Steam Rinses Prior to Quenching

Prior to canister quenching in the decontamination bath, many systems
require a preliminary steam rinse to remove gross contamination particles
from the canister surface. This process cools the canister surface to
100°C to 105°C. The surface precooling will allow the canister to be
quenched at a lower bath temperature than originally estimated, if the
original estimated minimum was below 100°C. However, if the estimated
minimum bath temperature was above 100°C, the steam rinse could cause
increased glass fracture.

Use of Forced Air Cooling Prior to Quenching

Precooling of high canister surface temperatures could also be
achieved by forced air cooling. This cooling could be designed to precool
the canister surface to temperatures just above those allowable for elec-
tropolishing quenches (125°C to 140°C). The precooled canister could then
be quenched at much lower bath temperatures without increasing glass
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TABLE 5. RADIAL TEMPERATURE DIFFERENCE HISTORY FOR A 28 W/L, 3O-CM-DIAMETER
UNINSULATED CANISTER

Radial Temperature Change In Radial Temperature Difference (From Center line) for
Dlfferences During Various Periods In the Cooling and Decontamination Cycle, °C

Glass Sol id i f icat ion Steady State Maximum &T, Maximum^ r, MaxTmum"S7
Glass Level (550°C), °C In Overpack 75°C Quench, €.=.7 125°C Quench,fc=.7 125°C Quench,& =.1

Middle,
Top Batch

Middle,
2nd Batch

Middle,
Bottom Batch

138 (centerIfne)
283 (wall)

120 (center l ine)
278 (wall)

109 (centerIIne)
299 (wall)

-43

-24

-16

+56

+90

+86

+10

+45

+39

+90

+135

+128

OS TABLE 6. RADIAL TEMPERATURE DIFFERENCE HISTORY FOR A 28 W/L, 30-CM-DIAMETER CANISTER
LINED WITH 0.32 CM OF INSULATION

Change In Radial Temperature Difference (From Center!Ine) for
Radial Temperature Various Periods In the Cooling and Decontamination Cycle, °C
Differences During Maximum AT, Maximum AT, Maximum A I , Maximum AT,

Glass So l id i f i ca t ion Steady State 25°C Quench, 75'C Quench, 75°C Quench, 125°C Quench,
Glass Level (550*0, CC In Overpack £ =.7 € =.7 € =.1 €=.\

Middle,
Top Batch

Middle,
2nd Batch

Middle,
Bottom Batch

99 (centerIIne)
190 (wall)

93 (centerline)
160 (wall)

96 (centerIIne)
187 (wall)

-19

-5

-16

+59

+80

+63

+38

+59

+42

+69

+88

+75

+48

+67

+54



fracture. However, the use of forced air cooling during decontamination is
limited, due to the potential spread of canister surface contamination to
the cell.

Controlling Surface Emissivity During Electropolishing

Electropolishing of oxidized canisters can be controlled in a manner
that results in canister surface emissivities higher than 0.1. The higher
emissivities will result in lower steady-state temperatures than previously
determined for the unoxidized canister surface. Any required redecontami-
nation efforts could then occur at quench bath temperatures lower than the
previously determined minimum. Table 7 shows the minimum allowable quench
temperature for insulated and uninsulated, 28 W/L canisters, with surface
emissivities of 0.7, 0.4, and 0.1. The results show J significant reduc-
tion in predicted minimum allowable quench temperatures if the resultant
surface emissivities from initial decontamination efforts are kept above
highly polished levels (e =.1).

TABLE 7. MINIMUM QUENCH TEMPERATURES FOR 28 W/L CANISTERS WITH
DIFFERENT SURFACE EMISSIVITIES, °C

Canister Type

Uninsulated

Lined with 0.32 cm
Fiberfrax® Insulati

of
on

Surface
e =.7

100

50

Emi
e =.

-125

75

ssivity
4 e =.1

>125

120

CONCLUSIONS

Computer simulations can be used to evaluate the effects of various
canister processing options on radioactive glass quality. A number of
parameters, including the canister surface emissivity, the level of decay
heat, and the use of insulative liners have been evaluated. The results
show that insulation in or around the canister can reduce glass fracture
during cooling and decontamination operations. The use of insulative
liners retards the cooling rate resulting from the canister quench by over
50%. The effect of insulation usage on increased glass devitrification
still needs to be examined for each specific composition of the glass.

The results also show a need for higher quench temperatures with any
decreased canister surface emissivity that may accompany decontamination.
Electropolishing operations can be controlled to minimize the decrease in
surface emissivity. The increased surface emissivity resulting from con-
trolled operations results in lower minimum quench temperature requirements
for redecontamination. Other options for reducing minimum quench tempera-
ture requirements include the use of surface precooling operations, such as
steam rinses and forced air cooling.
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GLASS MELTER FEED SYSTEM FOR VITRIFICATION OF RADIOACTIVE WASTE

Kevin R. Crow
Savannah River Laboratory, Aiken, SC 29808

ABSTRACT

The Defense Waste Processing Facility (DWPF) will
incorporate radioactive waste at the Savannah River
Plant into a borosilicate glass for disposal in a
Federal repository. Vitrification is accomplished
by combining treated waste with glass frit and feeding
the slurry to a joule-heated melter. Two identical
feed delivery systems pump slurry with high solids
content and varying rheology to the melter at a com-
bined rate of 3.3 liters per minute. A1! components
in the feed system are designed to function in a high
radiation environment and are remotely replaceable.
Development and demonstration of the DWPF melter feed
system are described.

INTRODUCTION

Since the early 1950's, the Savannah River Plant (SRP) has produced
nuclear materials for national defense. As a result of this operation,
approximately 125 million liters of high-level radioactive waste have
accumulated in waste storage tanks. The large underground tanks provide
safe interim storage of the liquid waste, but they have a limited life. To
ensure long-term isolation of the waste from the environment, a stable solid
form is required.

In the mid 1970*s the Savannah River Laboratory (SRL) began investi-
gating means to immobilize the waste. Conceptual processes and designs were
developed, and borosilicate glass was selected as the reference waste form.
A major research and development effort began in 1979 for the Defense Waste
Processing Facility (DWPF). Design of the DWPF is now over 90% complete,
and construction is well under way. When completed in 1989, the DWPF will
begin processing the high-level waste at SRP into borosilicate glass.

Process design demonstration and equipment checkout for the DWPF are
being accomplished at SRL. One system that was demonstrated is feed
delivery to the glass melter. Slurry with high solids content and varying
rheology must be delivered to the melter at a controlled rate of 3.3 liters
per minute. The slurry is a combination of waste and glass-forming frit.
Due to the abrasive nature of the frit, hard materials are required for
pumps and other components. It is desirable to minimize use of mechanical
components in slurry service because of the high wear rate and subsequent
downtime for replacement. All components in the feed system must function
in a radioactive environment and be remotely replaceable.
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Extensive evaluations were made of available pumps and other methods
for transporting feed to the glass melter. Certain criteria must be met for
DWPF service. Pumps must be top entering, so they can be installed and
removed from the feed tank by a remotely operated crane. The feed delivery
device must be very reliable for continuous operation in an abrasive and
radioactive environment. Low flows and variable rates are required.
Pluggage from solids accumulation and settling must be avoided.

The feed transfer devices considered for the DWPF melter included
positive-displacement pumps, airlifts, displacement by compressed air, and
centrifugal pumps. The positive-displacement pumps were generally too
susceptible to wear and pluggage. Some of the pumps, such as diaphragm and
piston pumps, also produced an undesirable pulsating flow. Peristaltic
pumps with flexible tubing are satisfactory for nonradioactive service, but
the tubing is subject to radiation damage in the DWPF. Airlifts operated
well in some applications, but pluggage problems occurred with simulated
DWPF feed. Feed pluggages were also a problem with the system where slurry
is forced out of the feed tank by pressurizing the tank with air. The
airlift and pressurized tank systems are more suitable for low head appli-
cations. Cantilevered centrifugal pumps have been used successfully for
many years at SRP to transfer solutions in the chemical separations and
radioactive waste storage facilities and were found suitable for the melter
feed system.

Centrifugal pumps offer many advantages for feed transfer to the
melter. They are well suited for handling abrasive and corrosive slurries.
Pump wet-end parts can be made of hard materials such as Stem H e or
refractory to minimize wear. The pumps have few moving parts, are simple in
design, and have large clearances that prevent plugging. Centrifugal pumps
produce the steady nonpulsating flow that is required for the low feed rates
to the melter. Cantilevered centrifugal pumps require no water for sleeve
bearing flush and seal lubrication; thus, feed dilution is avoided. The
pumps are suitable for top entry, and bearings can be located above the tank
where they are not exposed to the corrosive and abrasive slurry. Direct
feeding to the melter with a centrifugal pump is not practical, because
insufficient head is developed for the low flow rates. An alternative,
selected for use in the DWPF, is to recirculate slurry with the pump and
deliver feed to the melter through a small takeoff.

FEED SYSTEM DESI6N

Two identical feed systems deliver slurry simultaneously to the DWPF
melter (Figure 1). The use of two feed tubes results in better distribution
of the feed pile on the glass surface. Each system includes a centrifugal
pump in the melter feed tank that recirculates slurry at a rate of about
400 liters/min. A restrictor in the discharge of the recirculation loop
creates sufficient backpressure to force slurry through a small takeoff line
to the melter. Pump speed is varied to control the pressure and flow to the
takeoff point. Flow rate is measured in both the 5-cm (2-in. schedule 80
pipe) recirculation line and the 1-cm (3/8-in. schedule 80 pipe) line to the
melter. Each feed line also contains a 3-way water flush valve. The feed
tank holds about 30 kiloliters of fluid and is equipped with an agitator and
cool ing coils.
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Figure 1. DWPF melter feed system

Waste Feed Characteristics

Waste feed properties and behavior strongly influence melter feed
system design. Some properties such as total solids content, waste loading,
and glass frit particle size are controlled for optimum processing in the
DWPF. Other factors such as sludge and salt waste compositions are deter-
mined by previous operations. M. D. Boersma describes in detail the waste
processing steps at SRP, including pretreatment and processing through the
DWPF.1 What follows is a description of the waste slurry in the melter feed
tank that is pumped to the melter to make borosilicate glass.

Melter feed contains treated sludge and salt wastes and glass frit
(Table 1). The ratio of waste solids to frit is about 1:2. Total solids
content of the slurry is 40 to 50% by weight. The slurry yield stress
varies from 25 to 150 dynes/cm2, and consistency varies from 10 to 40
centipoise. The melter feed generally behaves like a Bingham plastic. The
pump must therefore generate sufficient head to overcome the yield stress
to start the fluid in motion. After flow begins, only small changes in
pressure drop are required to change the flow. Fluid velocity in the feed
line to melter is 0.3 meter/sec which is sufficient to prevent solids
deposition in the line. Higher velocities are more desirable, but the
smaller feed line that would be required is more likely to plug.
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TABLE 1. AVERAGE COMPOSITION OF DWPF MELTER FEED

Compound

SiO2

Fe(0H)3

NaCOOH
B 20 3

KCOOH
Na20
Al(0H)3

H3B03

Li2O
Mn(C00H)2

U02(C00H)2

NaN03

Misc. radioactive and
nonradioactive solids

Wt % (dry basis)

36.6
11.3
6.3
6.1
5.0
4.8
4.5
3.3
2.5
2.3
2.2
1.9

13.2

Feed Pump

Two vertical, cantilevered shaft, centrifugal pumps deliver slurry to
the glass melter. Each pump recirculates slurry to the feed tank at a rate
of about 400 liters/min and delivers slurry to the melter at a rate of 1.7
liters/min. Pump design and materials selection are critical for successful
operation and long life.

Pump Design

The centrifugal feed pump has a cantilevered shaft, a tail pipe
suction, and water jet primer. The pump is mounted vertically in the feed
tank and can be removed with an overhead crane. Total length of the pump
assembly including the motor and jumper nozzle connections is 7.3 meters.
All bearings that support the pump shaft are located above the tank mounting
flange. By isolating the bearings from the tank interior, bearing failure
due to corrosion and abrasion from slurry contact is avoided. A stuffing
box with split-ring packing provides a seal where the shaft enters the tank.
The single-volute pump casing with impeller is located inside the feed tank
1.2 meters below the mounting plate. Since the slurry level is normally
below the pump casing, an eductor primer is used when starting the pump.
Water exits the primer nozzle into a 3 meter tailpipe attached to the pump
casing. A suction strainer encloses the primer nozzle and tailpipe
entrance. The strainer prevents oversized solids from entering the pump.
Pump speed is controlled by a variable frequency drive. The maximum pump
rotational speed is 1800 rpm which is well below the first critical speed.
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Materials of Construction

Feed pump materials were selected for corrosion and erosion resistance.
The wet-end components (impeller, casing, shaft sleeve, and suction disk)
are made of Stellite, an extremely hard material composed principally of
cobalt (68%) and chromium (26%). Tests with Stellite showed it to be a
suitable wet-end material in terms of erosion and corrosion. Other, less
expensive materials are used where corrosion is the main concern. Nickel-
based Alloy C-276 is the reference material for DWPF process equipment.2

With the exception of the wet-end parts, feed pump components below and
including the mounting plate are made of Alloy C-276. The feed tank and
feed lines are also made of this material. Pump components above the
mounting plate that do not contact slurry are generally constructed of
Type 304L stainless steel.

Feed Loop Restrictor

A fixed restrictor in the discharge end of the feed recirculation pipe
creates sufficient backpressure to force slurry through the takeoff line
to the melter. Restrictor pieces are constructed of boron carbide, an
extremely hard material resistant to frit abrasion. The restrictor entrance
section has a 30° taper. The inside diameter of the main restrictor section
is 2.5 cm. A single fixed restrictor of this size should be adequate for
the expected ranges of DWPF flow and slurry rheology. If necessary, how-
ever, a different size restrictor can be installed by replacing the jumper
assembly. Use of fixed restrictors is preferred over variable restrictors
and control valves which are more susceptible to mechanical failure and
wear.

Feed Strainers

Slurry from the melter feed tank passes through two strainers before
reaching the melter. The first is a basket strainer around the tailpipe
intake of the pump. The strainer has 0.6-cm diameter holes and is 40% open.
The second strainer is a perforated plate at the entrance to the takeoff
line to the melter. The plate has 26 tapered nozzles with entrance
diameters of 0.2 cm. This nozzle size prevents pluggage of the feed line
and requires backflushing at an acceptable frequency. As with other
components in the feed system, the strainer assembly is replaceable.

Straining of the feed stream is required to avoid damaging the pump and
to prevent pluggage of the melter feed line. Experience at SRL has shown
that without adequate straining, frequent plugging occurs in the feed line
and feed tube. Foreign debris is sometimes responsible for pluggages, but
the most common cause is feed agglomerates that form during processing.
Agitation and evaporation in processing tanks leave layers of dried sludge
on tank walls. During subsequent processing, the hardened material mixes
with the slurry and is ground into pebble shapes. Pebbles up to 1-cm
diameter have been observed. Since the oversized material is screened from
the melter, it may accumulate in the feed tank. Eventual removal of the
material will be accomplished by adding formic acid or other acids to the
tank to dissolve the solids.
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Flush Valves

Both the feed recirculation line and the takeoff line to the melter
contain a 3-way ceramic flush valve. This allows flushing of the entire
feed system including the pump, flush water removes most of the radioactive
contamination from piping and equipment that is being replaced. The flush
valves are also used routinely during normal operation to prevent pluggage
in the feed lines. When the feed pump shuts off, the 3-way valve in the
melter feed line immediately rotates to flush the melter feed tube with
water. This prevents slurry from drying in the hot discharge tube inside
the melter. The same valve is rotated in the opposite direction to
backflush the feed strainer.

Flowmeters and Rate Control

Each melter feed system has two flowmeters. One is in the recircu-
lation line, and the other is in the melter feed line. Ceramic-lined,
magnetic inductive flowmeters are used because they do not constrict the
flow and are reliable in slurry service. Other types of flowmeters are more
susceptible to failure from the abrasive action of the frit. The flowmeter
in the melter feed line provides feedback to the controller that changes
pump speed. Feed rate control and overall operation of the feed system are
accomplished with a distributed control system.

FEED SYSTEM OPERATION

Operation of DWPF processes is through a distributed control system
(DCS). A program is initiated for each process, and operators interact with
the computer through a control room terminal. A brief description of melter
feed system operation follows.

Startup Program

Before starting, the status of feed pump interlocks is checked to
ensure that the system can be started. Startup begins with a pre-feed water
flush of the melter feed tube. This cools the tube inside the melter before
it contacts slurry, thus reducing solids formation in the tube due to
drying. While feed tube flushing continues, the melter feed pump is primed
and energized. After the pump power has been on for 10 seconds, the priming
water valve is closed, and the flush valve moves to the feed position. A
flow controller adjusts the pump speed as necessary to maintain the speci-
fied feed rate to the melter. The second feed system is started up in the
same manner as the first. Both feed systems normally operate at the same
time to distribute slurry evenly in the melter and to achieve the desired
melt rate.
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Shutdown and Flush Programs

Melter feed tubes are periodically flushed with water to remove
accumulated solids. Normally the feed pump continues to operate while the
tube is flushed. Only one feed tube is flushed at a time to avoid excessive
water addition to the melter. When the feed pump shuts off, a complete
flush cycle begins automatically. The melter feed line is flushed first
toward the feed tube and then toward the strainer. The recirculation line
is then flushed toward the feed tank and finally toward the melter feed
pump. Optimum flush times and rates are presently being determined on a
research melter at SRL. This completes the feed system shutdown.
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A METHOD FOR QUALIFYING CANISTERS OF VITRIFIED HIGH-LEVEL WASTE FOR DISPOSAL

William L. Kuhn, Paul W. Reimus,
Richard D. Peters, and Brent A. Pulsipher

Pacific Northwest Laboratory

ABSTRACT

A method for controlling and predicting the composition of
high-level nuclear waste borosilicate glass produced in a
liquid-fed ceramic melter process has been investigated by
simulating process operations. A control algorithm was
developed in which upstream sampling of the waste was used
to determine the amounts of glass-forming compounds to add
to the waste to adjust the decay heat loading and boron
loading in the glass to desired levels. In the simulation,
the predicted glass'composition was based on samples taken
of the melter feed (the combined glass former and waste
mixture). The error found between the predicted and true
(e.g., resulting from the simulation) compositions of
various glass components was 2% to 8%, depending on the feed
sampling strategy used and on estimated standard deviations
of stochastic process parameters. Such errors are estimated
to increase the error in the predicted long-term durability
of the glass by 7% to 64%.

INTRODUCTION

During fiscal year 1982, the U. S. Department of Energy (DOE) assigned
responsibility for managing civilian nuclear waste treatment programs in the
United States to the Nuclear Waste Treatment Program (NWTP) at the Pacific
Northwest Laboratory (PNL). One of the principal objectives of this program
is to establish relationships between vitrification process control and
glass product quality. Users of the liquid-fed ceramic melter (LFCM)
process can use such relationships in order to establish acceptance of
vitrified high-level nuclear waste at a licensed federal repository without
resorting to destructive examination of the canisters.

Use of Process and Product Models

The NWTP approach to waste form qualification is to infer the quality
of the product from process data through the use of process and product
models. The role of these models is put into perspective in Figure 1. This
figure shows a progression of information from the definition of
acceptability for the product in terms of various standards and regulations
to a quantification of corresponding quality characteristics. These are
then translated into product characteristics (using a product model) that
can be controlled during processing, and subsequently to process variables
(using a process model) that can be adjusted during processing. This course
defines the intended quality, the intended product, and the intended
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process. After this information is used to design the process, then actual
operation of the process results in a record of process variables. These
can be used to compute the actual product characteristics achieved (using
the same process model), which are then used to compute the actual quality
characteristics achieved (using the same product model). The result is a
determination of the product's acceptability. In Figure 1 the various ±<?
signify uncertainties that propagate from one determination to the next.

Acceptability

Plant
> DOE 5480.1
• DOE 5480.1A

Transportation
• 10 CFR 71

Disposal
• 10 CFR 60
• 40 CFR 191

Quality
Characteristics

• Drop
• Heat Load
• Radiation

• Impact
• Contamination
• Leaks

• Solubilities
• Leach Rates
• Inventories
• Surface Area

Acceptance
Quality

Description

to.

Product
Characteristics

• Composition

• Cracking

• Voids

• Devitrification

• Welding

• Decontamination

Product
Description

Process

Model

Construction

Operation

Figure 1. The role of process and product models.

The product model is discussed in this paper only in terms of the
effect of composition on the durability of the glass (described below). The
process model consists of two parts: a mass balance model predicting the
composition of the glass, based on samples taken of the high-level nuclear
waste and of the melter feed slurry made from it; and a thermal model
predicting the temperature history in the glass as it fills a canister and
then cools to its final temperature. The thermal model will be reported
elsewhere.

Investigation of the Use of a Mass Balance Process Model

The NWTP is investigating the use of a mass balance model for
qualification of vitrified high-level nuclear waste forms by simulating a
hypothetical LFCM process. The work summarized here is described in detail
in a technical report [1]. It pertains to the prediction of the composition
of the glass, which is the most important determinant of its quality. The
composition is predicted by a mass balance. This is conceptually very
simple, but for institutional reasons — such as showing compliance with
waste acceptance specifications while meeting stringent quality assurance
standards -- there is a need to understand the uncertainty and reasons for
the uncertainty in the predicted composition of the glass.
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SIMULATION OF A HYPOTHETICAL LIQUID-FED CERAMIC MELTER PROCESS

A hypothetical LFCM process was modeled using a commercial simulation
language, SIMAN. Two features of the language were important to this
application: (1) its ability to simulate simultaneously occurring batch and
continuous processes, and (2) its ability to incorporate stochastic
variability into the process. The first feature was important because the
front end of the hypothetical LFCM process is operated in a batch-wise
fashion, while the melter itself is operated continuously. The second
feature was important because it allows the introduction of uncertainties
into the process, which can then be propagated through the system to see how
they affect the composition of the glass.

Description of the Process

A hypothetical LFCM vitrification system was chosen as the basis for
investigating the use of the mass balance model. The stream compositions,
flow diagram, and process flow rates were adapted from preliminary flow
sheets proposed for vitrification plants. The subsequent development of a
plausible operational strategy was based on the tank volumes, flow rates,
and in part on strategies commonly discussed for proposed plants. The
strategy for controlling the addition of glass formers to the waste was
based on the decay heat loading and the boron loading in the glass. These
bases were chosen for the purpose of the simulation because decay heat
loading is an expected waste acceptance specification, and because boron
content affects the melting rate of the feed slurry and the chemical
durability of the g]ass. Volatilization into an off-gas system has not yet
been considered in the simulation; it will probably not decrease the quality
of the glass.

In order to simplify the simulation, only the seven constituents listed
in Table 1 were assumed to be in the vitrification system. The constituents
were considered to be introduced either as part of the waste, or as part of
two "glass formers" (see below) added as slurries under the control of an
operator. Actual constituents were represented as follows: all radioactive
heat-producing compounds in the waste as "heat producers," all non-heat-
producing compounds in the waste (other than water) as "other waste," all
glass forming compounds other than Na2O, B2O3, and SiO2 as "other glass
formers," and Na20, B203, and SiO? as separate constituents. These seven
are sufficient to demonstrate the "control and prediction of decay heat
loading and boron loading in the glass. All constituents were considered to
be in their final oxide form at all points in the system (e.g., the
conversion of chemicals such as nitrates or hydroxides to oxides was not
considered).

