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PRELIMINARY EVALUATION OF ALTERNATIVE 
WASTE FORM SOLIDIFICATION PROCESSES 

VOLUME II: EVALUATION OF THE PROCESSES 

SUMMARY 

This Volume II presents engineering feasibility evaluations of the eleven processes for 
solidification of nuclear high-level liquid wastes (HLLW) described in Volume I of this 
report. Each evaluation was based on a systematic assessment of the process in respect to 
six principal evaluation criteria: 

Complexity of Process 
State of Development 
Safety 
Process Requirements 
Development Work Required 
Facility Requirements 

The principal criteria were further subdivided into a total of 22 subcriteria, each of 
which was assigned a weight. Each process was then assigned a figure of merit, on a scale of 
1-10, for each of the subcriteria. A total rating was obtained for each process by summing 
the products of the subcriteri a ratings and the subcriteria weights. The processes, in 
order of their ratings and the total numerical rating assigned each (maximum possible score 
was 2000), are as follows: 

In-Can Glass Melter 1770 
Joule-Heated Glass Melter 1490 
Glass-Ceramic 1400 
Concrete 1294 
Marbles-in-Lead 1176 
Titanate 891 
Cermet 808 
Supercalcine Pellets-in-Metal 794 
Carbon-Coated Pellets-in-Metal 719 
Supercalcine, Hot-Isostatic Pressed 640 
SYNROC, Hot-Isostatic Pressed 470 
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The evaluations were based on the process descriptions presented in Volume I of this 
report. supplemented by information obtained from the literature. includinq publications 
by the originators of the various processes. Waste form properties were, in general, not 
evaluated. This document describes the approach which was taken, the development and 

application of the rating criteria and subcriteria. and the evaluation results. A series 

of appendices set forth summary descriptions of the processes and the ratings, together 
with the complete numeroical ratings assigned; two appendices present further technical 
details on the rating process. 
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PRELIMINARY EVALUATION OF ALTERNATIVE WASTE FORM SOLIDIFICATION PROCESSES 
VOLUME II: EVALUATION OF THE PROCESSES 

1.0 INTRODUCTION 

The safe disposal of nuclear waste is essential for the continued use of nuclear energy 
in the United States and abroad. Nuclear high-level liquid waste (HLLW) is produced when 
spent fuel from a nuclear reactor is reprocessed. In this process, the spent fuel 
assemblies are partially disassembled, the fuel rods are sheared into short lengths, and the 
fuel is dissolved in an acid solution. Uranium and plutonium are then extracted from the 
solution, leaving behind a liquid rich in nuclear-fission products and other radioactive 
species formed in the fuel during its use. This liquid contains the majority of the 
radioactivity initially contained in the spent nuclear-fuel; thus, this liquid