The use of two glass formers was assumed for the simulation to permit
independent adjustment of decay heat loading and boron loading in the
glass. As Table 1 indicates, one of the glass formers was rich in boron and
the other lean. A control algorithm was included to determine the amount of
each glass former to add to a given batch of waste. The need for the
control algorithm arises from the fact that there are random fluctuations in
the composition of the waste stream being fed to the vitrification plant.
If these fluctuations are not compensated for, they will propagate through
the system, increasing the variability in the glass and its properties.
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Table 1. COMPOSITIONS CONSIDERED DURING THE SIMULATION
(Mass Fractions)

Constituent

Heat Producers
Other Waste
B2°3
NaoO
Si62Other Glass Formers
Water

Waste

0.00113
0.03887
0.0
0.0
0.0
0.0
0.96

Glass Former 1

0.0
0.0
0.012
0.0446
0.2988
0.0446
0.6

Glass Former 2

0.0
0.0
0.092
0.0354
0.2372
0,0354
0.6

Glass

0.00844
0.29
0.0912
0.0703
0.47
0.0703
0.0

A schematic flow diagram of the LFCM vitrification system is shown in
Figure 2. There are five major tanks in the system: the Waste Lag Storage
Tank (WLST), Waste Concentration Tank (WCT), Feed Preparation Tank (FPT),
Melter Feed Tank (MFT), and the melter. The first four tanks are assumed to
be well-agitated and thus ideally mixed; the melter is also assumed to be
ideally mixed due to natural convection in the glass melt.

Waste

WLST: Waste Lag Storage Tank
WCT:Waste Concentration Tank
FPT: Feed Preparation Tank
MFT: Melter Feed Tank

Figure 2. Schematic flow diagram of the LFCM vitrification system.
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Briefly, the flow of material through the system is as follows. Dilute
waste slurry is periodically batched to the WIST. From here it is
transferred to the WCT, where the slurry is concentrated by evaporation to
less than one-fourth the original volume. Once the slurry has been
adequately concentrated, it is transferred to the FPT where glass formers
(as a slurry of frit or powdered chemicals) are added and additional
evaporation occurs. After the slurry has been adequately Concentrated in
the FPT, it is transferred to the MFT. Up to this point all slurry
transfers are in batches. The flow rate of feed from the MPT to the melter,
however, is continuous as long as the glass level and cold-cap coverage in
the melter stay within control limits. If these variables exceed the
limits, the feed is shut off until a satisfactory condition is met to
continue feeding. Glass is poured from the melter in batches.

Uncertainties in Process Parameters

Process parameters include inherent uncertainties because they cannot
be measured or controlled exactly. These "process uncertainties" give rise
to fluctuations in process variables over time. The fluctuations were
addressed by treating variables and parameters as being stochastic, and by
treating fluctuations as random and normally distributed about some mean;
bias was not addressed. The fluctuations in the process variables would
therefore also be random and normally distributed about some set of target
or design values.

The process uncertainties used in this study were defined in terms of
their mean and a standard deviation. We assumed a 5% relative standard
deviation (RSD) in the concentration of waste constituents from one waste
batch to the next, an RSD of 1% of full-scale reading for tank level
measurement, a 2% RSD in the concentration of glass former constituents in
successive batches sent to the FPT, a 2% RSD in the amount of glass formers
added to the FPT (2% relative to the amount that should have been added
according to the control algorithm for glass former addition), and a 2% RSD
in the time elapsed between filling a canister and starting to fill the next
canister. All but the last uncertainty propagate through the system, giving
rise to time-varying fluctuations in the composition of the glass.

The uncertainties were all intended to be realistic for the operation
of an LFCM vitrification system. The magnitude of the relative standard
deviations that describe the uncertainties, however, are currently estimates
for which there are few supporting data. The 5% RSD in the concentration of
waste constituents from batch to batch could result from the non-uniform
distribution of solids (due to imperfect mixing) in tanks that are upstream
of the WLST. Since tank levels are given as masses, the 1% error in reading
levels could be due to error in measuring the height of the slurry in a tank
(which provides an estimate of volume) or to error in measuring the density
in a tank, which is needed for the conversion of volume to mass. The 2% RSD
in the concentration of glass former constituents added to the FPT could be
caused by errors in preparing the glass former slurry or to errors in
sampling and analyzing the slurry. The 2% RSD in the amount of glass
formers added to the FPT relative to what the control algorithm prescribes
could result from operator error or non-uniform flow of the concentrated
slurry into \.he FPT. Operator error would be the most likely cause of the
2% RSD in the time between canister fills.
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In the simulation, the WLST is sampled each time it is charged with
incoming waste. The accuracy and precision of composition estimates of the
slurry in the WLST depend on how many samples are taken and how many
analytical determinations are made on these samples. Various sampling and
analysis strategies are possible, ranging from a single analysis on a single
sample to replicate analyses of replicate samples. Each analytical
determination of composition in the WLST has two sources of error associated
with it: sampling error and analytical error. "Sampling error" is defined
as the difference between the true composition in the tank and the
composition of a sample taken from the tank. Sampling errors may be due to
variability in sampling technique, or they may represent a true variation of
composition in the tank as a function of position and/or time. "Analytical
error" is defined as the difference between the true composition of a sample
and the apparent composition as determined by some analytical procedure.
Analytical errors may be due to errors in preparing the sample for analysis,
errors in the calibration of analytical instruments used in the analysis,
and/or errors resulting from the finite tolerances of the analytical
instruments. A 5% RSD was assumed for both sampling and analytical errors
for the purpose of this simulation.

True Versus Predicted Values

During the simulation, the "true" (simulated) values of all the
variables in the system were computed by simultaneous solution of the state
and differential equations describing the physical system being simulated
[1]. Values of the variables at any point in the system that would be
predicted from process data are based on the apparent compositions in the
WLST and FPT over time. The apparent value differs from the true value
because of uncertainties assumed to affect process measurements. The
apparent composition in the WLST (i.e., the composition inferred from
sampling and analysis) is used to calculate the amount of each of the two
glass formers to add to the FPT. The apparent composition in the FPT can be
used either to calculate how much additional glass former slurry should be
added to the FPT to adjust the composition closer to the target, or to
predict what the glass composition will be if no corrective action is
taken. In this demonstration, it was assumed that no adjustment was made,
so the information from FPT samples was used exclusively to predict the
glass composition.

The predicted glass composition was calculated on the basis of the
apparent composition in the FPT (the "true" composition perturbed in
accordance with its specified uncertainty) as inferred from simulated
samples. The calculation involved substituting the apparent FPT composition
into the same set of mass balance equations used to calculate the "true"
composition in the MFT, cold cap, and molten glass. The calculations of
true and predicted composition were done in parallel during the simulation.

The ability to control glass composition was found to be affected
mainly by the WLST sampling strategy, and the ability to predict glass
composition was found to be affected primarily by the FPT sampling strategy.
This was expected because while the amount of glass formers added to the FPT
was determined by the apparent composition in the WLST, the predicted glass
composition was based on the apparent composition in the FPT. More samples
or more analyses of either tank lead to better control or prediction.
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The effects of different WLST and FPT sampling strategies on true and
predicted glass compositions are illustrated graphically in Figure 3. This
figure shows true and predicted concentrations of "heat producers" and B203,
the constituents being controlled in the glass. These are plotted against
time for two of the cases examined during the simulation: (Case 1) one feed
sample taken and analyzed once for composition for both the WLST and FPT,
and (Case 2) five samples each analyzed five times for both the WLST and
FPT. The 95% confidence limits of the difference between the predicted and
true compositions relative to the target composition ranged from roughly 8%
(Case 1) to about 2% (Case 2) [1].

0 0095

0 0090

H«»t Pfoducars vi . Tima

0 0075

0 0095

0 0090 -

0 0080 -

0 0076

Ji
X
1

H e .

V

1

t Produce i t v

1

fc Tmi«

t

0098

0 082 I
500 1000 2000 2S00

Time (hrst
4000

Time (hrtl
Tru.

Predicted

Tjrycl

Figure 3. True and predicted glass composition versus time. Case 1 is on
the left and Case 2 is on the right.

Statistical Quality Control

A standard technique for monitoring the quality of the waste glass is
the implementation of statistical quality control (SQC) using control
charts, where a process variable is plotted against time to distinguish
process shifts from normal random fluctuations. SQC has been widely
accepted as a simple but powerful tool for controlling quality in a
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manufacturing environment. The purpose of SQC is twofold: controlling the
level of quality of a process by identifying when the process is not stable
or has shifted, and improving the quality through an increased understanding
of the variables that influence the process. As a new process, LFCM
vitrification technology can benefit from SQC because there is a desire to
produce quality glass without final sampling of the product.

The ability of control charts to detect process shifts can be studied
by examining the average run length (ARL) of each chart. The ARL is the
average number of observations plotted on a control chart after a process
shift before the shift can be distinguished from the normal fluctuations in
process measurements. The ARL depends upon a number of factors: the
process variability, the size of the shift in the process, the number of
samples per FPT tankful, and the number of analyses per sample. The ARL for
the simulation was examined for three shift sizes, four combinations of the
number of samples and analyses per sample for the FPT, and two sampling
schemes for the WLST. The two sampling schemes from the WLST affect the
process variability because decreasing the samples or analyses obtained from
the WLST increases the variability introduced into the process during
addition of the glass formers.

Composition data from the simulation were analyzed for variance and
autocorrelation, and then random number strings with the same
characteristics were generated and plotted as process control charts, where
an assumed shift in the mean of the boron composition was included [1].
These charts were then examined to determine average run lengths as a
function of the size of the shift in the mean composition, number of
samples, and number of analyses per sample. For example, it was difficult
to detect a 10% shift in the boron concentration: the ARL was greater than
20 except for a combination of three samples and three analyses per sample
from the FPT, plus five samples and five analyses per sample from the WLST,
for which the ARL was 11. A 25% shift was relatively easy to detect: the
ARL ranged from 1 to 3, depending on the sampling strategy.

PRODUCT MODEL AND PROPAGATION OF UNCERTAINTY TO GLASS DURABILITY

The release of some radionuclides from glass in a repository can be
controlled by the durability o f the glass [1], which has long been known to
depend on the composition of the glass. This dependence is an important
part of a product model, for it is the composition of the glass that waste
form manufacturers can control. The approach adopted here is based on the
work of A. Paul [2] who proposed correlating the chemical durability of
glasses with the free energy of hydration of the glass as a means of
accounting for the effect of the glass composition. Later, Plodinec et al
[3] applied this method to correlate the durability of nuclear waste glasses
and numerous other glasses. Following Plodinec, glasses were treated as
composite solids of individual silicate and/or oxide phases. The free
energies of aqueous dissolution reactions were calculated for these phases,
and a mole average free energy of hydration for the glass provided an
empirical indicator of glass durability.

Rates of dissolution (determined from the rate of release of soluble
constituents) were obtained for four different glasses examined at PNL under
the auspices of various programs. The tests were conducted in either
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deionized water or brine. The data are discussed here only as necessary to
illustrate the method of correlating rate with composition as part of a
product model for glass. The rates were measured in static dissolution
tests under conditions where an apparent minimum dissolution rate is
measured after the leachate becomes saturated with silica. Grambow [4]
attributes this minimum rate to the residual affinity of the glass to
dissolve in aqueous solution.

The correlation was attempted using only the standard free energies of
hydration for the glass. The correlation with the minimum dissolution rate
was improved if corrections for speciation in the aqueous phase were not
attempted [1]. A plot of minimum dissolution rate against free energy of
hydration is shown in Figure 4.

-8- 5 - 6 - 7

G°, Standard Free Energy (kcal/mole)

Figure 4. Minimum dissolution rate versus free energy of hydration.

The data were correlated using linear regression, giving the result
2ln(minimum rate, g/md) = A - B (G°,kcal/mole) (1)

where A = -10.43, B = 1.15, a(A) = 0.8, a{3) = 0.13, and covar(A.B) = 0.102.
Using the dependence of G° on composition, the error in composition can be
propagated to an error in the predicted minimum dissolution rate, assuming
for convenience that the variations in the mole fraction of all constituents
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of the glass are independent and of equal magnitude. The standard deviation
of the minimum dissolution rate has been estimated [1] to be

a(ln(rate)) = (0.026 + 62.8 £ ) 1 / 2 (2)

where 6 is the error in composition relative to a target value. Values of 6
from 2% to 8% were found for the different sampling strategies. These would
cause the standard deviation of the predicted dissolution rate to increase
by 7% to 64% beyond the value calculated if 6 = 0.

CONCLUSIONS

By assuming and quantifying uncertainties in a hypothetical LFCM
process and simulating process operations, we have estimated the effect of
different feed sampling strategies on the relative error of the predicted
composition of the glass. The 95% confidence limits on the relative error
were found to vary from roughly 2% to 8% for the different sampling
strategies assumed in the simulation.

The dissolution rate under saturated conditions of glass was estimated
from data available for glasses of four different compositions to determine
its sensitivity to the glass composition. This sensitivity was used to
determine the effect of error in the composition on the uncertainty in the
predicted dissolution rate. Errors of 2% and 8% would increase the standard
deviation of the predicted dissolution rate by 7% and 64% above the value
calculated assuming no error in composition. A prediction of the
dissolution rate at some confidence level will presumably be required to
address acceptance specifications.

Given the process uncertainties assumed for our simulation, process
control charting of only the compositions of the feed is evidently not
sufficient to rapidly distinguish significant shifts in composition from
normal random fluctuations. Therefore, process control charting should be
applied to as many process measurements as feasible to maintain control at
the desired levels of relative uncertainty in composition.
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DEVELOPMENT OF AN HLLW MEL1ER TO LARGE SCALE INDUSTRIAL APPLICATION
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ABSTRACT

After the successful active demonstration of the liquid-
fed ceramic melter process in the PAMELA plant (former
EUROCHEMIC site at Mol/ Belgium), this HLLW-vitrificat-
ion technique is considered for industrial application
in a waste treatment facility of the future German com-
mercial reprocessing plant, WA Wackersdorf (WAW). The ad-
option of this concept requires a scale-up of the PAMELA
process, including the design of a large-scale ceramic
melter. The development of the melter technology at the
Institut fur Nukleare Entsorgungstechnik (INE) of the
Karlsruhe Nuclear Research Centre (KfK), started in 1976
and achieving now to industrial-scale application, is de-
scribed and main stages of progress are outlined.

INTRODUCTION

Among the processes for vitrification of high level liquid waste so-
lutions, only few have advanced to the state of technical application. One
of them is the ceramic melter process, originally introduced by Battelle
Pacific Northwest Laboratories (PNL) in the mid-seventies. Special atten-
tion has been paid to the one-stage version of this process, in which the
HLLWsolution is directly introduced into the waste glass melter where the
process steps of evaporation, calcination and melting occur simultaneous-
ly. This type of process differs by its simplicity and ease of operation
as well as by high HLLW-throughput rates. The liquid-fed ceramic melter
(LFCM) technology has been favoured mainly by the U.S., Japan and the Fe-
deral Republic of Germany. In these countries, the status of development
has already reached a level which allows active application.

First active tests were carried out by PNL in late 1984 /I/. An exten-
sive proof of the active practicability of the LFCM process was provided
by the hot operation of FRG's pilot demonstration plant PAMELA, located at
the former Eurochemic site Mol/ Belgium /2/. Starting on October 1, 1985,
the existing 49 m3 of Eurochemic's LEWC-solution were converted into about
78 tons of waste glass in a six months campaign /3,4/. As a result of suc-
cessful LEWC processing, the operation of the PAMELA plant is being contin-
ued by October 1986 with solidification of scarcely 800 m3 of HEWC-solu-
tion, also stored at Mol.

The successful demonstration of the radioactive ceramic melter pro-
cess in the PAMELA pilot plant provides the basis for the industrial appli-
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cation of this vitrification technique in the waste treatment facility of
the German reprocessing plant, WA Wackersdorf (WAW), which is currently un-
der design. This plant, to be constructed on behalf of the Deutsche Gesell-
schaft zar Wiederaufarbeitung von Kernbrennstoffen (DWK), will be designed
for a prospective reprocessing capacity of 500 tons of spent fuel from LWR
power stations. Approximately 370 m3 of high active waste concentrate
(HAWC) are expected to arise every year from reprocessing.

The industrial utilisation of the ceramic melter process postulates
its adaptation to the WAW-requirements, including the preparation of a lar-
ge-scale melter unit. The latter results from the further development of
the PAMELA melter concept worked out at INE.

MELTER DEVELOPMENT AT INE

In 1976 the development of the ceramic melter technology for HLLW-
vitrification commenced at INE with the objective to adapt the convent-
ional glass melter concept to the specifications of nuclear application.
The following main aspects had to be taken into consideration:

- Scale-down of conventional melter size and capacity

- Suitability of materials with respect to the corrosivity
of the acidic liquid waste and the glass product

- Safety and remote handling requirements.

From 1978 on, the accomplishment of this technique had been supported
by the establishment of a cooperative German HAW-Technology-Programme, run-
ning out in 1983. The objective of this programme was to promote the cera-
mic melter process to a state of active application and to furnish the ba-
sic information needed for construction and operation of the active pilot
demonstration plant.

In the course of a ten years process development, four generations of
liquid-fed melters have been constructed and operated, producing more than
150 metric tons of borosilicate glass product. This amount already includ-
es about 78 metric tons of real, active waste glass, processed by operat-
ion of the PAMELA demonstration plant.

HLLW-compos it ions

The inelter development has been adapted to several types of waste. In
the beginning the activities concentrated on the processing of a waste so-
lution, corresponding to the composition obtained by reprocessing LWR fuel
elements with a concentration factor of 426 litre per ton of spent fuel.
Vitrification tests with this HLLW-type were suspended in 1979.

Main interest in the scope of the subsequent HAW-Technology-Programme
was directed to the solidification of an HLLW-solution, named LEWC (Low JSn-
riched Waste Concentrate). Originally, approximately 50 m3 of this waste
were collected from reprocessing low enriched fuel elements by Eurochemic
between 1965 and 1974. In the meantime, the waste solution is already vi-
trified in the PAMELA demonstration plant. The LEWC was characterised by a
low specific activity of about 165 Ci/1 and a considerably high oxide
yield of 180 g/1; see fig. 1, Moreover, it contained quite high amounts of
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several special elements like S, F, Na, which may handicap the vitrificat-
ion process.

After the LEWC-processing, another type of HLLW-solution, named HEWC
(High ̂ Enriched Waste Concentrate), is considered for solidification in the
PAMELA plant. The total volume of that waste, generated by Eurochemic by
reprocessing of high enriched fuel elements, amounts to approximately 760
m3. Its main features can also be taken from fig. 1. Compared with the
LEWC-solution, both the specific activity and the waste oxide content are
distinctly lower. With respect to the vitrification process, the signific-
ant aluminium concentration as well as the mercury content are of concern.

Feed - Composition D LEWC - Mol 0 HEWC - Mol HAWC-Wackersdorf

Specific Activity
Density
Oxide yield
Free Nitric Acid
Volume

50

*Oata refer to Tank-Composition 540-12

Fig. 1: HLLW-types considered for inactive vitrification tests at INE

The type of waste, which is of importance for future studies on vitri-
fication will stem from the reprocessing of spent LWR fuel in the commer-
cial German reprocessing plant WA Wackersdorf. Approximately 370 m3 of a
high-active waste concentrate (HAWC) are expected to arise annually. The
reference composition together with sane essential data, based on calculat-
ion, are shown in fig. 1, too. In comparison with the two Eurochemic wast-
es, it differs by a significantly higher specific activity of 600 Ci/1 and
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a low waste oxide yield of only 66 g/1. Special attention has to be paid
to the noble metals Rh, Pd, Ru. The total mass of these elements, contain-
ed in the HLLW volume generated annually amounts to nearly 2400 kg.

Glass Product

Essential requirements for ceramic melter operation, using Joule-heat-
ing, concern the physical properties of the glass product. Due to the high
corrosion potential of the hot glass melt -especially with regard to metal-
lic components like electrodes or bottom drain pin- the pool temperature
must be kept at a much lower level than conventional glass melters. To ach-
ieve sufficient energy dissipation, which is necessary for maintaining the
vitrification process, characteristic values of the viscosity and specific
electric resistivity of the glass product are required. Corresponding to a
desired glass melting temperature of 1150°C, the viscosity data should ran-
ge between 50 and 80 dPa«s, and the specific electric resistivity may vary
from 4-7 ftcm. These values may restrict the waste glass loading in addit-
ion to the decay heat. Glass product compositions, obtained from vitrifi-
cation of the wastes discussed, meet these target values as shown in fig.
2.

Glass Product- CD LE WC-Glass ESHEWC-Glass B H A W C - Glass

Waste - Loading, Veighr-%
Viscosity at 1150°C, dPas
Electr. Resistivity at H50°C,ncm

11
50
4.3

24.7
74
3.7

15
55
3.8

Fig, 2: Properties of several waste glass products

Types of Liquid Fed Ceramic Melters

In the scope of the HLLW-solidification-technology several types of
ceramic melters have been developed at INE; listed in table 1 and fig. 3.
First investigations were carried out with a small-scale melter, called
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Melter Type K-l K-2 K-3 K-4 K-Wl

Vitrification Plant

Waste Type

Design Throughput

Glass Production Rate

Glass Pool Surface

Glass Pool Volume

Discharge Volume

Start-up Technique

Number of Pairs of
Power Electrodes

Glass Draining Systems

Glass Pool Refractory

Electrode Material

Outside Dimensions,
(LxDxH)

Weight

VA-1
(INE)
Basic Test
Facility

HAW, 426 1/h
(Simulate)

20-25 1/h

15-20 kg/h

0.36 m»

70 1

25 1

12 Heating
Elements

3
(Rods)

Bottom Drain

ER 2161
ZAC 1711
ZAC 1681
Supral AR 90

Molybdenum
Tin Oxide

1.4mxl.4mxl.8m

7 t

VA-2
(INE)
Engineering
Test Facility

LEWC, HEWC, HAWC
(Simulate)

30-40 1/h

20-30 kg/h

0.64 m>

250 1

50 1

14 Heating
Elements

2
(Rods)

Bottom Drain
(2)

ER 2161

Inconel 690

1.8mxl.8mxl.9m

9 t

VA-3
(INE)
PAMELA-
Mock-up

LEWC
(Simulate)

30 1/h

30 kg/h

0.72 m>

300 1

60 1

20 Heating
Elements

4
(Plates)

Bottom Drain
Overflow

ER 2161

Inconel 690

2.6mx2mx2m

18 t

PAMELA
(DWK/Mol)
Active Demon-
stration Plant

LEWC

30 1/h

30 kg/h

0.72 m'

300 1

60 1

20 Heating
Elements

4
(Plates)

Bottom Drain
Overflow

ER 2161

Inconel 690

2.6mx2mx2m

18 t

V-Wl
(INE)
Wackersdorf
Mock-up

HAWC
(Simulate)

72/h

31kg/h

1.4 m»

560 1

150 1

13 Heating
Elements

5
(Plates)

Bottom Drain
Overflow
Vacuum Suction

ER 2161

Inconel 690

3.7mx2.4mx2.3m

31 t

Table 1: Main features of the ceramic melters developed at INE



HLLW Glass
Off-Gas K-1

First liquid-fed ceramic melter

Year of development
Operation
Type of waste
Vitrified waste volume
Produced waste glass

1976
1977-1979

HAW (426 l / t )
18 m3

6 t

Glass Product

HLLW Glass K-2
Full-scale melter integrated in an engineering
test facility (no remote handling technique)

Glass Product

Year of development
Operation
Types of waste
Vitrified waste volume
Produced waste glass

1978
since 1980

LEWC. HEWC, HAWC
38m3

26t

Glass Product

HLLW Glass
Off-Gas

K-3
PAMELA mock-up melter

Year of development
Operation

Type of waste
Vitrified waste volume
Produced waste glass

1980
(KfK/INE) 1983
(PAMELA) 1985

LEWC
34m3

34t

K-W1
Full-scala test melter for the Wackersdorf
vitrification plant (remote handling technique)

Year of development
Operation
Type of waste

1984
Start-up in 1986

HAWC

Glass Product (GP)

Fig. 3: Ceramic melter types developed at INE



K-l, of 0.36 m2 glass pool surface and an HLLW-throughput capacity of 20-
30 1/h. The electric power was supplied by three pairs of rod electrodes,
using molybdenum as well as tin oxide as electrode materials. This melter
mostly served for material tests and material preselection.

Due to this fact the refractory of the glass pool was composed of
four different materials, selected by conventional design criteria. Addit-
ionally, the practicability of a bottom drain system was tried out. The
results obtained during two years from several vitrification runs by pro-
cessing 18 m3 simulated liquid waste into 6 tons of waste glass proved the
feasibility of this system. The melter was shut down in 1979 and cut into
pieces to determine corrosion attack of the glass pool refractory. The re-
fractory with the significantly lowest material loss was the so-called ER
2161, a fused-cast ceramic, which became the designated refractory for the
structure of glass pools up to now.

The advanced melter of the second generation, called K-2, was scaled
up to a glass pool surface of 0.64 m2 with a design throughput of 30-40
1/h. This melter, constructed in 1978 and still in operation, is equipped
with two pairs of Inconel 690 electrodes and an improved bottom drain sy-
stem. The operation of this ceramic melter was to provide experience about
the long-time behaviour of the preselected ceramic and electrode materi-
als. The further purpose was to collect operational data from long-term
runs to support the design work for an active melter in the same range of
scales.

The K-2 melter, integrated in the engineering test facility VA-2, has
processed a total of 38 m3 of simulate of all waste types considered into
26 tons of waste glass. During these experiments the melter was run in a
representative mode to the active operation, but using no remote handling.
Main interest was focussed on testing melter equipment like air-cooled
electrodes, water-cooled feediny tube, horizontal off-gas piping, and bot-
tom drain system.

The melter of the third generation, called K-3, was part of a mock-up
facility for inactive process demonstration under representative condit-
ions. This melter, with a design throughput of 30 1/h, is characterised by
an increased glass pool surface of 0.72 m2, the use of 4 pairs of electrod-
es, and an additional overflow drain. Moreover, it has been equipped with
all the proven systems and materials under the special aspect of the remo-
te handling technique. This melter was operated in 1983 in 3 long-term
runs vitrifying 19 m3 LEWC simulate into 22 tons of waste glass. During
these campaigns the applicability of the melter and its whole equipment
was tested under remote handling conditions.

Another purpose of the K-3 melter was to serve as an inactive test
melter in the PAMELA-plant. Therefore, the melter was transported from the
KfK site to Mol and operated in early 1985 to convert another 15 m3 of
LEWCsimulate into 15 tons of waste glass.

The milter of the same generation, with only slight modifications,
called K-4 is applied for active waste vitrification in the PAMELA plant.
The cold test phase of the PAMELA plant was finished after 6.5 m3 of LEWC-
simulate had been processed into 10 tons, using the K-4 me.lter. Between Oc-
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xyoo ctriu dune xyoo tne J\-<* iiiexuer nas ueen in active qperanon to vi-
trify 49 m3 of LEWC. During that time about 78 tons of active waste glass
were produced. By means of the bottom drain 450 glass blocks (each 160 kg)
were cast.

Additionally, 100 canisters were filled with glass marbles produced by the
overflow system feeding a glass marble production unit. Due to the success-
ful proof of the radioactive LPCM feasibility, the PAMELA plant will be us-
ed for the vitrification of the HEWC-solution, starting October 1986. The
continuation of operation of the K-4 melter is expected to provide exten-
sive radioactive kncwhow, especially on the long-term behaviour of melter
equipment.

The melter of the fourth generation, called K-Wl, is characterised by
a rectangular glass pool surface of 1.4 m2 and an HAWC-design-throughput
of 70-80 1/h. For power supply 5 pairs of Inconel 690 plate electrodes are
installed. The melter is designated to be the full-scale test melter for
the WAW vitrification plant using remote handling technique for operation.

The inactive test experience, operating the melters K-l, K-2, K-3, as
well as the first know-how gained from active PAMELA operation, have been
utilised in the construction of the K-Wl melter. It is equipped with suc-
cessfully tested materials and improved components. The basic change in
the design is restricted to a new electrode arrangement according to the
glass pool geometry and the adaptation of the vacuum suction as an addit-
ional glass draining system.

Mock-up Facility V-Wl

The K-Wl experimental melter is operated in a V-Wl inactive mock-up
facility at INE. Figure 4 gives a view on the top of the melter, installed
in the remotely equipped melter cell of V-Wl. The structure of the comple-
te facility is represented schematically in fig. 5.

During routine operation the melter is supplied with 72 1/h of HAWC-
solution and 25 kg/h of premelted glass frit beads (1.5 mm in diameter) re-
sulting in a glass production rate of 31 kg/h. Waste feeding is carried
out continuously via a one-stage airlift system, whereas the glass frit is
discontinuously introduced through a separate line. The goal will be a
glass loading with 15 weight-% of waste oxides. The glass product is drain-
ed into stainless steel canisters of 430 mm diameter and around 1350 mm
height. The draining frequency comes to one canister per 16 hours.

The process off-gas is released from the plenum through a vertical
off-gas pipe on the top of the melter; the pipe is equipped with a film-
cooler to prevent material from sticking at the wall. The original concept
was developed by the Savannah River Laboratories.

The off-gas is cleaned in a multi-stage off-gas system. Wet cleaning
takes place in the dust scrubber, the condenser, the jet scrubber and two
NOX- absorption columns. The dust scrubber and the condenser are installed
in the remotely equipped melter cell. Final dry cleaning is performed in a
glass fibre HEME filter and two HEPA filters. A blower serves to maintain
the underpressure in the system.
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Heavy Power
Manipulator

Condenser
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Dusf Scrubber

Ceramic nelter

Power Supply

un to;. ' >L tne K-Wl melter i n s t a l l ed in the v i t r i f i c a t i o n
of t;;<_- '/-Vvl ifKx:k-up f a c i l i t y

V.j.. '• ;i tne several years HAWC-vitri! icat jon t e s t s is tne
: ;.r-xv:is demonstration by production of 16:J tr>ns of simuJat-
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Glass Frit
Dosing System

HAWC
Dosing Vessel

Off-Gas
Dry-Cleaning

Off-Gas
Wet-Cleaning

Meltcr
K-W1

Off-Gas
Pre- Cleaning

HAWC
Storage

Glass Frit
Storage

Fig. 5: Structure of the V-Wl inactive mock-up facility

The final design of the active melter has not yet been accomplished.
Only two of the three drain methods of the K-Wl will be adopted. Further
attention will be paid to the topography of the melter bottom with respect
to the behaviour of the noble metals. Both, a two weeks test run, feeding
HAWC to the K-2 nelter, and the active operation of the PAMELA plant with
a total amount of 280 kg of noble metals, did not reveal significant handi-
caps on the melter process behaviour. Due to the high amount of approxima-
tely 2400 kg of noble metals processed annually in the melter, no conclus-
ive judgement can be made for HAWC solidification from the results above.
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CONCLUSIONS

The construction of several ceramic melter types in order to adapt
the conventional glass raelter technology to the vitrificiation process pro-
ceeded succesfully from the first beginning at INE in 1976 until active de-
monstration in PAMELA. Actual R&D work is focussed on the development of a
large-scale industrial melter for the WAW plant. The final design of this
future active melter will be deduced from both operational data of the WAW
mock-up melter K-Wl at INE as well as active process experience of the PA-
MELA plant.
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OFF-GAS SYSTEM FOR THE SAVANNAH RIVER PLANT
DEFENSE WASTE PROCESSING FACILITY

C. T. Randall
D. M. Sabatino

E. I. du Pont de Nemours and Company
Savannah River Plant

Aiken, South Carolina

ABSTRACT

High-level radioactive waste will be immobilized in
borosilicate glass in the Defense Waste Processing
Facility (DWPF) being constructed at the Savannah
River Plant (SRP) near Aiken, SC. In the DWPF the
liquid waste is combined with borosilicate glass frit
and fed to a continuous Joule-heated ceramic melter
where the slurry water is evaporated and the waste
components are dissolved and chemically bonded in
the glass matrix. An off-gas system vents steam and
reaction gases from the melter, controls melter
pressure and glass pouring, and treats the gases
before release to the atmosphere. A 30% pilot scale
off-gas system has been tested with nonradioactive
waste and shown to meet DWPF design requirements.

INTRODUCTION

The Defense Waste Processing Facility (DWPF) will immobilize over
30 million gallons of high-level liquid radioactive waste in borosilicate
glass. Several authors have described the DWPF mission and the development
of the various process steps.1'2 The present paper describes the DWPF
melter off-gas systems in greater detail than previously reported and
presents results of the most recent pilot scale demonstrations. Design and
performance data are presented for the device that prevents plugging of the
melter off-gas line, the off-gas film cooler.
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PROCESS BACKGROUND

Feed Preparation

The DWPF will solidify fission waste that has been neutralized with
sodium hydroxide and stored as sludge, salt cake, and concentrated salt
solution. Prior to transfer to the DWPF, the sludge is washed in dedicated
5,000-m3 storage tanks to remove excess soluble salts. Dissolved salt cake
and concentrated salt solution are treated with sodium tetraphenylborate to
precipitate the principle radioactive elements, Cs-134 and Cs-137, as cesium
tetraphenylborate. The slurry, which consists primarily of potassium tetra-
phenylborate that precipitates with the cesium tetraphenylborate, is then
washed and concentrated before being fed to the DWPF.

Inside the DWPF the Cs/K tetraphenylborate precipitate is hydrolyzed
with formic acid to remove as benzene over 90% of the aromatic hydrocarbons
originally contained in the precipitate. In a parallel operation the sludge
is also treated with formic acid. Mercury is reduced to the metal, and 80%
is then steam-distilled from the sludge.

The final blend for feeding the glass melter is prepared by adding the
cesium-bearing salt stream and borosilicate glass frit to the sludge and
evaporating to 45 wt % solids. All of the waste form ingredients are there-
fore contained in a single homogeneous slurry that is fed directly to the
glass melter (Table 1). From the point of view of the melter off-gas
system, the important components of the waste slurry are Cs-137, Sr-90,
formate salts, the remaining aromatic hydrocarbons, and mercury.

Melter and Off-Gas Characteristics

The DWPF melter is cylindrical with a glass pool surface area of
2.6 m2. Two pairs of electrodes are submerged in the glass pool, and an
electric current is passed between them across the glass pool to heat the
glass to l,150°C. Four sets of U-shaped resistance heaters transverse the
vapor space over the melt pool to maintain the melter vapor space at 650 to
800°C.

Two water-cooled nozzles feed slurry to the melter at a combined rate
of 3.4 L/min (104 kg glass/hr). At this feed rate the slurry spreads out to
cover about 90% of the glass pool. As the water evaporates, a layer of
dried slurry called a cold cap forms supporting pools of boiling slurry on
top. Periodically, steam surges up to seven times the steady-state steam
evolution rate occur when the cold cap breaks and slurry flows under it
directly contacting the molten glass. Smaller surges occur when slurry
flows to the edge of the glass pool not covered by the cold cap and contacts
the molten glass.

The formate salts and aromatic hydrocarbons in the melter feed produce
reducing conditions in the cold cap and vapor space that inhibit foaming of
the glass melt and prevent significant release of ruthenium via the volatile
RuO^ species. If not controlled, however, the reducing conditions can
become severe enough to form excessive amounts of hydrogen, carbon monoxide,
and even soot in the melter vapor space.
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TABLE 1. MELTER FEED AND OFF-GAS COMPOSITION

Component

S iO 2

Fe(OH)3

NaCOOH
B 2 0 3

KCOOH
Na2O
A l ( 0 H ) 3

H3BO3

L i 2 0
Mn(C00H)2

U02(C00H)2

NaN02

Zeol i te
C6H5B(0H)2

MgO
Ca(C00H)2

NaTi2O5H

(C6H5)2

MnO2

Na^O,,
C6H50H
C6H5HgC00H
CsCOOH

Hg
Sr(C00H)2

Fe 2 0 3

RuO2

PuO2

H g 2 c i 2

A12O3

K20
NaF
MnO
CsCl
SrO
Other components
Total flow rate,

* Wt % solids on

Feed, wt %*

36.49
11.38
6.29
6.13
4.95
4.86
4.48
3.26
2.54
2.37
2.24
1.88
1.29
1.04
1.02
1.01
0.95
0.85
0.58
0.49
0.30
0.21
0.09
0.09
0.06
0.06
0.04
0.02

5.03
lb/hr 285.75

a dry basis

Off-Gas, wt %*

28.78

6.53

8.63

2.01

1.01

0.86

14.85

0.73

4.54
0.06
0.01
7.99
2.50
2.27
1.61
1.30
0.67
0.03

15.62
3.62
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Particulates ranging from less than a micron to millimeters in diameter
contaminate the off-gas leaving the meiter. Volatile and nonvolatile compo-
nents are emitted from the melt pool and the boiling slurry. Three mecha-
nisms of participate generation account for the broad size distribution of
particulate contaminants; vaporization/condensation, classical entrainment,
and ejection at gas vent holes. The Cs-137 fed to the melter vaporizes and
condenses in the off-gas as a 0.2- to 1-micron aerosol of primarily cesium
chloride. Strontium-90 and other nonvolatile solids are in the off-gas as
nominal 1- to 20-micron-diameter particles. Spatter from vents where
decomposition gases penetrate the cold cap results in particles of glass and
slurry as big as 3 mm in diameter being ejected through the 1.83-m-high
vapor space into the off-gas line.

All the mercury remaining in the feed is volatilized. Under the
conditions in the DWPF melter vapor space and off-gas system, most of the
mercury is converted to Hg2Cl2 and HgCl2. A portion, however, remains as
elemental mercury and is condensed and collected in the off-gas condensate
tank.

The composition of the DWPF melter off-gas used for the design basis is
shown in Table 1. It is assumed for the design basis that 10% of the cesium
and 1% of the nonvolatile components are emitted from the melter. Pilot
scale off-gas experimental data have shown that 2 to 3% of the cesium and
0.25 to 1% of the nonvolatile components are emitted from the melter.

0FF-6AS SYSTEM DESIGN

The major design goals of the DWPF off-gas system (Figure 1) are to
(1) control melter pressure and glass pouring; (2) control the oxidation
state of the melter vapor space; (3) prevent off-gas line pluggage; and
(4) treat the off-gas prior to discharging to the atmosphere. Primary and
backup off-gas systems are provided. The primary system is in operation ;
under normal conditions, with the backup system in standby and ready to take
over in the event the primary system fails or is shutdown for maintenance.

To accomplish the design goals, each off-gas system consists of the
following: an off-gas film cooler to reduce deposits at the off-gas line
entrance; an off-gas film cooler brush to clean the off-gas film cooler; a
quencher (ejector venturi) to cool the off-gas and remove large particulates
a two-stage steam atomized scrubber to remove submicron particulates; a
condenser; a high efficiency mist eliminator; a condensate collection tank;
a two-stage HEPA filter with preheater; and an exhauster. A sand filter,
which receives all ventilation air from the DWPF, is the final filtering
device before off-gas is discharged to the atmosphere. A seal pot is
provided for melter pressure relief. A water-driven jet on the primary
off-gas condensate tank pulls a vacuum on the melter pour spout to pour
glass.

Design features and criteria to accomplish each of the off-,as system
design goals are discussed in the subsequent paragraphs.
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Figure 1. DWPF Off-Gas System

Pressure Control

Off-gas system pressure control is important to prevent uncontrolled
releases to the process area and to control glass pouring. The entire off-
gas system is maintained under a vacuum to prevent off-gas from leaking to
the process area. To maintain the vacuum, the melter vapor space and the
condensate tank vapor space are controlled. Glass pouring of the melter is
achieved by controlling the differential pressure between the melter vapor
space and the melter pour spout.

The melter vapor space is maintained at -11 mm Hg relative to the cell
by controlling the addition of air to the off-gas line between the melter
and the quencher. A minimum base line control air flow of about 150 kg/hr
is required to provide melter pressure control in the event of a steam surge
from the melter. The pressure in the off-gas condensate tank is controlled
by the exhauster speed to assure that the off-gas treatment portion of the
system is under constant vacuum.

Melter overpressure control is provided by a complete backup off-gas
system and by a seal pot if necessary. If the melter high pressure limit is
exceeded for longer than a preset period of time, the backup off-gas system
will be automatically valveo-in to re-establish proper melter vacuum. The
backup off-gas line vents to the seal pot in the event the pressure rises to
greater than 4 mm Hg above cell pressure.
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Glass pouring from the DWPF melter is achieved by lowering the pressure
in the melter pour spout relative to the melter vapor space inducing glass
to flow from the melter to the pour spout. A constant flow of circulated
ondensate is the native fluid for the jet that provides the pour spout
.acuum. The differential pressure is controlled by adjusting the air flow
• o the jet via air addition near the pour spout. A differential pressure of
iO to 20 mm Hg is used for glass pouring. Glass pouring is terminated by
setting the differential pressure so that the pour spout pressure is greater
than the melter pressure. The control air and air inleakage from the
canister to pour spout area are cooled by the jet and discharged to the
condensate tank to be treated along with the melter off-gas.

Oxidation State Control

The oxidation state and temperature of the melter vapor space must be
controlled to assure sufficient combustion of hydrocarbons, carbon monoxide,
and hydrogen released from the melting batch. Air for combustion enters the
melter via the backup off-gas film cooler and two air-cooled television
camera borescopes that extend into the vapor space. The vapor space is
maintained at a minimum of 650°C using resistance heaters to assure combus-
tion. Unburned combustible gases are diluted with air to safe concentra-
tions in downstream off-gas treatment equipment.

Prevention of Line Piuggage

Slurry feeding a glass melter under DWPF conditions produces spatter
that adheres to the melter lid and the off-gas line and can eventually plug
the off-gas line. Off-gas film coolers and brushes are used to keep the
entrance to both DWPF off-gas systems open. Each off-gas film cooler
consists of two concentric pipes forming an annulus into which a cooling
fl iid is injected. The top and bottom of the annulus are closed and slots
pr vided in the inner pipe to direct the coolant along the inner pipe wall
in laminar flow (Figure 2). In the DWPF both steam and air are injected
along the pipe wall of the primary film cooler to cool the off-gas near the
wall from a nominal 725 to below 400°C. This prevents most particles from
adhering to the wall and prevents those that do stick from forming glassy
deposits.

Deposits on the film cooler walls cannot be completely eliminated due
to "he high velocity of the larger spatter particles (on the order of
6 rr sec). A screw- driven brush with "Hastelloy" bristles 's mounted on top
of the film cooler and is used when needed to remove the light deposits that
accumulate.

The cooling air flow to the primary film cooler is constant and is
based on the amount of air required to reduce the concentration of unburned
combustibles in the off-gas to 70% of the lower explosive limit in the event
of a three-times normal surge of combustibles. Steam is used to supplement
air cooling in the primary film cooler to control the bulk off-gas tempera-
ture at 400°C. Steam is used rather than additional air because it con-
denses in the off-gas quencher allowing the downstream off-gas treatment
equipment to be smaller in size. It also enhances the scrubbing action of
the quencher. The off-gas line from the melter to the quencher is sized to
keep the line velocity greater than 17 m/sec to prevent particles from
settling in the line.
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Off-Gas Treatment

The off-gas treatment portion of the system was designed to remove
Cs-137, which is the most abundant radionuclide in the meHer off-gas and
is present in a submicron-size range most difficult to separate from the
off-gas stream. An overall cesium decontamination factor (DF)* of 8 x 10 8

is required to achieve a maximum discharge limit to the atmosphere of
3 mCi/yr. This is achieved with the following equipment and design basis
DF's: a quencher (DF of 1), a Steam Atomized Scrubber (DF of 50), a High
Efficiency Mist Eliminator (DF of 40), two HEPA filters in series (DF of
2,000), and the DWPF sand filter (DF of 200).

The quencher is an ejector venturi that cools the off-gas from 400 to
60*C condensing most of the steam from the melter and conditioning the
off-gas for the Steam Atomized Scrubber by saturating it with water.
Condensate at 40*C is circulated from the cooled condensate tank at
450 L/min to accomplish the quenching. Design is based on a DF of 10 for
entrainment and a DF of 1 for volatile cesium. The quencher is located as
near the melter as possible to minimize the length of line subject to
pluggage.

nF _ Mass rate of contaminant in the entering off-gas
Mass rate of contaminant in the exiting off-gas
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The quenched gas and condensate drain to the condensate tank where the
liquid and gas are separated and the gas routed to a Steam Atomized Scrubber
(SAS) (Figure 3). The SAS consists of two stages of steam-driven, free-jet
Hydro-Sonic® Scrubbers. Scrubbing is accomplished by recirculated conden-
sate that has been finely atomized by the supersonic steam jet. The
condensate droplets are coalesced in the mixing tube and then collected in a
conventional reversing cyclone. The steam flow to each unit is 0.2 kg per
kg of dry off-gas. The water flow rate to each unit is 4.5 kg per kg of dry
off-gas.

Under normal operating conditions the SAS creates a draft resulting in
a pressure increase from inlet to outlet. A butterfly valve upstream of the
SAS unit is used to lower the SAS inlet pressure to ensure that the outlet
pressure remains below cell pressure.

Gases exit the SAS saturated with water at 60 to 65°C and are cooled to
10°C in a shell and tube heat exchanger to condense elemental mercury. The
gases are then passed to a High Efficiency Mist Eliminator (HEME) (Figure 4 ) .
The HEME consists of three 0.61-m OD elements enclosed in a single vessel.
The filter media in each element is a 1.3-cm thick, nominal 30-micron glass
fiber blanket followed by a 6.3-cm thick, nominal 8-micron glass fiber
blanket. The element is packed to a density of 190 kg/m3.

Off-gas flows from the inside to the outside of the filter elements.
The 30-micron blanket is located on the upstream face of the element to act
as a prefilter instead of being located in the conventional manner on the
downstream face to reduce re-entrainment. The unit is sized for a 0.025-m/sec
superficial face velocity, which is low enough that re-entrainment is not a
problem. Water is sprayed continuously into the entering gas at a rate of
18 g of water per actual cubic meter of off-gas to wash soluble particulates
from the element.

Gases exiting the HEME pass through a heater and a two-stage HEPA
filter. The off-gas is then discharged into the building exhaust tunnel and
passed through the DWPF sand filter prior to being discharged to the atmos-
phere. Design of these dry filters is well established, and DWPF design
criteria are conservative. Therefore, no developmental testing specific to
the DWPF is being done.

PILOT SCALE DEVELOPMENT

Two large-scale melter systems have been tested since August 1980 at
Savannah River Laboratory's (SRL's) Equipment Test Facility (ETF).1 A third
melter system was started in February 1986 and is currently in operation.
These systems have been used extensively to develop and demonstrate the DWPF
off-gas system. During tests of the first two systems, primary emphasis was
placed on off-gas characterization, melter vapor space pressure control, the
prevention of pluggage of the off-gas system entrance, and demonstration of
the SAS and the HEME. Tests of the system currently operating are focused
on development of the backup off-gas film cooler, a film cooler brush, and
pressure control for vacuum pouring. The pilot facilities have had slurry
fed melters of 40 to 45% of full scale and have been operated using simu-
lated waste without radionuclides or mercury. The scrubbing portion of the
pilot off-gas systems have been 30 to 40% of full scale.
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Prevention of Line Pluggage

Pluggage of the off-gas line was a major problem in early test work on
large-scale melters. Figure 5 shows glassy deposits that formed during an
11-day run before installation of an off-gas film cooler. When in opera-
tion, deposits on the lower end of the off-gas line near the melt surface
were molten with the consistency of taffy. Further up the line, the
deposits were fused into a lava-like mass.

A model of the off-gas and particle flow from the melt surface into the
off-gas line was developed to understand the mechanism of particulate depo-
sition. Initially, it was assumed that entrainment was the source of
deposits. But model results showed entrainment alone could not be the
cause. Particles larger than 20 microns were shown not to be carried with
the off-gas into the off-gas line, which was contrary to experimental
evidence. It was also shown that no vortex was formed as the gas entered
the off-gas line. Entrained particles that reached the off-gas line
entrance were predicted to stay in the high velocity region near the center
of the pipe and did not contact the pipe wall.

Further experimental work showed the deposits resulted largely from
spatter ejected at high velocities when gas vented from the melt surface
through a vent in the cold cap. Additional mathematical modeling, which
included heat transfer from the molten glass droplets being ejected, indi-
cated it was possible to introduce a laminar boundary layer near the pipe
wall that would cool the pipe and the impinging glass droplets sufficiently
that most would not stick. A laminar boundary layer was desired to limit
mixing of the cooling air with the hot off-gas and to prevent turbulence
from transporting entrainment to the pipe wall. An off-gas film cooler was
then built according to the parameters of the successful mathematical model.
It was tested and found to be successful in substantially reducing the
deposit buildup at the off-gas line entrance. Figure 6 shows deposits on
the walls of the first pilot scale off-gas film cooler after 10 days of
continuous operation. The deposits seen on the wall are lightly adhering
and easily removed with a rotating wire brush. In longer tests deposits on
the top of the melter lid grew into the off-gas film cooler opening, how-
ever, indicating additional cooling at the entrance of the film cooler was
needed.

The first film cooler consisted of a 15.2-cm-diameter pipe with five
radial slots directed upward at an angle of 20° from the vertical over a
30.5-crn section of the pipe. The lower slot was 3.8-mm wide, and the upper
slots were 2.3-mm wide. The average slot exit velocity was 7.6 m/sec.
Holes were placed in the outer pipe of the film cooler to direct the coolant
between the film cooler and the melter lid. This fluid flowed across the
bottom and back into the film cooler providing cooling for the tip of the
film cooler.
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Figure 5. Off-Gas Line Deposit before Installation of an Off-Gas
Film Cooler

Figure 6. Off-Gas Film Cooler Wall Deposits after 10 Days of
Melter Operation
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For testing purposes a thermocouple shown in Figure 6 was placed just
upstream of the fifth slot to measure the temperature profile radially
across the pipe. The results are shown in Figure 7 with varying coolant
flow rates and the melter vapor space at 800*C. The temperature at the wall
was cooled to 200 to 300'C while the off-gas was cooled to 200 to 600°C.
These measured temperatures are in good agreement with the mathematical
model.

After these results a second off-gas film cooler was designed to
increase the cooling near the lower end. It contained a total of eight
radial slots, and the slots were inclined at 10* to the vertical to permit
greater coolant flows if necessary without inducing turbulence. This
reduced the deposits at the entrance.

A third off-gas film cooler shown in Figure 2 is currently in use on
the DWPF Scale Glass Melter. It has a 9.2-cm internal diameter and nine
cooling slots. About 400 hours of slurry feeding has been done to date, and
there has been no significant buildup on the film cooler.

A different off-gas film cooler design shown in Figure 8 is being
tested on the DWPF Scale Glass Melter backup off-gas line. There is
normally no off-gas flow through the backup off-gas film cooler. Therefore,
vertical slots that inject the air tangentially to the off-gas pipe wall
were used. Upward directed slots would inject the air up and away from the
melter only to have it reverse and flow back into the melter breaking up the
boundary film layer and reducing cooling efficiency. Pointing the slots
down would make them more susceptible to plugging.

The backup off-gas film cooler is designed according to the same
principles as the primary film cooler. Air is concentrated at the entrance
by varying the slot length. Four thermocouples were placed at the exit of
the slots to measure the inside wall temperature. These measurements have
shown 70 to 90 kg/hr of air have been sufficient to cool the walls to below
400°C with the melter vapor space at 800*C.

The brush drive design for DWPF is currently being tested on the OWPF
Scale Glass Melter. A motor-driven screw drive rotates the brush at 68 rpm
with a travel of 1.27 cm per revolution. The brush rotates clockwise (as
viewed from above) as it moves down through the film cooler, reverses, and
rotates counterclockwise on the way up. When not in use, the film cooler
brush sits in the upper portion of the tee connecting the film cooler to the
off-gas line.

The final brush design is being developed as part of the test work on
the Scale Glass Melter. Parameters to be defined are the bristle diameter,
bristle length, and the clearance between the brush and the walls. The
brush occupies 50% of the off-gas line area. Tests have shown it can be
operated during melter feeding without upsetting melter pressure control.
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Steam Atomized Scrubber

The SAS removes over 98% of the difficult-to-remove subinicron
participates from DWPF meiter off-gas, thereby protecting the downstream
HEME and HEPA filters. The principles of operation and efficiency of the
scrubber in both on-melter and off-melter tests have been previously
documented. 3»**

Recent work on pilot scale melters at SRL has focused on ensuring a
reliable and even distribution of scrub water through the spray nozzles into
the expanding steam jet. In the DWPF, as in most commercial applications,
water economy forces circulation of the SAS scrub water. The particulate
loading of DWPF off-gas condensate used for scrubbing is less than 1 wt %,
but it does contain spatter particles previously mentioned as large as 3 mm
in diameter. These would quickly plug standard water nozzles for the DWPF
SAS. To remedy this problem two potential solutions were tested and proven
to be effective. First, to prevent large particles from reaching the water
nozzles, a calming chamber was installed in the agitated condensate collec-
tion tank on the suction of the SAS scrub water pump. The chamber was sized
to give an upward velocity in the chamber equal to the settling velocity of
a 100-micron waste glass particle. Second, to further prevent nozzle
pluggage, the standard SAS water nozzles were enlarged from 2 to 4.8 mm in
diameter. This destroyed the fan spray pattern of the nozzles, but did not
noticeably affect scrubber efficiency when operated at scaled DWPF SAS
operating conditions. The DWPF SAS was specified to include a calming
chamber and low pressure fan pattern spray nozzles with a minimum nozzle
diameter of 4.8 mm.

High Efficiency Mist Eliminator

Off-gas exiting the SAS will contain a small quantity of solid
mercurous chloride that escapes the SAS. The HEME will remove over 98% of
the mercurous chloride and other submicron aerosols exiting the SAS.
Mercurous chloride is of particular interest for the DWPF, because it is
insoluble and in time will plug the filter element.

Accelerated loading tests were performed to predict the maximum solids
loading for two filter designs being considered. Two Monsanto 21.7-cm-
diameter, F-B series brink mist eliminator pads were tested. The first
consisted of a 7.62-cm-thick, 10-micron-diameter glass fiber pad packed to
190 kg/m3. The second consisted of a 1.27-cm blanket of 30-micron glass
fibers followed by a 6.35-cm pad of 8-micron glass fibers packed to
220 kg/m3. The course 30-micron layer was put on the upstream side to act
as a prefilter.

A mercurous chloride solution was sprayed on the filter using an air
atomizing nozzle until the pressure drop reached 37 mm Hg. A material
balance around the filter determined the amount of solid on the filter. The
test results are shown in Table 2. The use of the prefilter increased the
allowable filter loading to three times that without the prefilter. Based
on these tests, it is predicted the filter will last one year in the DWPF.
The dual density mist eliminator element utilizing the prefilter concept has
been specified for use in the DWPF and is currently under test in 1/3-scale
in the DWPF Scale Glass Melter off-gas system.
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TABLE 2. DATA SUHMARY - MIST ELIMINATOR ACCELERATED LOADING TESTS

Element 10-micron 8+30-micron

Solid loading

Air flow

Face velocity

Pressure drop initial

Pressure drop final

Filter loading

2.61 g Hg2Cl2/m
3 air

3.65 sclh

1.65 m/sec

1.5 mm Hg

37 mm Hg

1.70 kg/m2

2.65 g Hg2Cl 2/m
3 air

4.42 sclh

1.98 m/sec

6.0 mm Hg

37 mm Hg

4.98 kg/m2

CONCLUSIONS

The off-gas system design for the DWPF glass melter has been developed
and tested in large-scale operation and shown to meet design requirements in
all critical areas. Current testing on the DWPF Scale Glass Melter will
demonstrate the backup off-gas film cooler and the DWPF design off-gas
brush, and will further demonstrate melter pressure control and off-gas
cleaning on a melter duplicating most closely the full-scale DWPF melter
design.
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ABSTRACT

The Power Reactor and Nuclear Fuel Development Corporation
(PNC) is currently carrying out development of an off-gas
treatment process in preparation for construction of the
HLLW vitrification plant. Laboratory-scale tests were
started in 1978, using the RI tracer, for investigating the
behavior of the FP elements in the off-gas treatment
process. On the other hand, a full-scale cold mock-up test
facility (MTF) was constructed and-the development of
off-gas treating equipments and systems have been performed
since 1982. The results of these RI tracer tests and
mock-up tests will be shown herein and a description will
be made regarding the off-gas treatment process currently
being considered from these results. A further description
will be made in regard to the development of the alter-
native equipment.

INTRODUCTION

Design work for the scheduled HLLW vitrification plant of the Tokai
reprocessing plant is presently being carried out in preparation for start of
construction in 1987. At the same time, the development of the process
equipment as a ceramic melter and verification of the system are being
executed with the MTF and so on. The process of this vitrification plant is
composed of the systems for HLLW receiving, concentration, off-gas treatment,
secondary liquid radioactive wastes treatment, etc., centering around the
ceramic melter with a glass production capacity of 9 kg/h. The off-gas
treatment is one of the essential development items as same as the ceramic
melter and most treatment of off-gas released from the melter is the
important items in the off-gas treating system.

High temperature off-gas made up of NOx, air, steam, and included with
the radionuclides of Ru, Cs, Sr, etc. is released from the ceramic melter.
The cooling of this off-gas, NOx removal and radioactive nuclides removal are
the main functions of the off-gas treating system. Removal of the radio-
active nuciides is especially most important in environmental safety and full
considerations are being made in the off-gas process. Of the radioactive
nuclides, iodine, is discharged as volatile in gaseous form.
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Ru and Cs exist as semi-volatile partly in gaseous form and partly in solid
form. However, since Cs almost entirely becomes solid fine particles of
aerosol after being released from the melter, it materially behaves as solid
form aerosol. The remainder exists as solid form aerosol in the same way as
Sr.

The removal of these various kinds of radioactive materials will be
treated according to their respective physical and chemical properties.
Gaseous elements will be removed and disposed by absorption and adsorption
while solid elements are treated by scrubbing and filtration. In order to
complete these treatments, various types of scrubbers, demister, ruthenium
adsorber, HEPA filter and iodine adsorber are being designed for the off-gas
treatment system of the glass melter.

One of the aims in the development of the off-gas treatment system of
the vitrification process is the development and corroboration of the
foregoing equipment and, furthermore, the verification of the function as an
overall system by the combination of these equipments. The second aim is the
grasping of the behavior of the various radionuclides and the decontamination
factor (DF) which at times will also be lirked to the acquiring of data in
licensing for plant construction. For such purposes, the development of the
primary scrubber, venturi scrubber, ruthenium adsorber was carried out and
tests were also conducted as systems with the MTF. On the other hand, in
order to grasp the radionuclides behavior and the decontamination factor,
study was mainly focused on ruthenium, cesium, etc. The labo-scale tests
were made using the simulated elements and RI tracer. Among these tests,
endeavors have been made for the clarification of the behaviors of the
sub-micron radioactive aerosol and volatile ruthenium.

As shown in Fig. 1, these developments were made in parallel with plant
design and hot 'aboratory tests are also performed at PNC's CPF.

LABORATORY EXPERIMENTS

A series of laboratory-scale experiments was conducted since 1978, using
the RI tracer. These experiments were made mainly for the purpose of
acquiring DF data of the various equipments against the radionuclides in
respect to the changes in test conditions which were difficult to grasp in
the engineering scale tests as the MTF, etc. In the series of tests started
in 1978, comparative evaluation of the ruthenium adsorbents was made and
silicagel was selected as the adsorbent. A high DF was achieved against the
volatile ruthenium based on fixed conditions as the result of tests made with
temperature, NOx, steam concentration as parameters. Furthermore, in the
tests utilizing a small-scale ceramic melter as shown in Fig. 2, the behavior
of RI tracer of Ru, Cs, Sr, etc. in the off-gas treatment process was
observed.

A series of tests was conducted thereafter, utilizing the RI tracer, for
the DF of AgX and Agz against low density iodine, DF of glass melting against
Ru, Cs and Sr, DF of scrubbers against volatile ruthenium, DF of filter and
condenser, and basic data for design and licensing have been acquired, From
these tests, the report will be made here regarding the DF of glass melting
and DF of scrubbers. The DF against the Fission Products (FP) of the glass
melting relies on the nitric acid concentration and temperature of the liquid
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wastes. In the data of a large-scale melter, however, there was a limit to
the measuring accuracy and it was difficult to grasp the effect of the
operating parameters. Consequently, collection of basic data was carried out
by the following experiments.

The tests were conducted with a small-scale test equipment. The glass
melting was made in a small pot melter and by dripping drops of the simulated
radioactive liquid wastes into it, volatizing of the FP was carried out.
Samplings were made with filters and alkaline scrubbers, and fixed quantities
were ascertained by measurement of the y-ray strength of the RI tracer of Ru,
Cs and Sr of each sample. In these tests, melting temperature (400 -
1000°C), nitric acid concentration in the liquid wastes were considered as
the test parameters.

As the result of the tests, the volatile ratio of ruthenium showed a
high value at 400°C and 1000°C and became U shaped and the volatile ratio in
case of non-denitration was approx. 20% at 400°C. On the other hand, it was
found that the volatile ratio in case of denitration was 2 - 3%. It was
clarified that the volatility of cesium depends on the temperature and was
only 2% at 400°C but it reached 30% at 800°C. On the other hand, release
rate of dust was approx. 0.2 - 14% in these tests, although it may depend on
the physical construction of the melter.

Volatile ruthenium, together with cesium aerosol, is the FP to which the
most important attention must be paid in the melter off-gas system. Although
volatile ruthenium is removed by the silicagel adsorber in the latter part of
the melter off-gas system, the DF of the FP in the scrubbers in the former
part cannot be ignored. Consequently, a DF comparison of the various
scrubbers was made by RI tracer tests on a laboratory scale as shown
hereafter. The scrubbers used in the comparison were of three kinds: dust
scrubber, submerged bed scrubber and perforated tray scrubber. The dust
scrubber used was of 55 mm diameter, 330 mm height and with 7 trays; the
submerged scrubber of 70 mm diameter and 130 mm height; the perforated tray
scrubber of 60 mm diameter, 40 mm height with 3 trays. The generation of
volatile ruthenium was executed by dripping drops of 6N nitric acid solution,
in which Ru(NO) (NO3) had been dissolved with an addition of 103Ru tracer,
into a calcining pot of 400°C.

The result of the test is shown in Fig. 3. As shown in the figure, the
performance of each scrubber was in this order: perforate > submerge > dust
scrubber and it appeared that removal of volatile ruthenium can be expected
in the NOx adsorption tower of the system.

At the same time, it was found that condensation effect of steam was
high against the increase of DF and it is anticipated that the immediate
cooling and condensation at the melter outlet would be most effective in the
removal of volatile ruthenium.
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MOCK-UP TEST FACILITY

The mock-up test facility (MTF) was constructed in 1982 as cold
full-scale test facility for equipment development, HLLW vitrification system
verification and, furthermore, for remote maintenance tests. Since then, the
facility has been innovated in accordance with process improvements and
design progress. The flow sheet of the present MTF'S off-gas process is
shown in Fig. 4. The measured simulated HLLW is concentrated in the
concentrater and sent to the feed tank. Glass fiber cartridge is used as the
glass former. The simulated HLLW is supplied continuously from the feed tank
by utilizing a two-stage airlift pump and is permeated in the glass fiber
cartridge and supplied to the melter in that form.

Melter off-gas is first treated by the dust scrubber. The dust scrubber
solution is circulated but only the condensed quantity of the solution is
recycled to the melter. After the off-gas has been condensed with the
condenser, aerosol removal is made with the venturi scrubber, and NOx
absorption is carried out with the perforated tray scrubber. The off-gas
treated with the-scrubbers are given a final treatment with the HEPA filter
after aerosol removal with the glass fiber mist eliminater and volatile
ruthenium removal with the ruthenium adsorber.

Simulated HLLW was used in these tests with the MTF and through process
operation identical to the operation of the real plant, the manufacture of
waste glass was being carried out. The tests were continuously conducted
during a campaign of approx. one month and 2 glass packages were produced in
three days. Especially after the 5th campaign, highly simulated HLLW was
utilized which includes Ru, Rh and Pd of the platinum-group and the tests are
being carried out under close to actual conditions. The off-gas system tests
with the campaigns using these simulated HLLW confirm the performance of the
various off-gas treatment equipment by various kinds of sampling analysis
procedure; furthermore, behavior of the simulated FP in the off-gas system is
being observed.

Quantity and distribution of the particles in the off-gas are measured
with the cylindrical filter and Andersen particle fractionating sampler. The
DFs of the various equipments for the simulated FP are estimated by sampling
analysis of the scrub solution. For further improvement of these analyses,
the DMA-CNC which is a submicron aerosol counter and a volatile ruthenium
sampler shown in Fig. 5 were introduced from the 7th campaign and have
contributed to grasping of the off-gas characteristics.

Some mock-up test results acquired by the above sampling analyses are
described. One of the characteristics of the melter off-gas system is high
dust loading. Frit and beads were used at first as glass former in the
mock-up test facility. Because of the adoption of the glass fiber cartridge
as the supplying method of much improved glass material, the release rate of
dust from the melter decreased to a great degree. The aerosol particulate
distribution at the inlet and outlet of the various off-gas treating equip-
ment was also measured. As the result of this series of measurements, it was
observed that sub-micron aerosol was observed even at the scrubber outlets.
However, it was clarified that this submicron aerosol was almost completely
removed by the glass fiber mist eliminator installed at the back of the NOx
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scrubber and it was found that it was the detection limit of these kinds of
cold tests.

The DF for FP was also sought by analysis of the afore-mentioned scrub
solution. Especially for ruthenium which is one of the characteristics of
HLLW off-gas, analyses were made on both phases of all ruthenium and volatile
ruthenium. As one example acquired in the campaign, the released ratio of
ruthenium from the melter was about 15% and most of them was volatile one.
Besides these, the DF against the main nuclides such as Cs or Sr, etc. were
also acquired. As described in the foregoing, acquisition of a wider range
of data through the improvement of the analytical accuracy is currently being
contemplated.

ADVANCED TECHNOLOGY

In order to improve the removal efficiency of the melter off-gas system,
research and development were made of a water filmed electrostatic
precipitator (WEP). The principle of WEP is to form a water film on the dust
collecting electrode and clean it continuously.

The confirmation of the basic principle was made with laboratory scale
cold test, using the equipment shown in Fig. 6. The DF against the submicror.
particles of Cs and Sr showed a respective 104 or above and 103. Further-
more, to investigate the applicability to the plant, the WEP was connected to
the outlet of the MTF melter off-gas condenser and by-passing a small amount
of gas, and the DF for the aerosol was examined.

Since the high DF of WEP was confirmed as the result of the foregoing
laboratory-scale test, an engineering test was planned for scale-up.
The treating gas volume of the test equipment was 240 Nm3/h, the same as the
actual plant, and a dust collecting electrode was of tubular shape with a
diameter of 0.3 meter and height of 4 meters. Simulated aerosols used in the
tests were fog liquid as mist and carbon ash resulting from LPG burning as
dust. The representative test results3for mist are shown in Fig. 7. From
this figure, it was found that DF > 10 or ITKKQ can be maintained at 60 kV or
higher. For verification of the WEP used in tdc foregoing tests, the same
equipment was installed at the scrubber outlet of the MTF melter off-gas
system to check the performance and the same efficiency as the single
engineering test was confirmed.

Although it was clarified from the above results that the performance of
the WEP fully satisfies the initial plan, in order to put it to practical
use, it will be necessary to solve the problems of remote maintenance and the
compactness of the power supply system.

The results of the aforementioned tracer tests and MTF tests have
clarified that immediate cooling and condensing at the melter outlet is
effective for the removal of volatile Ru, etc. Consequently, in
consideration of rationalizing the system, the use of a submerged bed
scrubber (SBS) developed by the PNL in the United State as the primary
scrubber is currently being scheduled.
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CONCLUSION

As the result of the various kinds of tests reported - on laboratory -
to actual-scale, the melter off-gas system has been further improved and
rationalized. The off-gas treatment process currently expected for adoption
in the future vitrification plant is shown in Fig. 8. In this process, the
aforementioned SBS will be adopted as the primary scrubber. Furthermore, the
scrub solution which had been partially cycled from the conventional dust
scrubber to the melter will be transferred directly to the secondary liquid
waste treatment system for simplicity in operation. The characteristics of
this process are the suppressing of the FP released by using the glass fiber
cartridge and, at the same time, the securing of a high DF and safety by the
installation of several treatment equipments for the various FPs.

In this way, the melter off-gas treatment process is being upgraded to
the optimum process and verification is made centering around the MTF but
futher development is being continued in preparation for the construction
hereafter.
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DYNAMIC SIMULATION AIDS DWPF OFF-GAS AND VENTILATION DESIGN

0. T. Asuncion, K. C. Chiu and N. E. Pobanz
Bechtel National, Inc.
San Francisco, CA 94119

V. G. Vaughn
E. I. du Pont de Nemours and Company

Savannah River Plant
Aiken, SC 29808

ABSTRACT

The off-gas simulation model was used to evaluate the
system design and the system behavior when it is
switched from normal to backup system operation. The
results of the simulation determined the selection of
the appropriate control parameters and operating
conditions to ensure that overpressurization of the
melter and the off-gas system did not occur. The
simulation model was also used to evaluate and select
the quencher and to determine the sequence needed for
the switchover from normal to the backup off-gas train.

Use of the simulation model for the vitrification
building ventilation system where variables such as
pressure, flow and temperature were computed, enabled
the design to be modified to satisfy all design
parameters. The model also determined which fans
required emergency power and established the startup
sequence necessary to prevent backflow of air from
contaminated to clean areas.

INTRODUCTION

Dynamic simulation is an effective engineering tool for the evaluation of
dynamic systems during the design phase of the project. The primary
objective is to gain understanding about all the aspects of the dynamic
behavior during upset conditions and to use such knowledge to arrive at a
design that satisfies all the control and performance criteria.

On the DWPF project, it was used for the design of the melter off-gas
processing system and the vitrification building control system for the
air supply and exhaust to ensure a specific flow pattern during normal
and upset conditions.
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MELTER AND OFF-GAS PROCESSING SYSTEM

Process Description - Figure 1 illustrates the operation of this system.
The nuclear waste and glass frit slurry is fed into the melter for
vitrification. The vitrified glass is transferred into a stainless steel
canister by the differential pressure control of the glass level. The
off-gas generated in the vitrification process is diluted with air and
steam, processed to remove contaminants and then exhausted to the
atmosphere.

Control System - Dilution air necessary to keep the off-gas below the
lower explosive limit (LED during an upset is fed into the film cooler
via the flow controller. Off-gas temperature is controlled with steam by
the temperature controller. Pressure in the melter is modulated by air
via the pressure controller. Glass pouring into the canister is
manipulated by the differential pressure (between the melter and spout)
controller. Off-gas exit temperature at the condenser is controlled to
reduce mercury emission, subsequently the temperature is raised by the
differential temperature controller before it is exhausted. Pressure in
the off-gas condensate tank (OGCT) is controlled by varying the
exhauster's speed via the pressure controller.

Simulation Model - Mathematical models were prepared to represent the
melter, seal pot, quencher and other parts of the off-gas system. The
valves and control system were also modeled to complete the entire system
including a backup off-gas train. The simulation model evaluated the
system design for expected excursions of the off-gas for different
magnitude, shape and time duration. The model also evaluated switchover
from normal to the backup off-gas train.

Simulation Results - The evaluation of various control schemes resulted
in the selection of the control variables that met the performance
criteria. Controller parameters and operating conditions were determined
to ensure that overpressurization of the melter and the off-gas system
did not occur. The initial results indicated a system sensitivity to the
performance characteristics of the quencher and the model was then used
to evaluate and select the quencher. The model also determined the logic
sequence needed for the switchover from the primary off-gas system to the
backup system.

Control System Analysis - On the original Scheme, the dilution air flow
controller (FC-4) and the melter pressure controller (PC-2) were arranged
in series. The total amount of dilution air necessary to keep the
off-gas under the LEL was divided into three streams as: (1) dilution
air, (2) melter pressure control air, and (3) the dilution air to the
quencher. This series and parallel configuration of four controllers
resulted in severe interactions. Also the system did not meet
performance criteria. Melter pressure controllability was not realized
and the LEL was exceeded during some transients.
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The modified control scheme shown on Figure 1 not only decoupled the
interaction by using only two individual controllers but also yielded
better controllability because of the excess air used for the melter
pressure control. The OGCT pressure controller was not in the original
system. Its addition helps keep the pressure in the entire system below
the ambient pressure during an upset.

Operating Conditions - The simulation model was used to establish the
highest operating pressure in the melter (-6" WC) which can meet the
performance criterion of not exceeding ambient pressure during an upset.
Figure 2 shows the original melter operating pressure (-5" WC) and
recommended operating condition responses.

-5" WC (Original)

lip

MELTF,R fRfiff JRE. I N . WC

OGCT PRESSURE. IK. WC

-10

-6" WC (Mcowaodad)

MELTER PRESSURE. I N . WC

TIME IN SECONDS

FIGURE 2. MELTER OPERATING PRESSURE RESPONSES

Switchover Sequence Analysis - When an equipment failure is detected in
the main off-gas system, operation will be switched to the identical
backup off-gas system (not shown in Figure 1). The simulation model was
used to establish the switching sequence. Figure 3 shows the melter, the
main OGCT, and the backup OGCT pressures during an automatic switchover.
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FIGURE 3. SWITCHOVER OPERATION RESPONSES

Power Failure Analysis - Upon a power failure, there are continuing
off-gases generated in the melter for a period of time due to the high
temperature of the melter. Simulation results established that only the
quencher and the exhauster needed to be on uninterruptible power supply
(UPS) to prevent overpressurization of the system during a power failure.

AIR SUPPLY AND EXHAUST SYSTEMS

Process Description - Figure 4 is a brief schematic of the vitrification
building ventilation systems. The building is divided into three zones
to reflect different levels of contamination. Zone 1 is an area of high
contamination level, whereas Zone 2 has lower level and Zone 3 is clean.
The control system must be capable of preventing any backflow from higher
level to a lower level during both normal and upset conditions,

Control System - The supply and exhaust fans associated with the three
zones are controlled by one of four control schemes:

1. Direct flow control.
2. Low selection of flow control or pressure control.
3. Pressure control cascaded to flow control.
4. Differential pressure control cascaded to flow control.
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Figure 5A illustrates Scheme 2. Normally the fan is on flow control.
However, during upset conditions, the system can experience changes in
pressure that could result in undesirable flow patterns. A pressure
control loop is used to control the pressure behavior necessary to ensure
proper flow pattern. It does this by taking control of the fan through
the low selector. Schemes 3 and 4 are illustrated by Figure 5B. A
pressure controller or differential pressure controller generates a
signLl that is cascaded to a flow controller as its set point. Thus the
fan generates a flow condition that meets the pressure requirement.
Scheme 1 is the same as Figure 5B except that flow is a fixed value.

PRESSURE

FIGURE 5A. FLOW/PRESSURE SELECTION CONTROL SCHEME

• SP
PRESSURE

OR
PRESS. 01FF.

FIGURE 5B. PRESSURE/FLOW CASCADE CONTROL SCHEME

Simulation Model - The system consists of twenty-six fans with individual
control loops. The modelling of the three zones resulted in some one
hundred seventy (170) air flow streams and fifty (50) control volumes
where state variables such as pressure flow temperature were computed.
The resultant model was used to evaluate the system behavior during
normal conditions, including removal of cell covers, opening of doors,
etc. The primary area of study was the loss of a fan. The model also
determined the system of behavior during power failure and subsequent
restart of the system.
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Simulation Results - The preliminary control scheme did not meet the
backflow constraints. Use of the simulation model enabled the design to
be modified so as to satisfy all design criteria. The model also
determined which fans need to be activated by emergency power and how
quickly. Finally, the model was used to establish the restart sequence
necessary to prevent backflow when normal power is resumed.

Control System Analysis - The original flow only control scheme did not
meet the performance criterion of no backflow from a contaminated area to
a cleaner area when a certain fans failed. The upper two traces of
Figure 6 illustrates two flow reversals from Zone 2 for a fan failure
with original control scheme. The modified control scheme as discussed
earlier prevented this backflow as shown by the lower two traces of the
figure.
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FIGURE 6. FAN FAILURE UPSET RESPONSES
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Power Failure Analysis - When a power fails, emergency power will be
available in 10 seconds. However, the emergency power can sustain only
two Zone 1 exhaust fans, two Zone 2 fans and the analytical lab exhaust
fan. Simulation results identified that a bypass to allow atmospheric
air into the system was necessary. Locations of these bypasses were
established with the simulation model.

Restart Sequence Analysis - After normal power resumes, those fans not on
emergency power must be restarted in a sequence that results in no
backflow between the three zones. The simulation model was utilized as a
design tool to determine the correct sequence. Figure 7 illustrates one
sequence that meets the performance criteria. Prior to its
determination, several conceptualized sequences were determined not to
meet criteria. Thus, the simulation model was instrumental in defining
one that would work.

5,7,1148 1,20 2,3,4,19.22

START
FANS

TIME

6,8,10,12
13,15.17.21

SEC 0

FAN FLOW
CONTROLLERS IN

AUTO

10

6,8,13,17,21

9,16,24

15 20

9*.16*.24

25

5,7,11*,18 1.20 2,3,4,19,22

* FAN BYPASS STARTS TO CLOSE

FIGURE 7. H&V FANS RESTART SEQUENCE

DCS Algorithm Analysis - One important parameter of the Distributed
Control System (DCS) which control all the fans is the scan rate for each
loop. Selection on the fastest scan rate for all loops generally is not
required and thereby such usage often results in a larger DCS hardware
configuration than is needed. The simulation model was used to evaluate
proposed scan rates. However, these rates in combination with other
established tuning parameters did not meet criteria as shown in the upper
traces of Figure 8. Subsequently, the scan rates were changed and the
system performed satisfactorily as illustrated by the lower traces of the
same figure.
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SUMMARY

For these applications, the simulation models were prepared using
Bechtel's proprietary language DAP and executed Bechtel's Dynamic
Simulation Fac i l i ty . Dynamic Simulation has been applied by Bechtel
since early 1960s. In addition to supporting Bechtel engineering
projects, this capability is used by cl ients on projects where Bechtel is
not the engineering contractor.

On typical projects, the role and scope of the simulation e f for t expands
as the design progresses. This occurs as projects recognize the power of
this engineering tool to fu l l y investigate postulated conditions and
provide comprehensive design solutions for specified upset conditions.
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DESIGN AND OPERATION OF A SUBMERGED BED SCRUBBER
FOR OFF-GAS SCRUBBING

P. A. Scott and C. M. Ruecker
Pacific Northwest Laboratory^8'

ABSTRACT

Experiments were conducted on a submerged bed scrubber to
determine the relat ionships between operating variables
and the co l lec t ion e f f ic iency for submicron aerosols. Of
the desiyn variables studied, the bed diameter was the
most s i g n i f i c a n t . Tests showed that co l lec t ion e f f i -
ciency for soluble aerosols is contro l led by re-
entrainment losses. A seven-fold reduction in re-
entrainment was demonstrated using a surfactant in the
scrubbiny so lu t i on . Insoluble aerosol co l lec t ion is
improved by low gas flow ra tes , high humidity in the
i n l e t gas, and larger packing diameter. The corre lat ions
developed are adequate to design a submerged bed scrubber
for melter off-gas appl icat ions.

INTRODUCTION

The Submerged Bed Scrubber (SBS) is a primary gas cleaning device that
has been developed to quench and clean the off-gas from High Level Waste
mel ters. The concept was developed at Hanford for capture of aerosols during
an emeryency vent of a reactor containment bu i ld ing ( H i l l i a r d , et a l . ,
1981). Paci f ic Northwest Laboratory (PNL), operated by Bat te l le Northwest,
has adapted t h i s concept to t rea t melter o f f -yases, and has demonstrated the
scrubber in several p i l o t - sca le tests of a non-radioactive mel ter . This
development work was conducted under the Nuclear Waste Treatment Program which
is supported by the Department, of Energy. The primary scrubber fo r the West
Valley Demonstration Project is an SBS that was designed and b u i l t by
B a t t e l l e . I t is presently in the cold s tar tup phase. Recently, PNL completed
a tes t ing program that defined the important corre la t ions governing perform-
ance. This paper describes how these experimental resul ts can be used to
design an SBS, and how the decontamination factor (DF) can be improved by
adjustment to operating var iab les.

(a) The Paci f ic Northwest Laboratory (PNL) is operated by Bat te l le Memorial
I ns t i t u t e for the U.S. Department of Energy (U.S. DOE) under Contract DE-AC06-
76RL0 1830.
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The principle of operation of an SBS is shown schematically in Figure
1. Inlet gas (from the melter) is introduced at the bottom of a packed bed
which is submerged in a scrubbing solution, usually water. Liquid circulation
is induced upward through the bed because the apparent density of the liquid
in the bed is lowered by the presence of gas bubbles. The scrubbing fluid
overflows the top of the bed and then flows downward through the annular space
between the bed and the outside wall of the scrubber. Helical cooling coils
in the annulus remove heat from the scrubbing fluid. Gas emerges from the bed
cooled and saturated with water. Material removed from the gas concentrates
in the scrubbing solution. Suspended and dissolved material exits through the
overflow; solids that settle to the bottom must be periodically drained out.

Saturated Air

Warm Fluid

Cooling Coils-

Cooled Fluid -

Zone Where Steam
Condenses, Gas Cools

Packed Bed, Particle
Scrubbing

Condensate

Fluid and Gas

Steam Bubble

Figure 1. Schematic of the submerged bed scrubber.
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EXPERIMENT WORK

PNL has tested the SBS in conjunction with pilot-scale melter tests since
1982. The off-gas flowrate and composition is typically hiyh'y variable
during these tests, and consequently, the cause-effect relationships affecting
performance have been obscured. This year, a series of over 120 tests were
conducted using an aerosol generator to establish stable and reproducible
inlet gas conditions. Two species of aerosols were used to evaluate perform-
ance. For many types of high level waste, ruthenium and cesium are the most
difficult radionuclides to control within acceptable limits. These radio-
nuclides are emitted from the melter as volatile ruthenium and cesium
compounds, which condense in the off-gas line forming solid aerosols. The
solubility of RuO2 in water is very low, and the solubility of cesium salts is
quite high. The amenability to capture in water was expected to be directly
related to the solubility, so both soluble and insoluble aerosols were gener-
ated. To reduce experimental costs, titanium dioxide was selected to simulate
RuOo, and sodium chloride simulated cesium salts. A few comparative tests
witn all four species verified the validity of the substitution within experi-
mental limits of accuracy.

Both operating and design variables were evaluated in this experimental
program. In melter operation, the composition of the off-gas is affected by
the feed rate, feed composition, air inleakage, and air or steam injection for
vacuum control or gas cooling. The combination of these operating variables
dictate the measureable off-gas conditions, such as flow rate, temperature,
particle concentration, gas composition, and particle size distribution. In
this study, the gas flow rate, temperature, and steam:air ratio were indepen-
dently varied for separate tests of TiO2 and NaCl aerosols. Also, the concen-
tration of collected material in the scrubbing solution was varied to measure
the proportion of losses resulting from re-entrainment.

Important design variables include the bed diameter, bed height, type of
packing used, and the cooling coil size. In this study, only the packed bed
diameter and the packing size were evaluated. Because the number of param-
eters to be tested were quite large, the experiment was statistically designed
to minimize the testing required and to assure interactions among variables
could be identified.

TESTS OF OPERATING VARIABLES

Previous experiments at PNL have shown that semivolatiles emitted from
the melter are predominantly in the 0.1 to 1.0 micron size range (Goles and
Sevigny, 1983). This size is known to be the most difficult to collect by
ordinary scrubbing techniques, so the aerosols for testing were generated in
this size range. By studying this limited range, it was assumed that the
experimental collection efficiencies would represent a more difficult case
than normal operation, and actual efficiencies may improve in operation with a
wider size distribution.
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Early scopiny tests showed that the Nad aerosols were much more suscep-
tible to capture than the insoluble TiO2 aerosols. Decontamination factors
(DFs) for NaCl were nominally over 100, and DFs for TiO2 were less than 10.
In fact, the NaCl aerosols were so easily captured, the influence of most
other operating or design variables had no discernible effect. For this
reason, the parametric study was conducted using TiO2 aerosols.

GAS VELOCITY

The flow rate of gas has a direct influence on the decontamination per-
formance of the SBS. Figure 2 shows the relationships between the gas flow
rate and the DF for two bed diameters. The gas flow rate is shown here as a
superficial velocity, which is the volumetric flow rate of the non-condensible
gas divided by the total cross-sectional area of the bed. Using this param-
eter normalizes the experiments with different bed diameters. In this study,
the two packing materials evaluated were both spherical shapes. For spheres,
the porosity of the packing does not change appreciably with sphere size, so
use of the superficial gas velocity allows the performance of the two packing
sizes to be compared directly.

5 -

4 -

3 -

Spherical Packing

O 1 cm Diameter

• 0.3 cm Diameter

I I

Experimental Conditions

TiO2 Aerosols 0.3 - 0.7 (im

Inlet Aerosol Concentration 1000 Particles/cc

Inlet Off-Gas Temperature 100°C

Scrubbing Water Temperature 20°C

Bed Diameter 0.5 m

I
0.1 0.2 0.3 0.4

Superficial Velocity Inoncondensible gas flow rate in std m3per sec/m2)

0.5

Figure 2. Influence of packing diameter on aerosol col lect ion.
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Figure 2 shows clearly that the DF diminishes with increasing yas
velocity. This trend occurs regardless of bed diameter. Several mechanisms
combine to account for this. First, at higher yas flows, more water has been
displaced from the bed and the liquid flow rate increases due to the greater
differnce in apparent specific gravity. Since the liquid flow is in the same
direction as the gas flow, the residence time for the gas decreases. For the
size of aerosols used in the tests, capture depends primarily on diffusion of
the particle to the liquid interface. This mechanism depends on time, so
reducing the residence time of the bubble in the scrubber reduces the proba-
bility that a particle will be captured. At high gas flow rates, the higher
population of bubbles causes some to coalesce into larger bubbles, and this
provides a smaller liquid surface area per unit bubble volume. Some of these
large bubbles may form continuous channels of gas through the packing, greatly
reducing the liquid surface area per unit volume of gas, and reducing the
chance for capture correspondingly.

Another effect of higher yas flows is increased re-entrainment of
scrubbing solution in the exit gas. As the yas flow rates increase, the
quantity and proportion of liquid re-entrained increases. Aerosols leaving
the SBS in the gas stream are a combination of those that were not captured in
the liquid, and those that are picked up from the liquid by the gas. For
soluble aerosols such as cesium salts, nearly all of the aerosols leaving the
SBS have been re-entrained from the scrubbing solution. Re-entrainment is a
function of the surface properties of the liquid, and the velocity of the
gas. The increased yas velocity above the liquid surface entrains larger
droplets due to Stokes drag, and this causes the proportion of liquid leaving
to be hiyher.

It follows that re-entrainment can be reduced by either reducing the gas
velocity or changing the surface properties of the liquid. Gas velocity can
be reduced by designing the SBS with a larger diameter bed. This requires
obvious compromises in equipment size and cost.

SURFACTANTS

Surfactants can reduce re-entrainment by altering the surface tension of
the liquid. Figure 3 shows the effect of adding small percentages of a com-
mercially available defoamer to the scrubbing liquid. In this case, the first
addition of defoamer accounted for nearly all of the improvement. The DF for
soluble aerosols was improved by nearly an order of magnitude with the addi-
tion of only 20 grams of defoamer. For the 750 liter volume of scrubbing
solution, that is equivalent to a concentration of 0.030%. This is poten-
tially a very effective method of improving the overall efficiency of the SBS.

The chemistry of an SBS scrubbing solution operating on rnelter off-gas
may be quite different than the chemistry of the experimental conditions.
No acid gases or other reagents were added to the scrubbing solution to adjust
the pH. Specific operating conditions would require testing to select and
verify the effectiveness of candidate surfactants.
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Figure 3. Reduction in re-entrainment using a sur fac tant .

SCRUBBING SOLUTION CONCENTRATION

Just as re-entrainment increases with gas v e l o c i t y , i t also increases
with the concentration of col lected material in the scrubbiny so lu t i on .
Figure 4 shows that the re la t ionship between concentration and re-entrainment
for NaCl is qui te l i n e a r , as would be expected.

Re-entrainment losses can be minimized by maintaining the so lut ion at a
low concentrat ion. I f the amount of water vapor present in the i n l e t gas is
higher than the saturat ion l i m i t s of the ex i t gas, there w i l l be a continuous
water gain due to condensation. The water w i l l ex i t through the overf low,
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Figure 4. Re-entrainnent losses as a function of scrubbing solution
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carrying with it captured material. At a steady state, this will establish
the solution concentration. If this concentration is too high, additional
water may be metered in continuously to increase the purging rate. Since the
overflow liquid will require further treatment, the amount of water added must
be justified by a net improvement in the overall treatment cost.

STEAM-TO-GAS RATIO

When waste slurry is being fed to the melter in normal operation, the
water is vaporized and leaves with the off-gas. In addition, steam and/or air
may be injected directly into the off-gas for pressure control of the melter,
to maintain a minimum velocity in the off-gas line, or to provide a clean
boundary layer of gas ayainst the pipe wall using a special device known as a
film cooler. The addition of steam improves the collection of aerosols as
shown in Figure 5 for three steamrair ratios. At least two mechanisms nay be
in play to account for the improvement. /As the steam begins to condense, it
will nucleate on the aerosol particles in the gas stream. This has the effect
of making the aerosols much more massive, and collectable by impaction in the
packed bed. Also, if the steam continues to condense after entering the
packed bed, the diameter of the gas bubbles will decrease. This improves the
chance for aerosol collection by decreasing the path length between the
aerosol particle and the liquid interface. The aerosols that are smaller than
about 0.1 micron will diffuse significantly due to Brownian motion. For these
particles, the shortened path to the liquid will result in a higher probabil-
ity of capture. Although the experiments covered steam:air ratios only up to
0.5, it would be expected that collection would continue to improve by
increasing the proportion of steam.

The location at which condensation begins has a dramatic effect on
collection of aerosols. If steam is added and the gas is cooled below the
dewpoint before entering the SBS, the DF increases by about a factor of 5.0.
This occurs because the aerosols nucleate condensation and have time to grow
quite massive before entering the bed. If condensation does not begin until
the gas enters the bed, the steam will condense preferentially on the liquid
surface rather than on the aerosol, and the effect on aerosol collection will
be diminished. DFs for insoluble aerosols without inlet condensation are
normally about 5 to 10. If the inlet gas temperature is below the dewpoint,
DFs rise to about 40 to 60.

PACKING

The packing used in the SBS bed is spherical ceramic marbles. The spher-
ical shape is rather poor from a a porosity standpoint, but this is over-
shadowed by the reduced tendency to collect sol ids. Scrubbing solution is
induced through the packing at a relat ively low veloci ty, which depends on the
rate of gas flow. This constant flow sweeps collected particulate material
from the bed. A complicated packing shape may offer some improvement in
performance when clean, but would greatly increase the risk of a plugged bed.
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Experimental Conditions
TiO2 Aerosols 0.3 - 0-7 /im
nlet Concetration 1000 Pirticles/cc
Inlet Off-Gas Temperature 100°C
Scrubbing Water Temperature 20°C
Bed Diameter 0.50 m
Depth of Packing 0.55 m
Spherical Packing Diameter 1 cm

Volumetric Steam-To-Air Ratio
std m3/sec/std m3/sec
• 0.5
A 0.33
O 0.0
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Figure 5. Influence of steam on aerosol collection performance.

Tests were conducted using packing of 0.3 cm diameter and of 1 cm
diameter. The effect of diameter on collection efficiency is shown in Figure
6. It was originally anticipated that the smaller diameter packing would
produce smaller bubbles, which should improve collection efficiency. However,
the smaller packing actually promotes coalescing of the bubbles more than the
larger packing. This occurs because the interstitial void volume enclosed by
the 1 cm packing is relatively close to the volume of the gas bubbles, and the
bubbles remain discrete. The distribution of bubble diameters is fairly
narrow for bubbles formed by passing through a grid, and the average size is a
function of the liquid surface properties. The void volume enclosed by the
smaller packing is much smaller than the bubbles, and the packing tends to
extend the bubble surface. Although tests were not conducted on larger
diameter packing, it would be anticipated that 2 cm diameter spheres would
offer a small additional improvement in performance, particularly at high gas
flow rates.
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Experimental Conditions
TiO2 Aerosols 0.3 • 0.7 pm
Inlet Aerosol Concentration 1000 Paiticles/cc
Inlet Off Gas Temperature 1OO°C
Scrubbing Water Temperature 2O°C
Depth of Packing 0.55 m
Ceramic Sphere Packing Diameter 0.3 cm

Bed Diameter
A 0.4 m
• 0.5 m

I I I I
0.1 0.2 0.3 0.4

Superficial Velocity (noncondensible gas flow rate in std m3per sec/m2)

0.5

Fiyure 6. Influence of bed diameter on aerosol c o l l e c t i o n .

CONCLUSIONS

Operation of a submerged bed scrubber has been characterized well enough
to accurately estimate the co l lec t ion e f f i c iency fo r aerosols in an of f -gas
treatment system. The device has the advantages of a high degree of r e l i a b i l -
i t y and minimal control requirements. Correlat ions have been developed that
allow d i rec t spec i f i ca t ion of the design variables that are required to
achieve a desire co l lec t ion e f f i c i ency . The decontamination factors achiev-
able through proper design and e f f i c i e n t operation are well w i th in the accept-
able range fo r a primary scrubber in nuclear off-gas treatment systems.
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ABSTRACT

Vitrification processes for high-level liquid waste
streams require drying, calcination and melting operations
which give rise to the formation of oxidized compounds and
thus lead to a more or less strong volatilization of
certain elements. Of particular importance are the
elements technetium and ruthenium with their volatile
oxides Tc?0? and RuO.. Other semivolatiles observed in the
off-gas stream are molybdenum, cesium, selenium and
tellurium. Various methods are available for limiting this
volatilization, and for trapping the volatilized species
in the off-gas filtering systems, respectively. A series
of experiments has been performed with the FIPS hot cell
vitrification facility in order to gain more insight into
the vaporization behaviour and to explain the underlying
reaction mechanisms.

INTRODUCTION

Nomenclature defines high-level active wastes as the highly radioactive
materials resulting from the reprocessing of spent nuclear fuel, including
liquid waste produced directly in reprocessing (HLLW) and any solid material
derived from such liquid waste. All vitrification processes involve
evaporation and possibly chemical denitration of the liquid wastes,
calcination of the dried residue and subsequent melting with glass or glass-
forming additives to produce a homogeneous vitrified block.

Certain chemical problems are common to all processes, notably the
volatility of some elements under the highly oxidizing and high temperature
conditions which exist during the evaporation and calcination stages. Among
the volatile elements the most difficult to treat are ruthenium and
technetium. There are few other semivolatile elements like cesium,
molybdenum, antimony, selenium and tellurium which, depending on the glass
melt temperature, may also be carried over from the glass melter into the
off-gas system either by entrainment or - more important - by volatility.

As a consequence two problems could arise: (a) deposition of solids could
lead to blockage of the off-gas system, and (b) radioactive material could be
released into the atmosphere.
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DESIGN PRINCIPLES OF THE FIPS PROCESS

The design principles of the hot cell facility used for the
experiments, called FIPS (FIPS = Rission product Solidification)
are illustrated in Figure 1.

»«-$« I

Oanlrator

MiscMMhiltar Vortaqateftallw

Figure 1. Simplified flow diagram of the FIPS facility /I/

The unit has been designed for a throughput of 1 kg glass per hour. The
flowsheet consists of the steps:
- concentration of the fission product solution
- denitration of the solution by addition of formaldehyde or formic acid
- addition of glass-forming chemicals
- drying of the slurry using a drum drier
- melting of the dry product in the crucible by rising level m-pot melting
- off-gas treatment and recovery of nitric acid.

This process is very versatile. Off-gases from the melter and drum drier
will pass through a dust scrubber followed by a vertical tube in a shell
condenser. The off-gas will then pass through a packed column and finally a
HEPA filter before it is released into the hot cell ventilation system.

Prior to chemical denitration the waste solution is condensed to 5 M HNQ
and 50 g/1 of solids by evaporation. Denitration using either formaldehyde or
formic acid has been extensively studied at KFA /2/. The objective is to
destroy all of the free nitric acid as well as most of the hydrolyzable
fission product nitrates in order to limit subsequent NCL production during
calcination and vitrification, which otherwise would be conducive to the
formation of volatile RuO,.
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The addition of glass-form ing chemicals to the demtrated solution
results in an increase in pH value and thus leads to the precipitation of
hydroxides and other hydrolyzed species. The consistency of this creamy
suspension is advantageous for the drum drier treatment. To prevent
sedimentation, the slurry must be stirred contmously. The slurry is pumped
in an overflow cycle to the drum which dips into the slurry. A thin film
adheres at the surface. During two thirds of a revolution the product is
dried at about 130°C. The rotation rate is approximately 2 rev/min, the
drying time 20 seconds. A blade scrapes off the dry and free flowing material
which directly falls down into the melting crucible. The residual water
content amounts to 5 to 8 percent. Glass melting is achieved employing an
induction furnace at temperatures between 1000 and 1200°C, depending on the
glass frit formulation. A glass block of 2.5 litres is produced per batch.

EXPERIMENTAL

The experiments were performed utilizing either simulated high level
waste with the addition of Tc-99 and Ru-106, or real HLLW solutions
originating from pilot plant reprocessing ot the Karlsruhe Nuclear Research
Center and from the EUROCHEMIC plant at Mol, Belgium.

A C\C.

Tracered ruthenium was available as RuNO(OH)«.H?O, which was
dissolved in nitric acid tQgform the complexes of nitrosyl ruthenium.
Technetium was used as NH. TcO. and its concentrationggeasured using liquid
beta scintillation spectrometry. In some experiments, ' Tc in the form of
pertechnetate was added in tracer quantities in order to act as an easily-
measured indicator to be measured by Y"sPectroscopy of the 140.5 keV line.

In addition, intermediate level waste solutions obtained from the German
pilot reprocessing plant WAK with a high sodium nitrate content of 25 - 30 %
have been processed. After denitration, Cs, Sr, Zr, Ru, Ce and Sb were
precipitated at pH 9 with the reagents K. [Fe(CN)g], Ni(N03)2.6 H^O, and
Fe(N0«)-.9 HpO, separated and mixed as slurry with the glass frit. The
resulting product was dried at 120°C and vitrified to obtain a glass product
with a final fission product oxide content of approximately 4 percent.

Fission Product Volatilization During Chemical Denitration

Denitration of liquid waste solution is/a well-proven method for lowering
the excess nitric acid concentration which decreases acidity and minimizes
ruthenium volatilization in the course of the calcination and vitrification
procedure /3/. A chemical denitration under reflux conditions applying either
formaldehyde or formic acid has been applied. The FIPS facility in capable of
processing 10 kg/h.

The reaction products are nitrogen, nitrous oxides and carbon dioxide,
their yields being dependent on the reducing agent and the conditions of the
chemical reaction /4/.

During chemical denitration a more or less large percentage of TcO. is
reduced to the lower valency states Tc+ and Tc+ . However, at the end of the
denitration reaction and an additional refluxing period, all the technetium
is reoxidized quantitatively to Tc due to the influence of the nitrous
oxides ajways present in the nitric acid solution /5/.
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Only a very small percentage of Tc was carried over in the distillate.
The mechanism responsible for such entrainment is aerosol formation by action
of the boiling solution and gas evolution. Under the prevailing experimental
conditions a Tc carry over of 0.1 - 0.4 % has been measured.

Ruthenium tetroxide (RuO.) has generally been considered to be the
volatile species responsible for the partial pressure of ruthenium over the
solutions. Since a large amount of NO gas is produced in the course of
denitration, any RuO. formed should immediately be reduced to the non-
volatile RuCL according to equation (1):

RuO4(g) + 2 NO - RuO2 + 2 N02 (1)

Nitrogen dioxide reacts with water to produce nitrous acid (Eq. 2) which
is in equil.-srium with HNO- and NO as shown in Eq. (3).

2N0 + H20 - HN03 + HN02 (2)

3 HN02 - 2 NO + H20 + HN03 (3)

Nitrous acid is a reducing agent in contrast to nitric acid. Therefore,
considering the reducing properties of HCHO, and that both aqueous and
gaseous reductants are produced in the denitration process, it is reasonable
to assume that the volatility of ruthenium during denitration and
distillation is negligible if the nitric acid concentration is about 5 M or
less and excess oxygen is excluded.

Investigations performed confirm this assumption. No ruthenium volatili-
zation has been observed apart from a very small Ru carry-over in the
distillate due to entrainment. Again, the value measured amounts to
approximately 0.1 %.

For the other fission products under consideration in this investigation
only negligible percentages of S 0.1 % for carry-over into the downdraft
condenser were measured.

Behavior During Drum Drying

In the FIPS flowsheet the chemically pre-denitrated slurry is mixed with
a suitable glass frit and dried to a more or less uniform powdery mixture
with a pre-determined composition ratio of fission product oxides to glass
frit in the range of 1 : 5 to 1 : 10. Practically all of the various glass
formulas proposed can be handled if required.

It has been demonstrated in several experimental runs that neither a Tc
nor an Ru volatilization occurs during drying of the aforementioned glass
frit-fission product slurry, regardless of whether a chemical pre-denitration
has been employed or not. This statement applies as long as the temperature
of the drum surface does not exceed 140°C.

Only traces of the various elements could be detected in the off-gas
filters of the drum drier in the order of £ 10" %. The decontamination
factor behind a packed filter and an HEPA filter is better than 10 . A
uniform distribution of the trapped and measured elements (Zr, Mo, Tc, Ru,
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Se, Te, Cs, Ce) was observed in the filtering system. That means no
selective carry-over takes place.

Fission Product Volatilization During Vitrification

Two basically different operation modes for HLLW vitrification are in use
today, depending on whether the starting feed material is a dry powdery
product or a pre-concentrated liquid. In either case, calcination is a
precursor stage of vitrification.

In the first approach, the liquid feed is dried and calcined and then
fused to a homogeneous glass in an induced-current heated melting crucible.
The most prominent design which has already proven its maturity is the French
AVM process /6/. Similar principles are applied in the FIPS flowsheet.

The more advanced method will be the direct liquid-fed ceramic melter
developed in the United States of America /7/ and in Germany /8/. In these,
the glass frit may be fed into the vitrification unit (Joule heated ceramic
melter) either separately or together with the HLLW slurry.

Technetium

The volatilization of technetium in the course of high-level waste
vitrification may be considerable, depending on process parameters.
Therefore, a series of experiments has been performed in order to gain more
insight into the vaporization behavior of Tc during HLLW vitrification.

Technetium compounds may exist in many oxidation states from - 1 to + 7,
but the most stable is the + 7 valency. Therefore, under oxidizing conditions
Tc-VII compounds are always formed. The most stable oxide, TCpO7 melts at
119.5°C and boils at 310.6°C. It is soluble in water as the strong acid
HTcuV,, which is strongly dissociated. Pertechnetic acid forms several
pertechnetates, of which the alkali salts are thermally rather stable.
However, there is a conceivable tendency that their salts may volatilize at
the glass melting temperatures, particularly CsTcCL.

It has been demonstrated in several experimental runs that Tc
volatilization starts at 520 to 550°C and proceeds rapidly at 600 to 700°C.
According to the measured weight loss, applying thermogravimetric analyses,
it could be proven that the volatilization is not a direct consequence of
thermal denitration, as for example in the case of Ru volatilization /9/,
since it occurs independently of the nitrate destruction. It becomes
predominant after the decomposition is largely at an end. The technetium
desublimation from the gas phase occurs as a shiny black deposit immediately
at the cooler parts of the melter outlet.

A typical plot of a Tc volatilization curve is depicted in Figure 2. The
drum-dried product has been fed into the melting crucible and then heated up
until the final temperature of 1150°C. Holding this temperature for several
hours, only a minor further Tc volatilization could be measured. Obviously,
the Tc was now properly dissolved in the glass. SEM measurements performed
with small samples indicated that7the technetium is readily dissolved in the
glass in the Tc valence. No Tc or covalently bonded Tc compounds could be
detected.

1 0 6 2



200 iOO 500 600 700 800 900 1000 1100 1200
Temperature in Glass Melt Crucible I °C ] •-

Figure 2. Technetium volatilization as a function of temperature in the
glass melt crucible

The observation is interesting that no appreciable volatilization as
CsTcO. occurs under the circumstances prevailing in the FIPS experimental
setup. In separate experiments, a fissium simulate-glass frit,.was used,
spiked with v/ Tc. Additionally, the cesium was labeled with Cs in order
to find out whether or not the two elements Tc and Cs are volatilized
together as in the compound CsTcCL.

Volatilized [%)

100'

B0

60

20

( 6 w % Cs in all fissium samples I

- C s

1.0 2 0 3 0

Weight-%of Tc in Fissium Simulate

Figure 3. Volatilization rate of Cs and Tc from a fissium simulate-glass
frit mixture as a function of Tc concentration at constant Cs
concentration; temperature rise from 500 to 1150°C
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The integral Cs volatilization observed at the end of the calcination
treatment exhibits a constant value for the Cs loss of between 8 and 12 %,
regardless of the supply, e.g. concentration of Tc in the investigated
sample. On the other hund, the Tc volatilization decreased from a total value
of about 75 % down to approximately 60 % by increasing the Tc content in the
sample by a factor of ten. The results are shown in Figure 3.

Ruthenium

The majority of ruthenium produced in nuclear fission remains unsoluble
and will be collected in the dissolver sludge. The less than 40 % that
dissolves exists principally as complexes of tervalent nitrosyl ruthenium
cation (RuNO), in which the ligands are nitrato, nitro, hydroxo and aquo
groups.

An important advantage of a chemical denitration is the obcsrved drastic
decrease of ruthenium volatilization into the off-gas during HLLW
vitrification. Ruthenium tetroxide (RuCL) has generally been considered to be
the volatile species, which, under the reducing conditions prevailing in
denitration, is reduced to nonvolatile RuGVJ2'

106rThis could be confirmed by measuring the ̂ ""Ru content in the precipitate
formed in the denitration step. Only a negligible percentage of 10 could be
detected in the condensate.

The dependence of Ru volatilization during glass melting as a function of
nitrate concentration in the fission product calcinate is shown in Figure 4.

-S 10'o

10°

10"
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Figure 4. Ruthenium volatilization as a function of the initial
nitrate concentration in glass melt
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The diagram clearly indicates that the volatility of Ru can effectively
be reduced by chemical demtration of the liquid prior to vitrification /10/
The ruthenium volatilization measured varied from 1 to 30 % depending on
processing parameters.

An extensive Ru volatilization in the course of the vitrification step is
most likely determined by the two competing reactions:

thermalRu(NO)nitro/nitrato complexes
decomposition by-products (4)

Ru(NO)nitro/nitrato complexes + 0" oxidative
decomposition RuO, (5)

The activated oxygen being formed by

NOp * NO + 0* (6)

Using non pre-denitrated solutions, it could be shown that ruthenium
volatilization is mainly dependent on the oxidative decomposition reaction
(5) during the calcination step of the pre-dried product. Volatility starts
at about 140°C, has its maximum at 380°C, and levels off at approximately
500°C. The experimental diagram is shown is Figure 5.
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Figure 5. Ruthenium loss as a function of calcination temperature (x);
also influence of presence of Fe catalyst (o)

An interesting observation was the influence of Fe+3 ions on
ruthenium volatilization which apparently acts as a catalyst. The
peak is shifted to a lower temperature and the total volatility
is increased to more than a+|ac_tor of 3. The effect is attributed
to the redox equilibrium Fe «- Fe with regard to an enhanced
efficacy of the oxidative intermediate 0*.
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Semivolatiles

A carry-over of radionuclides from the glass melter in the off-gas
cleanup system may be caused either by sublimation or entrainment. The glass
melting operation gives rise to solid aerosol formation with particle sizes
in the range from 0.5 to 5 urn in diameter.

The desublimation filtering trap installed in the hot cell facility
allowed only a gross measurement of the volatilized species during the
complete batch vitrification. Typical results obtained in a hot run are
summarized in Table 1.

TABLE 1. PERCENTAGE OF SEMIVOLATILES MEASURED IN THE OFF-GAS
TRAP DURING HLLW VITRIFICATION

Element Removed/Volatilized from Glass Melting
Crucible; melting duration 6 h at 1150°C

Co 1.3
Se 3.1
Zr 1.2
Mo 4.3
Sb 2.5
Te 3.0
Cs 3.2
Ce 1.2

It serams that during the glass melting procedure a weight loss of
approximately 1 % occurs by evaporation of the glass frit. This is
supported by the observed carry-out of the nonvolatile elements Co, Zr and
Ce.

CONCLUSIONS

It can be stated that chemical denitration is only advantageous for
minimizing Ru volatilization during the calcination and vitrification step.
For all other elements under consideration, it is meaningless. No
volatilization of any radionuclide has been observed during chemical
denitration and drying of the solutions on a drum drier at moderate
temperatures.

A substantial volatilization of Tc may occur during high temperature
calcination and vitrification of fission product waste. Tc retainment can be
achieved by liquid scrubbing of the off-gas and recycling of the wash
solution. One could also make use of a selective technetium trap installed in
the off-gas system.

The behavior of the semivolatile elements, Mo, Cs, Se, Te, Sb, is
specific for each type of vitrification process and depends on a variety of
conditions including waste composition and actual process parameters. The
losses are in the order of a few percent.
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LFCM EMISSION AND OFF-GAS SYSTEM PERFORMANCE
FOR FEED COMPONENT CESIUM

R. W. Goles and C. M. Andersen
Paci f ic Northwest Laboratory

ABSTRACT

Except for v o l a t i l e off-gas e f f l u e n t s , overal l adequacy of
the l i qu i d - f ed ceramic melter (LFCM) system depends most
upon i t s ef fect iveness in deal ing wi th cesium. However,
the mechanism responsible for melter cesium losses has
proved insens i t i ve to many LFCM operating and processing
condi t ions. As a r e s u l t , va r ia t ions in inleakage, plenum
temperature, feeding rate and waste loading do not s i g n i f i -
cant ly inf luence melter cesium performance. Feed composi-
t i o n , s p e c i f i c a l l y halogen content , i s the only processing
var iab le that has had a s i gn i f i can t e f f e c t . Due to the
submicron nature of LFCM-generated aerosols, melter d isen-
gagement design features are not expected to be p a r t i c u -
l a r l y e f f ec t i ve in reducing cesium emission ra tes . For the
same reason, the cesium performance of conventional quench
scrubbers is qu i te low, being dependent only upon the mag-
nitude of melter entrainment losses. Although a deep bed
washable f i l t e r has been e f f ec t i ve in removing submicron
aerosols from the process exhaust, high performance has
only been achieved under dry operating cond i t ions. The
mel ter 's i d l i n g state does not appear to place addi t ional
demands upon the of f -gas treatment system.

INTRODUCTION

The Pacific Northwest Laboratory (PNL) has been developing high level
(radioactive) l iquid waste (HLLW) immobilization technologies under the
sponsorship of the United States Department of Energy and i t s predecessors
for well over 25 years. Since 1973, PNL has technically supported the
design and development of the Liquid-Fed Ceramic Melter (LFCM) v i t r i f i ca t i on
process. Much of this development work has involved nonradioactive experi-
mental studies using a ~l/3 scale LFCM and i ts associated off-gas processing
system. Over 20 LFCM tests, involving 3000 hrs. of processing, have been
conducted at PNL in direct support of the Savannah River Laboratory's
Defense Waste Processing Faci l i ty (DWPF), the West Valley Demonstration
Project (WVDP), PNL's Nuclear Waste Treatment Program (NWTP) and the Hanford
Waste V i t r i f i ca t ion Project (HWVP).

As a result of the diverse needs and specific requirements associated
with each of the sponsors, the PNL-LFCM tests have provided a wealth of
information regarding melter effluent emission performance under a variety
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of process operating conditions. Moreover, the operational characteristics
of key, reference off-gas processing devices have also been established dur-
ing many of these same experiments. In spite of all the processing diver-
sity associated with these PNL melter tests, the cesium component of the
feed has always been found to present the greatest challenge to the effi-
ciency of the vitrification process and its supporting equipment. Because
of this problem and the universal need to isolate and immobilize the Id/Cs
present in essentially all HLLW streams, this paper deals exclusively with
the empirically determined behavior of the cesium component of various simu-
lated HLLW streams during and after LFCM processing,

Specifically, the nature and magnitudes of melter cesium losses are
examined and evaluated as functions of

melter freeboard
melter inleakage
plenum temperature
feeding rate i
feed composition /
cesium Wt% '
idling. ;

In addition, the performance of two different types of quench
scrubbers—an ejector venturi scrubber (EVS) and a submerged bed scrubber
(S8S)—and a high-efficiency, deep-bed, washable filter will be described
and related, as applicable, to

• process upsets (surging)
• off-gas flow rate and steam loading
• scrubber solution composition.

LFCM EFFLUENT EMISSION CHARACTERISTICS

Melter off-gas system losses for most HLLW slurry components have been
shown [1,2] to be associated with aerosol emission, and cesium is no excep-
t i o n . Moreover, size d ist r ibut ion analyses of these LFCM-generated aerosols
have shown that two independent mechanisms are responsible for these losses,
feed entrainment and volati l ization/condensation. Gross feed entrainment is
s t r i c t l y a physical loss mechanism, d i rect ly related to the convective tu r -
bulence, within the melter plenum and, to f i r s t order, affects the v i t r i f i c a -
t ion eff iciency of a l l feed components in the same way. The characterist ic
aerosol size dist r ibut ion associated with th is LFCM loss mechanism has a
mass medium diameter which is typical ly much greater than 10 pm. The vola-
ti l ization/condensation aerosol loss mechanism, on the other hand, is
d i rect ly related to the elemental and/or chemical vapor pressure properties
of specific feed components. The semivolatile elements, of which cesium is
one, are the only feed components affected by th is loss mechanism. The aer-
osols generated by this process are typ ica l ly submicron.

Average aerosol size distr ibut ion data collected during nine separate
LFCM tests are summarized in Table 1. The overall importance of each of the
previously described melter loss mechanisms is a variable, as is clearly
shown in th is table. During the LFCM-7 experiment, almost 80% of melter
aerosol mass losses could be ascribed to the entrainment process due to high
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TABLE 1 . MELTER AEROSOL CHARACTERISTICS AND DF DATA

PNL Tes t

LFCM-7
PSCM-4
PSCM-5
PSCM-6
PSCM-7
PSCM-8
PSCM-9
PSCM-15
PSCM-2O

16 Mi
Mass

76.7

13.5
46.1
7.5

44
8.2

44.7
1.7

% of
cron

Cs

7.5
0
2

23.7
1.2
4.4
6.4
7.3
0.12

Total Sample in
6 Micron
Mass

2.8
0.9
3.9
0.5
3.2
7.3
2.1
9.8
0

Cs

0
0
1.9
0
1.5
7.5
1.2
3.9
0

1 Mi
Mass

8.5
3.6

20.2
12.7
9.4

19.6
16.3
22.4
12.5

Cycloni
cron

Cs

5.4
0

18.6
9.2
3.7

13.6
15.6
22
4.3

c Size
<1 Mi

Mass

11.9
95.6
62.2
40.7
79.9
29.1
73.7
23.1
85.8

Fracti
cron

Cs

87.1
100
77.6
67.1
93.6
74.5
76.8
67
96

on
DF

Mass

120
630
480
800

1200
1000

420
240
640

Cs

12
16

9.4
14
13

130
14
62

140

inleakage cond i t i ons . In stark contrast to t h i s , PSCM-4 exh ib i ted no s i g -
n i f i c a n t entrainment losses. The remainder of the data in t h i s t ab le sug-
gest that average LFCM behavior i s somewhere in between these two extremes,
where at leas t ha l f the mass of aerosols e jected from the process is com-
posed almost e n t i r e l y of semi v o l a t i l e , submicron compounds.

Since cesium i s a semivo la t i l e element, i t s ove ra l l LFCM loss rate w i l l
be determined by both melter loss mechanisms. However, since the cesium
content (wt%) of the submicron matter i s nominal ly 50 t o 100 times greater
than tha t present in the melter feed , entrainment losses ra re ly i f ever s i g -
n i f i c a n t l y in f luence the overa l l cesium emission source term. Using e x p e r i -
ment LFCM-7 as a worst-case example (see Table 1 ) , ~80% of melter aerosol
losses were due t o en t ra innen t ; yet t h i s loss mechanism accounted f o r only
35% of cesium l os t to the melter o f f -gas system. Consequently, process
operat ing condi t ions tha t act t o increase entrainment losses such as plenum
in leakage, temporary overfeeding condi t ions or cold cap i n s t a b i l i t i e s do not
in general have a s i g n i f i c a n t impact upon melter cesium emission r a t e s ,
unless the condi t ion produces an extreme e f f e c t (~5X). The next sect ion
w i l l deal w i th t h i s and other operat ional fac to rs tha t can in f luence melter
processing performance.

MELTER PERFORMANCE

Melter o f f -gas performance is commonly expressed in terms of a u n i t l e s s
decontamination fac to r or DF. By d e f i n i t i o n , a feed component DF i s the
r a t i o of the rate at which tha t p a r t i c u l a r component enters a device to the
rate at which i t e x i t s . Consequently, melter DFs are re la ted to LFCM process
e f f i c i e n c i e s (1-1/DF) f o r conver t ing feed components i n t o a b o r o s i l i c a t e
g lass . O v e r a l l , melter DFs are s i m i l a r l y def ined in terms of mass ra t i os
wi thout reference to elemental composi t ion. The e f f ec t s of var ious operat -
ing and processing condi t ions upon melter e f f i c i e n c y (DF) have been studied
and are discussed below.
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Melter Freeboard

The design of the melter plenum and i ts associated exhaust port can
influence overall melter DFs by affecting disengagement eff iciency. How-
ever, since this efficiency is a strong function of aerosol diameter, only
large entrained particulate matter would be affected by this design parame-
ter . Since semivolatile losses are not dominated by an entrainment
mechanism (as discussed previously), melter cesium losses should not be
influenced by any reasonable plenum/off-gas port design. For obvious rea-
sons, this assertion has not been veri f ied by actual parametric studies.

Melter Inleakage

As alluded to previously, melter inleakage increases convective turbu-
lence within the melter plenum and as such aggravates off-gas entrainment
losses. Consequently, overall melter aerosol DFs decrease with increasing
plenum inleakage. This in tu i t ive fact is demonstrated by LFCM-7 and PSCM-4
off-gas data (see Table 1) collected during two successive PNL melter tests
using two very different ceramic melters. The LFCM-7 test ut i l ized an o ld ,
inleakage-ridden melter that was retired after the completion of the test .
Plenum inleakage during the LFCM test averaged 100 scfm. In contrast,
PSCM-4 was the maiden test of a newly rebuilt melter which possessed a very
low inleakage rate (~20 scfm). The aerosol and overall DF data associated
with these tests (see Table 1) unequivocally show the relationship between
inleakage and melter entrainment losses. However, comparison of the average
cesium DF data for these tests i l lustrates how insensitive melter cesium
losses are to entrainment losses. I f an overall average melter DF of 500 is
assumed, entrainment losses would have to increase by an order of magnitude
before they could signif icant ly influence the total melter cesium source
term. This statement is s t r i c t l y true for only those feeds that promote
strong volatilization/condensation losses. However, i t is true that
entrainment has never accounted for more than 50% of cesium melter losses at
PNL. This subject w i l l be dealt with when the effects of feed composition
are discussed.

Plenum Temperature

In an attempt to increase or "boost" LFCM processing rates, various
auxil iary plenum heating devices have been studied at PNL. However, elec-
t r i ca l radiant l i d heating is the only feed-boosting approach which has been
adequately evaluated. Without the use of auxil iary heating, the insulating
properties of the melter cold cap l imi t the rate at which drying, calcina-
t i on , and melting of feed can occur. Under unboosted steady-state proc-
essing conditions, the temperature of the melter plenum is commonly 200°C
during maximum processing conditions. With use of radiant melter l i d heat-
ers, plenum temperatures typical ly exceed 800°C under similar processing
conditions. Although one might expect increased melter vo lat i l izat ion loss
rates under boosting conditions, none have been observed. The f i r s t f ive
tests l isted in Table 1 were used to evaluate the affect of feed boosting
upon melter cesium performance. The data collected during these tests [1,2]
fa i l to show any significant correlation between melter plenum temperature
and cesium DF. This statement is also true for the other semivolatiles feed
components such as sodium, cadmium and tel lur ium.
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Feeding Rate

The relationship between LFCM feeding rates and melter cesium DF is to
some extent related to the previous subject involving plenum temperature but
is in no way limited by it. Under fixed operating conditions, feeding rate
determines the degree to which the cold cap covers the melter glass surface.
Intuitively, one might expect this coverage to act as a barrier, inhibiting
surface volatilization from the hot melter glass. This may indeed occur;
however, surface glass losses during LFCM processing do not necessarily dom-
inate the overall cesium source term. The highest melter cesium DF recorded
at PNL occurred during an underfed-meKer test (PSCM-1) that produced a rel-
atively small cold cap with minimal glass surface coverage. Since most PNL-
LFCM tests were designed to maximize feeding rates (operational efficiency)
without bridging the melter surface, data relating melter feeding rates to
melter DFs is meager at best. However, it is unequivocally true, as will
become clear in the next section, that cold-cap chemistry can have a much
greater influence upon melter cesium loss rates than the degree to which
melter glass surface is exposed. It must be recognized that the cold cap is
a major LFCM effluent source whose emission characteristics are controlled
solely by composition.

Feed Composition

Of all the parameters which can affect LFCM performance, feed composi-
tion is the most important. Ironically, the feed components that have the
greatest influence upon melter exhaust characteristics are traditionally
chemical additives used in w<>ste processing (nitrates, sulphates and the
halogens) or in feed conditioning (organics—sugar, formic acid, etc.).
These chemical additives directly influence the magnitude of melter off-gas
system losses resulting from both entrainment and volatilization.

There are several mechanisms by which melter entrainment is affected by
feed composition. The physical ability of feed components to form a struc-
turally sound insulating layer between the incoming feed and the hot glass
surface is one of the more important factors influencing melter processing
stability and, consequently, the magnitude of off-gas entrainment losses.
Ideally, upon entry into an LFCM, the waste components of the slurry feed
would be dried, calcined and melted in a smooth continuous process to form a
molten borosilicate glass. In reality, structural collapse of the cold cap
often brings dammed-up liquid feed into contact with extremely hot glass
surfaces, which results in the flashing off of steam and volatile reaction
products. The erratic, pulsed flow that results exacerbates entrainment
losses. The degree and frequency to which this occurs is a compositional -
dependent property of the feed. The formating of hydroxide slurry feeds has
for example, been found [1,2] to significantly improve cold cap melting and
LFCM processing characteristics. On the other hand, melter glass reboil
initiated by highly oxidized feeds (a chemical property) produces destabi-
lizing affects by causing cold cap collapse. Figure 1 demonstrates the
smooth and disruptive flow patterns associated, respectively, with stable
and unstable melter processing (cold cap) conditions.

The importance of entrainment upon overall cesium loss rates depends
upon the corresponding magnitude of cesium volatilization losses which, as
will be seen, are also compositionally dependent. Since the range of melter
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Figure 1. Typical off-gas flow rate behavioral patterns
associated with liquid-fed melters.

cesium DFs are nominally an order of magnitude lower than the observed range
of overall aerosol DFs, a feed possessing low volatility would have to also
produce extremely high entrainment losses in order to significantly influ-
ence melter cesium DF. This has never occurred during PNL-LFCM testing;
however, it is certainly possible.

The influence of feed composition upon nielter semivolatile losses is
clearly demonstrated by the order of magnitude range in observed cesium DFs.
As previously discussed (see Table 1) melter losses of cesium and other sem-
ivolatiles are dominated by a volatilization/condensation loss mechanism.
Consequently, processing stability has little to do with observed melter
cesium performance. As a result, the differences in observed cesium DFs
must logically be associated with factors affecting volatilization rates.
Since plenum temperature and cold cap glass coverage have been previously
shown to be unrelated to cesium DF, the chemistry in the cold cap must be
responsible. For most semivolatiles, including cesium and mercury, the halo-
gen feed components appear to determine and limit volatilization rates. In
most PNL tests, the halogen chlorine was introduced into the LFCM slurries
as an impurity in the Fe(0H)3 feed component. The variability in semivola-
tile alkali element DFs, moreover, has been found to be directly related to
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the availability of chlorine in the feed stream. This of course implies
that LFCM-generated emissions of the alkali elements, including cesium, are
predominantly composed of chlorinated (halogenated) compounds. The fact
that the chlorine (halogen) content of aerosol effluent varies as its alkali
content strongly supports this supposition as is shown in Table 2.

Although the halogen content of LFCM feed apparently determines alkali
element volatilization rates, not enough data exist to establish the exact
functional relationship involved. However, this relationship, whatever form
it may take, appears to be independent of the REDOX state of both the feed
and the glass. Cesium DFs of ~10 have been observed under strongly oxidiz-
ing as well as reducing LFCM processing conditions where the only common
factor between tests has been a high chlorine feed composition.

Semivolatile competition for the available halogens can affect cesium
melter OF. The presence of relatively high feed concentrations of mercury
(Hg:Cs = 10:1) have been observed to increase cesium DFs. Like the alkali
elements, mercury exclusively forms halogenated compounds during LFCM proc-
essing. The kinetics of the reactions apparently favor the formation of
halogenated mercury over that of cesium, thus limiting cesium emission
rates.

TABLE 2. MELTER PERFORMANCE AS A FUNCTION OF CHLORINE WT%

PNL Test

PSCM-5
PSCM-4
PSCM-7
PSCM-9a

PSCM-6
PSCM-22

PSCM-8
PSCM-21
PSCM-20
PSCM-16a

PSCM-15a

PSCM-19

Effluent Wt%
Cs

2.2
1.9
1.2
2.0
2.4
6.1

0.34
0.57
24
0.30
0.48
0.27

Cl

56.7
43.4
39.0
33.1
25.0^
>12.6b

10.0
7.2
5.9
5.1
3.9
2.3

DF
Cs

9.5
16
13
14
14
14

130
33
140
59
62
97

Mass

490
630
870
460
860
330

940
200
640
160
240
370

a. These tests were highly oxidizing.

b. Equivalent halogen content.
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Cesium Weight Percent

Although most melter performance studies have been conducted using feed
slurries possessing 0.05-0.2 wt% cesium, a series of LFCM tests was recently
performed using a ~5 wt% cesium feed stream. A comparison of similar tests
having the same nominal halogen content shows (see Table 3) no apparent
relationship between cesium feed loading and melter DF. Since this compari-
son covers a concentration range of two orders of magnitude, it is fairly
safe to say that melter cesium off-gas performance is not a strong function
of cesium feed loading.

Idling

When a LFCM is not processing s lu r ry feed, i t is said to be i d l i n g . In
order to establ ish the importance of i d l i n g upon the overal l melter source
term, e f f luent emission character is t ics associated with the i d l i ng state
have been extensively studied at PNL [ 1 , 2 ] . I f the i d l i n g state is consid-
ered to begin when l i qu id s lu r ry feeding is terminated, the melter source
has both shor t - and long-term emission charac te r i s t i cs , which are graphi-
ca l l y displayed in Figure 2. With an unboosted melter, cesium as well as
overal l emission rates decrease rapidly as the ex is t ing cold cap is con-
sumed. Once the cold cap has dissolved, the melter plenum temperature
begins to increase over several days from a processing condit ion of 200°C to
a steady-state value of 1000°C. During th i s per iod, feed deposits on the
plenum surfaces, which are enriched in semivo la t i les , burn away and produce
the peak in i d l i ng emission rates which are most pronounced for the semi v o l -
a t i l e elements, especial ly cesium. The pulsed emission character is t ics of
ind iv idual feed components are determined sole ly by t h e i r semivolat i le
nature. Consequently two d i s t i n c t sets of plenum burn-off peaks are
observed, which are associated with semivolat i les or nonvo la t i les .

The apparent temperature-dependent emission character is t ics associated
wi th nonvolat i les arise from the entrainment produced from the temperature-
dependent melting of plenum surface deposi ts. Since the magnitude of
entrainment induced by burn-off is only ~1% of that occurring during feed
processing, Figure 2 only presents nonvolat i le i d l i n g emission propert ies so
as not to suppress the other data presented.

The burn-off character is t ics of a l l the semivolat i le a l ka l i elements
are essent ia l ly ident ica l except for t he i r magnitudes, which is consistent

TARLE 3. MELTER PERFORMANCE AS A FUNCTION OF CESIUM WT%

PNL Test

PSCM-19
PSCM-16
PSCM-15
PSCM-20

Feed
Cs

0.05
0.12
0.15
5.7

Wt%
Cl

0.02
0.02
0.10
— —

DF
Cs

97
59
62
140

Mass

370
160
240
640
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Figure 2. Melter off-gas emission characteristics.

with a to ta l ly temperature-dependent phenomenon. Moreover, the peak emis-
sion rate values during burn-off do not generally exceed their corresponding
melter processing loss rates. However, plenum burn-off emission rates of
trace semi volat i le feed components such as cesium far exceed those associ-
ated with major nonvolatile feed components, which suggests that the melter
plenum can and does act as a signif icant sink for semivolatile ef f luent.
Consequently, melter DFs derived from off-gas emission studies can overesti-
mate LFCM glassif ication efficiencies for the semivolatiles.

Long-term idl ing emissions characteristics are f l a t , unstructured, and
only signif icant for semivolatiles ( i . e . , boron, cesium, sodium, ruthenium,
and various halogenated and sulphur compounds). As Figure 2 clearly shows,
these long-term semi volat i le loss rates, of which cesium presents a worst
case, are generally found to be signif icant ly less than those occurring dur-
ing melter feed processing. However, the magnitudes of these emission rates
are functionally dependent upon glass concentrations. Figure 3 character-
izes melter cesium emission rates during and after the production of a
~5 wt% cesium-loaded glass. Under these high glass-loading conditions,
long-term idl ing emissions of cesium are seen to be nominally equivalent to
the losses associated with maximum feed processing conditions. Moreover,
since peak and long-term emission rates are not found to be dramatically
different after processing the high cesium-loaded feed, i t appears that the
glass pool may signif icantly influence the melter cesium source term during
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Figure 3. Cesium off-gas emissions during and after processing,

al l phases of id l ing and possibly during feed processing as we l l ,
never been the case for low (<0.5 wt%) cesium-bearing feeds.

This has

Since the semi volat i le id l ing emission characteristics of a melter are
temperature-dependent, id l ing emission rates can be controlled by regulating
the melter plenum temperature. This was accomplished at PNL using a fine
water mist plenum spray. Although the details of this test, are given else-
where [1 ,2 ] , the results showed that a l l of the typical id l ing emission fea-
tures i l lust rated in Figure 2 could be suppressed and that long-term cesium
(semivolatile) id l ing losses could be signi f icant ly reduced.

OFF-GAS SYSTEM PERFORMANCE

By necessity, much of the early LFCM off-gas analytical work was p r i -
marily concerned with characterizing the melter source term. Once that was
accomplished, off-gas processing equipment was assembled to deal with the
defined melter emission source, and off-gas effluent studies were expanded
to characterize equipment performance. These studies have included two low-
efficiency quench scrubbers and a high-efficiency, deep-bed washable f i l t e r .
As in the case of the melter, off-gas processing performance is expressed in
terms of a decontamination factor (DF). The DFs associated with off-gas
system devices are measures of their scrubbing efficiencies for various a i r -
borne eff luents. The following discussion is concerned primarily with
cesium equipment performance.
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Quench Scrubbers

The i n i t i a l steps required in t rea t ing the exhaust of an LFCM must
include cooling the gas, condensing the steam and removing large airborne
debr is . A l l of these tasks are conveniently accomplished by a single device
known as a quench scrubber. Two quench scrubber devices—an EVS and an
SBS~which are described elsewhere [3 ] have been evaluated at PNL under var-
ious melter and off-gas operating condi t ions.

By design, a quench scrubber is a low-ef f ic iency device capable of
removing only large-diameter ( > 1 ^ ) airborne par t icu la te matter, as can be
c lear ly shown by comparing size d i s t r i bu t i ona l data col lected down stream of
the scrubber (Table 4) with s imi la r data col lected from the melter exhaust
(Table 1) . As a resu l t , quench scrubber elemental DFs should be d i rec t mea-
sures of the mass medium diameter of the aerosols responsible for ind iv idual
feed component losses. Spec i f i ca l l y , low DFs would be expected for feed
components, l i ke cesium, which are v o l a t i l i z e d and quickly converted by
reaction and/or condensation to predominantly submicron aerosols. On the
other hand much higher DFs should occur fo r nonvo la t i les , l i ke s t ront ium,
whose off-gas system losses are due pr imar i l y to gross feed entrainment.
Such is indeed the case for both the EVS and SBS, as the resul ts in Table 5
c lear ly show. The v a r i a b i l i t y of the overal l (mass) DFs l i s t ed in t h i s
table re f lec ts the re la t i ve importance of entrainment and v o l a t i l i z a t i o n
loss mechanisms. When most of the aerosol mass leaving a melter is associ-
ated with submicron matter as in the PSCM-9 and PSCM-20 tes ts (see Table 1 ) ,
low overal l scrubber DFs resu l t . Conversely high mass scrubber DFs resul t
when melter tests are characterized by high entrainment losses as in PSCM-8
and PSCM-15 (Table 1) . Since entrainment does not s i g n i f i c a n t l y a f fect the
melter cesium ef f luent source, the quench scrubber cesium DFs are less v a r i -
able from test to test than are the resul ts obtained from nonvolat i le or
overal l mass e f f luent data. This fact i s demonstrated by both the EVS and
SBS DF results appearing in Table 5. Since the off-gas performances of
these two scrubbers are essent ia l ly equivalent , the e f fec ts of various
melter and off-gas operating condit ions upon scrubber performance are d i s -
cussed below in a s t r i c t l y generic sense.

Process Upsets

Processing i n s t a b i l i t y can resul t from various operations or condit ions
such as overfeeding, glass reboi l or foaming, feed rate var ia t ions and/or
in te r rup t i ons , and cold cap br idging—to name but a few. The e f fec ts of

TABLE 4. AEROSOL CHARACTERISTICS EXHAUSTING THE MELTER AND QUENCH SCRUBBER

Percentage of Mass Collected on Size C lass i f i ca t ion Stage
Melter Quench Scrubber

PNL Test 16pjn 6ym lpjn <l|jm >4.2[jn 2.7pm 1.5um 0.86|jn 0.57|jm <Q.35~j]m

PSCM-19 0.02 0.09 0.53 4.8 6.8 87.7
PSCM-20 6.4 0 15.1 78.5 0 0 1.2 5.7 14.9 78.2

1 0 7 8



TABLE 5. VOLATILE AND NONVOLATILE QUENCH SCRUBBER OFs

PNL Test

PSCM-8
PSCM-9
PSCM-15
PSCM-16
PSCM-17
PSCM-19
PSCM-20
PSCM-21
PSCM-22

Scrubber
Type

EVS
EVS
SBS
SBS
EVS
SBS
EVS
SBS
EVS

Quench
Cs

11
7.1
5.8
9.5
5.8
6.0
1.7
1.5
1.4

Scrubber
Sr

300
>900
9800
1300
360
1300
44

1600
260

DF
Mass

54
6
32
28
36
29
2
18
5

these upsets, as discussed previously, are to increase melter entrainment
losses, which quench scrubbers should be fully capable of handling. Table 6
presents melter and scrubber performance data taken before, during, and
after a processing upset initiated by a feed compositional change. The
diametrically opposed response of the scrubber to the changes in melter mass
DF clearly demonstrates the scrubber's ability to absorb the resultant
increase in off-gas aerosol loading. Although the melter upset was signifi-
cant and prolonged, the cesium DFs of the melter and scrubber did not vary
significantly, in accordance with expectations.

Off-Gas Flow Rate and Steam Loading

The PNL melter off-gas processing system has supported LFCM testing
with and without the use of a film cooler [3], When not employed, the
unquenched off-gas system flow is composed of melter-generated gases (mostly

TABLE 6. MELTER AND QUENCH SCRUBBER RESPONSES TO A PROCESSING UPSET

Day

5/30
6/1
6/2
6/3
6/4
6/6
6/7
6/8
6/9

Mass

150
270
250
160
24
86
145
140
200

Melter
Cesium

30
29
55
34
34
25
15
19
52

DF
Quench
Mass

28
12
14
20
100
28
13
19
19

Scrubber
Cesium

1.8
1
1
1.9
1.3
1.4
1.9
2.2
1.2
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steam) and a i r inleakage. Under these condi t ions, steam loadings of 75% are
common. With an a i r -dr iven f i l m cooler, the unquenched off-gas stream is so
d i lu ted that a 75% a i r composition normally resu l ts . Consequently, the
u t i l i z a t i o n of a gas f i l m cooler acts both to increase unquenched off-gas
system flow rates while s i gn i f i can t l y reducing steam volume collapse during
the quenching process. Both ef fects might be expected to reduce contacting
and resultant scrubbing e f f i c iency . However, no s ign i f i can t losses in
quench scrubber performance have been observed to be associated with f i l m
cooler operat ion. Table 7 compares cesium and overal l mass quench scrubber
DFs obtained under both off-gas operating condi t ions. These data are qui te
comparable except for the low average cesium DF measured during PSCM-21.
This low value is apparently not related to a scrubber contacting problem,
as the sodium values also l i s t ed in th i s table are not s im i l a r l y a f fec ted.

Scrubber Solution Composition

When the LFCM off-gas system is operated with an a i r -d r i ven f i l m
cooler , melter e f f luents concentrate in quench scrubber solut ions because of
reduced steam co l lec t ion e f f i c i enc i es . Indeed, under noncondensing condi-
t i o n s , the concentrations of feed components w i l l cont inual ly increase u n t i l
the scrubber solut ion is recycled or d i l u t e d . For soluble e f f luents l i k e
cesium, the impl icat ion of th i s concentration af fect is to decrease net
scrubber e f f i c iency by increasing re-entrainment loss rates. The magnitude
of t h i s e f f e c t , of course, depends upon both scrub l iquor off-gas en t ra in -
ment rates and e f f luent concentrations. Table 8 summarizes the performance
of a quench scrubber measured over a continuous 20-day i n t e r v a l , during
which time there was a f i v e - f o l d increase in semivolat i le scrubbing l iquor
concentrat ion. Clear ly , no observable impact upon cesium (semivolat i le)
scrubbing e f f ic iency was detected. Consequently i t appears that the e f f l u -
ent source term for the scrubber is small compared to that of the melter
under reasonable process-operating condi t ions.

F i l t e r Performance

Once the melter exhaust has been conditioned by a quench scrubber,
h igh-ef f ic iency f i l t r a t i o n is required in order to remove the submicron aer-
osols of cesium and other semivolat i le feed components that remain as o f f -
gas airborne e f f l uen ts . Since much of the aerosol mass lost to the off-gas

TABLE 7. QUENCH SCRUBBER RESPONSE TO AN AIR-DRIVEN
OFF-GAS LINE FILM COOLER

PNL Test

PSCM-15
PSCM-16
PSCM-19
PSCM-21

Film
Cooler

N
N
Y
Y

Melter
Mass

240
160
350
190

Mass

32
30
29
19

DF
Quench

Cesi

6.0
9.5
6.0
1.5

Scrubber
urn Sodium

19
33
23
18
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TABLE 8. QUENCH SCRUBBER PERFORMANCE AS A FUNCTION OF SCRUB
LIQUOR CONCENTRATION

Date

4/2
4/4
4/6
4/8
4/10
4/13
4/15
4/17

Quench Scrubber
Cesium Characteristics
Liquor
(mg/L)

139
244
234
193
224
469
674
880

DF

1.8
2.0
2.0
1.2
1.8
1.2
2.2
3.0

system is associated with submicron matter (see Table 1 ) , .remote, hardy,
high-capaci ty, e f f i c i e n t scrubbers and/or f . l t e r s are necessary in order to
deal wi th the large quant i ty of airborne e f f luen t remaining. High-
e f f i c iency mist e l iminators (HEME), u t i l i z e d as deep-bed regenerable f i l -
t e r s , have been tested in t h i s regard.

In LFCM off-gas processing app l ica t ions , the HEME behaves as a depth
f i l t e r , removing submicron aerosols by a di f fusion-based capture mechanism.
In p r i n c i p l e , the HEME is also regenerable in that i t can be cleansed of
col lected matter by counter-current washing. HEME performance has been
evaluated by u t i l i z i n g both continuous- and batch-washing operating condi-
t i o n s . The resu l t s , which are t y p i f i e d by the tes t data summarized in
Table 9, indicate that the performance of the HEME s i g n i f i c a n t l y de ter io -
rates under wet operating condi t ions. Presumably, t h i s resul ts from so lu-
t ion breaching of the f i l t e r element by so lub le , semivolat i le e f f luents l i k e
cesium.

HEME penetration through aqueous solut ion transport is convincingly
i l l u s t r a t e d by examining the re-entrained matter col lected down stream of

TABLE 9. HEME PERFORMANCE UNDER WET AND DRY OPERATION

PNL Test

PSCM-15
PSCM-20
PSCM-20
PSCM-21

Operation

Dry
Wet
Dry
Wet

Mass

15
6.1

46
4.7

DF
Cesium

54
2.6

49
5.0
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the wet f i l t e r media. Figure 4 presents a photograph of these col lected
aerosols taken under magnif ication using a scanning electron microscope.
Although f i l t e r loadings precluded s t a t i s t i c a l size analysis of the co l -
lected aerosols, one thing is abundantly c lear: the airborne par t ic ipate
matter down stream of the HEME is composed of very l i t t l e submicron mate-
r i a l . The compositions of typ ica l par t ic les cal led out in Figure 4 are
i d e n t i f i e d in X-ray fluorescence spectra appearing in Figure 5. In a l l
cases, the cesium in the samples is found to be associated with la rge,
needle- l ike s t ructures. These appear to be crystals that have grown from
solut ions concentrated through the evaporative process on the downstream
side of the HEME. The HEME's e f f i c iency for soluble e f f luent appears to be
severely compromised by wet operating condi t ions.

The ef fects of batch-washinq techniques upon HEME performance have also
been evaluated. In th is study, a HEME was valved out of serv ice, flushed
thoroughly with a water spray, and immediately returned to serv ice. The
performance data that were subsequently col lected for several days (summa-
rized in Table 10) i l l u s t r a t e the need to completely dry batch-washed HEMEs
lest low i n i t i a l cesium DFs be encountered.

I t appears that to be an e f fec t ive (cesium) aerosol scrubber in LFCM
appl ica t ions, the HEME f i l t e r element must be maintained in a t o t a l l y dry
s ta te . For a un i f ied off-gas processing system, th is may require a s i g n i f i -
cant amount of off-gas stream pretreatment in order to deal with l i q u i d
mists generated by upstream wet-scrubbing equipment. At a minimum, the HEME
should be supported by an e f f i c i e n t demisting stage and preheater.

#1 #3 #4 #2

F i g u r e 4 . SEM p h o t o g r a p h (10 .000X) o f a e r o s o l s e x i t i n g t h e HEME,
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FEATURE #1
«S

Na i

4

FEATURE #2

FEATURE

Mg SI

#3

S

;'. K Ct

FEATURE 1*4

Al Si

C» Cr

X-RAY ENERGY

Figure 5. X-ray fluorescence spectra of HEME
par t i c les appearing in Figure 4.

TABLE 10. HEME PERFORMANCE DURING CONTINUOUS-SPRAY
WASHING AND AFTER FILTER FLUSHING

Date

4/9
4/10
4/11
4/11
4/13
4/14
4/15
4/16
4/17

Water Spray?

Yes
Yes

Flushing
No
No
No
No
No
No

Mass

6.9
5.4
—
16
31
42
39
90
57

DF
Cesium

2.6
2.7
—
17
34
38
39
110
61

CONCLUSIONS

The semivolat i le nature of cesium provides unique challenges to LFCM
process and i t s associated off-gas treatment system. However, the mechanism
that is responsible fo r melter cesium losses has been found to be insens i -
t i ve to many LFCM operating and processing condi t ions. As a resul t va r ia -
t ions in inleakage, plenum temperature, feeding rate and waste loading do
not , in general, inf luence melter cesium performance s i g n i f i c a n t l y . Feed
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composition, specifically the halogen content, is the only processing varia-
ble that has significantly affected melter cesium performance.

Due to the submicron nature of LFCM-generated aerosols, melter disen-
gagement design features are not expected to be particularly effective in
reducing cesium emission rates. For the same reason, the cesium performance
of conventional quench scrubbers is found to be quite low and dependent only
upon the overall importance of cesium entrainment losses. On the other hand
a deep bed washable filter has been found to be quite effective in removing
submicron cesium aerosols from the process exhaust. However, high filter
performance has only been achieved under dry operating conditions. The
melter idling state has not been found to place additional demands upon the
off-gas treatment system.
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PROCESS SELECTIOM STUDY FOS THE DECOMTAHIIATIOM OF LIQUID HLf
PRODUCED BT EUKEX PILOT PLAIT (*)

L . P i e t r e l l i , G.Grossi, G.Torri , A.Donato
ENEA-COMB MEPIS, CRE-Casaccia-Rome-Italy

ABSTRACT

The selective separation of long-lived radioactive
fission products and transuranium actinides from the aged
liquid HLV coming from the WTR fuel reprocessing, which
contain high amounts of aluminum nitrate and other salts,
may simplify very much their management, expecially in
terms of overall production of active glass canisters.
Taking into account the chemical and radiochemical
composition of these liquid wastes (1AW-MTR) produced at
the Italian pilot plant Eurex, some conceptual flowsheets,
based on the separation Of hesium, strontium and actinides
by selective precipitation and/or ion exchange, both in
acidic and alkaline media, are discussed.
The results until now obtained at laboratory scale, using
traced simulated solutions, for the selective separation
of Cesium and Strontium by means of Sodium
Tetraphenylborate (NaTPB), Phosphotungstic Acid (PTA) and
Polyantimonic Acid (PAA) are also presented.

INTRODUCTION

The aim of the research-- project described in this paper is to
achieve a more rational ana simplified management of the liquid wastes
consisting of the aqueous raffinate (1AV) of the first extraction cycle
of the reprocessing.tff ITTO-type fuels at the ENEA pilot plant EUREX.

According to the Italian Regulatory Authorities, these liquid waste
have to be solidified by vitrification.

However, the chemical composition of these wastes, at present time
stored i^stainless steel tanks since the early seventies, is such that
the vitrification process is not affected, as usual, by the
concentration of the fission products, but mostly by the presence of
inactive 3alts (e.g. aluminum nitrate almost at the saturation value,
mercuric nitrate, sodium sulphate) which strongly interfere with the
vitrification process itself.

(*) Work carried out in the frame of the European Community Research
Programme on Management and Disposal of Radioactive Wastes.
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This factor is a source of serious problems as regard not only the
design of the plant and its construction materials, but also the
Manufacture and the total amount of vitrified finished product.

Apart from the necessity to remove completely the mercury before
processing these liquid waste in the vitrification plant, recent studies
carried out in our laboratories [1,2] have shown that, in order to
obtain a good quality glass, the maximum amount of aluminum (as A12O3)
cannot exceed 13 % (w/w) of total glass, and the maximum amount of
sulphates cannot exceed 1,2 X (w/w) of total glass.

The application of a suitable "declassification" process, consisting
of the selective separation of the radioactive fraction (essentially
cesium, strontium and transuranium actinides) from the large salt
matrix, would result in a portion to be vitrified wich had neither
saline components nor, in particular, (with a careful choice of the
separation process) any substance likely to interfere with the
vitrification process.

The vitrified product should therefore be reduced to at least a tenth
with respect to the quantity produced in the case of direct
vitrification of the solution as such.

The "declassified" product, consisting on a low activity saline
solution (containing mainly aluminum salts) would be managed by
conventional conditioning processes such as cementation.

In Figure 1 is shown a conceptual flowsheet for the management of
80-100 m* 1AW-MTR liquid wastes. The direct vitrification of this

1AW
VITRFCATON
500 pots(5O 1)

LLW I DECLASSFCATION HLW

DECLASSFED1AVS0L.
85-150 cm. (liquid)

SOLD HLV (Cs,Sr,Act.)
1-2 cm. (sludgts-rcsins)

TEMPORARY STORAGE

I
TEMPORARY STORAGE

CEMENTATION
1200-1500 DRUMS (220 1)

I
VITRFCATION
J S 4 0 pots (WET)

j FINAL STORAGE
1

F HAL STORAGE

Figure 1. Conceptual flowsheet for ths management of 1AW-MTR liquid
wastes at present stored at Eurex Plant.
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solution, using the hot version of the IYET pilot plant (the inactive
Italian prototype vitrification plant) [3] and taking into account the
before mentioned laximun allowable amounts of sulphates and aluminum to
obtain a good quality glass, should give rise to about 500 pots of
vitrified product (each IVET pot contains 50 liters of glass).

The application of a "declassification" process, on the other hand,
should separate an "active fraction", from the vitrification of which
only about 40-50 IVET pots should be produced.

PROCESS DESCRIPTION.

In order to fulfill these objectives, a chemical flowsheet for the
quantitative Separation Of Cesium, strontium and actinides from the
large salt matrix (essentially aluminum and sodium nitrates), as well as
from the most troublesome interfering ions (sulphates, mercury) should
be developped and demonstrated.

Precipitation and ion exchange techniques, using mainly inorganic
reagents and exchangers, appear to be the most suitable for this
purpose.

TABLE 1 Chemical and radiochemical composition of the

Element Total Amount (gr)

Al
Fe
Hg
Si
Zr
Nd
no
Ce
Cs
Ru
8a
Sr
Sm
Y
Np
Pu
Pm
Am
H+
S04--

Total Activity :

2.29 E+06
4.73 E+06
1.04 E+05
1.20 E+04
3.00 E+03
3.00 E+03
2.30 E+03
1.80 E+03
1.50 E+03
1.10 E+03
1.00 E+03
6.60 E+02
6.20 E+02
4.20 E+02
1.50 E+02
2.12 E+02
5.80
3.30 E-01

= 2.44 Ci/1

(*) estimated by Origen Code and

HTR-HLW solution

Concentration Activity (Ci/1)

27.01 gr/1
0.56
1.20 "
0.14

35 ng/1
35
27
20
17
13
12
7.8
7.3
5.0
1.8
2.5
0.07 "
4 E-03 M
1.1 h*
0.006 M

/or process analytical

-
-
-
-
-
-
-
0.6
negl
0.56
0.6
1.2E-2
_
1.3E-6
1.4E-3
6.3E-2
1.3E-5

data.
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Although a lot of data are available in the literature concerning
separation processes based on these techniques [4,5] there are not
sufficient information about the possibility of their useful
application to liquid wastes of unusual composition such as the iAW-HTR
wastes (Table 1)

The decontamination process to be used for the lAtf-MTR solution
should meet the following minimum requirements:

- actinides and long-lived products decontamination factors close to
100;

- straightforward operation in optimum safety conditions;
- maximum possible volume reduction both of separated active fraction

and of "declassified" 1AV-MTR solution;
- chemical and physical composition of the separated "active" fraction

readily compatible with vitrification process;
- minimum production of secondary wastes.

The technology for decontamination of 1AV-HTR
developed and demostrated following the3e steps:

solution will be

- process development at laboratory scale, using simulated 1AW-MTR
solutions traced with Cs-137, Sr-85 and Pu-239 isotopes;
- process engineering studies in an inactive pilot plant;
- fully active tests in an hot cell of the Eurex plant, using true
1AW-MTR samples.

The following conceptual flowsheets will be studied:

- the acidic flow-sheet, based on the separation of cesium by
Phosphotungstic Acid (PTA), and on the sparation of strontium and
actinides by Polyantimonic Acid (PAA), directly from the acidic
1AW-HTR solution (Fig. 2);

1AV 1

Cs PRECIPITATION
BYPTA

1
SOLO SEPARATION

1
ION EXCHANGE
BY PAA

PTA=PHOSPHOTUNGSTIC ACD
PAA-POLYANTIMONIC AC0

solid (H IV) .
VITRFICATION
4

1 solid (HLVJ

surnataM j •
(LLV) CEMENTATION

Figure 2. The "acidic" flowsheet.
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-the alkaline flow-sheet, based on the alkalinization with sodium
hydroxide of the iAW-tfTR solution to pH>13 (in order to trasform the
aluminum in the water soluble sodium aiuminate); at this pH value, the
iron present (see Table 1) precipitates, and the strontium and the
actinides are separated by coprecipitation with Ferric Hydroxide; the
cssium is then separated by selective precipitation with Sodium
Tetraphenylborate (T9B) (Fig.3a) or by ion exchange with zeolites
(Fig.3b).

1AWl
Cs PRECIPITATION
Sr-Pu CO-PRECPITATION
pH>13

NoOH

N Q T P B

( •r FCM)

1 AW jNoOH

Sr-Pu CO-PRECPITATION
pH>13

1
F1TRATION

HLV

I FILTRATION )•
HLV

»fHg TREATMENT I
Hq TREATMENT |

ION EXCHANGE
(zeolites)

UV

\ CEMENTATION ] | VITRFCATCH |

(a)
I CEMENTATION | [viTRflCATION

(b)

Figure 3. The "alkaline" flowsheets; a): precipitation of Cs by TPB
b): ion exchange of Cs by Zeolites.

The "acidic" flowsheet shows some conceptual advantages with respect
to the "alkaline", mainly:

- a lower volume of secondary wastes is produced, since the reagents
for the separation of Cs, Sr, and Actinides should be added directly to
the 1AW-1TTR solution, without pre-treatment and/or adjustment;

- the problem related to the necessity of separation of mercury before
the vitrification should be overcome, since the mercury should not
follow the active fraction (it is not absorbed by PTA or PAA).

On the other hand, the "acidic" flowsheet is based on the use of
reagents such as PTA and, in particular, PAA, whose performances hawe
been tested until now only at laboratory scale: actually, there is not
current experience on their use in large scale. In addition ,their
availability in large amuonts is doubtful, as well as the uniformity of
their performance as a function of different lots and/or sources of
production.
The "alkaline" flowsheet produces a larger volume of secondary

wastes, due to the addition of high amounts of sodium hydroxide, to
perform both the neutralization of free nitric acid and the
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trasformation of aluminum nitrate into sodium aluminate and sodium
nitrate.
In addition, in this case, the mercury should follow the active
fraction, since it should coprecipitate as hydroxide together with iron
(and, therefore, with Strontium and Actinides), thus requiring a
pretreatment of lAV-lTTR solution for its elimination.
On the other hand, the reagents used in the "alkaline" flowsheet are

well known, easily available and already proved in large scale (even if
not with liquid wastes of particular composition such as iA¥-irhj).
In order to be able to make a right process selection, therefore, the

laboratory as well as the pilot scale researches should be carried out
to better clarify all the before mentioned aspects.

LABORATORY STUDIES

In this section, some preliminary results obtained during the first
step of the research programme (laboratory scale tests) are presented.

Precipitation-

Separation of Cesium by TPB.

For the selective precipitation of cesium, the tetraphenylborate
anion is added in the form of the water soluble Sodium
Tetraphenylborate (NaTPB). The following chemical precipitation reaction
occurs:

[Ph4B" 1 + [Cs
+ ] CsBPh4

The effects of several experimental parameters such as pH, Na+ and
TPB concentrations, chemical stability of TPB, on the Cesium removal
from the 1AW-MTR liquid waste via CsTPB precipitation are under
investigation.

The sodium concentration effect.

The amount of sodium ions strongly affects the efficiency of cesium
decontamination with TPB. It is well know, in fact, that the NaTOB
solubility [6,7,8,9] decreases from about 0.9 M in water to 1.ixlO"3 If
in a supernatant containing 7 H Sodium.

In order to obtain a high Cesium decontamination, a strong NaTPB
stoichimetric excess has to be added to the waste solution when the
Sodium concentration in the solution to be decontaminated is high.

The NaTPB concentration effect.

The effect of Sodium Tetraphenylborate concentration on cesium DF for
the simulated waste solution at two different pH values is shown in
Table 3.

At pH=il.3 the percentage of Cesium removal is lower than that at
pB=3.5 because of the Na concentration effect (the adjustment of pH from
the lower to the higher value was performed by NaOH).
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TABLE 3. Effect of Sodium Tetraphenylborate concentration on the
efficiency of Cesium removal from simulated 1AV-MTR at
different pH. Reaction time: 20 minutes. Room temperature.

NaTPB
cone.
(•ff/1)

NaTPB/Cs
molar
ratio

% of Cesium removed at pH:

3,5 11,3

100
200
500
1000

2
4
10
20

95,8
97,6
98,8
>99

93,5
96,5
98,0
>99

At alkaline conditions only for high NaTPB/Cs molar ratio the Na
concentration effect is minimized.

The pH and contact time effects.

The pH effect on the Cesium removal at two different contact times
is shown in Table 4. It can be observed that in the case of pH<3 the
ww^c&itraticii o£ Cesium in the surnatant increases with time. This
effect has been ascertained to be due to the TBP destruction by the
acidic media [10].

TABLE 4~ Effect of pH on the/ Cesium removal from 1AW-MTR simulated
solution by NaTPB precipitation for two different reaction
times. TPB/Cs molar ratio: 20. Room temperature.

equilibrium pH

1,0
3,5
7,0
9,2
13,0

SeDaration of Cesium by PTA

reaction time:
30 minutes

99,5
99,5
99,6
98,7
99,5

reaction time:
48 hours

29,2
97,7
99,9
99,8
99,8

The precipitation by means of Phosphotungstic Acid (PTA) can be
performed in acidic solutions and therefore it can be carried out
directly in the 1AW-MTR solution (1.2 M HNO3) without pH adjustement.

According to the literature [11] the PTA concentration does not
appreciably influence the reaction efficiency, because the PTA reactant
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is added as an excess of solid powder. In any case the optimum reaction
conditions correspond to 62 ag PTA/mg Cs.

In the Figure 4 the effect . of the contact time on the cesium
decontamination factor is shown for a simulated lAW-nTO waste solution.

140

Figure 4. Separation of Cesium from simulated 1AW-MTR solutions by
direct precipitation with PTA: influence of reaction time,
temperature and technique of solid-liquid separation on
decontamination factor.
a): 25*C, centrifugation; b): 25°C: filtration;c): 50°C,
centrifugation; d): 5O°C, filtration.

As it can be observed, long contact time (17 h) are required in order
to obtain both high Cesium decontamination factors and particle size
suitable to perform an efficient separation of the precipitate from the
supernatant.

Separation of Strontium and Actinides bv coprecipitation with ferric
hydroxide.

A preliminary study of the Sr and Pu separation by means of ferric
:hydroxide precipitation has shown that these elements can be effectively
separated, provided that the final pH of the solution is in the range
from 7 to 13.
The Decontamination Factors obtained in the first tests carried out at

laboratory scale using simulated waste traced with Pu-239 and Sr-85, and
adjusted at the required pH by 10 M NaOH solution, have been generally
in the order of ^
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Sorption with Inorganic Ion Exchangers.

According to the informations available in the literature, the most
promising inorganic absorbers to be used for the purpose of this
research appear to be the zeolites, for separation of cesium in the
"alkaline" flowsheet, and the PAA (Polyantimonic acid), for the
separation of Strontium and Actinides in the "acidic" flowsheet.

Since the "acidic" flowsheet, as discussed before, shows many
potential advantages, particular attention has been directed towards the
performances of PAA.

Dozol [12], during a series of researches carried out in the frame
of the European Community Research Programme on the Management of
Radioactive Wastes, related to the application of inorganic exchangers
for the decontamination of liquid wastes, reached the conclusion that
PAA is the only compound which can give high decontamination factors
both for strontium and actinides in acidic media.

However, there are not informations about the performance of PAA in
aluminum nitrate concentrated solutions such as the 1AW-1TTR.

TABLE 5. Distribution coefficients Kd (*) and exchange capacity Qt for
Cesium and Strontium of some inorganic exchangers in
simulated 1AW-HTR solution without any pre-treatment.

exchanger
Cs

Kd(ml/g)
Sr Cs

Qt(mg/g)

Poliantimonic
acid (PAA)

Zirconium
phosphate

Ammonium
phospho
molybdate

PHOMIX(l)

61

10.4

5.5.104

515

118

0

0

0

1.183

0.202

1048

10

Sr

0.944

(*) Kd defined as (Ci - Ce) Y/H Ce, where Ci= initial activity in the
1AW-MTR solution; Ce= equilibrium activity after addition of the
exchanger; V: ml of 1AW-MTR solution; M=grams of exchanger.
(1) mixture of ammonium phosphotungstate and zirconium phosphate.

Table 5 shows the results of preliminary batch tests on simulated
and traced 1AV-MTR solution with PAA and some other echangers.

These results confirm that even in a concentrated aluminum nitrate
solution PAA is the only exchanger giving good decontamination factors
of Strontium in acidic medium.
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On the other hand., as confirmed even during the before mentioned
batch tests., the general performance of PAA (at least, the commercial
batch of PAA supplied by Carlo Erba (Milan) and used for these tests) in
terms of mechanical stability is not satisfactory.

Therefore, further works are needed in order not only to optimize
the experimental conditions for the decontamination of actinides and
strontium, but also to improve the Mechanical and chemical stability of
the exchanger.

CONCLUSIONS

The selective separation of long lived fission products and
actinides from liquid HLW generated by MTR fuel reprocessing, producing
a small volume of "active fraction" (to be vitrified) and a "large volume
of "declassified" liquid waste containing essentially all inactive
salts (to be managed as LLW, for example by cementation) is under
development and demonstration in laboratory scale.

Furtrher studies with inactive pilot plant and hot tests with true
samples of liquid wastes will be performed, in order to make a
comparative evaluation of the proposed flow-sheets from the point of
view of their general performance, safety and cost.
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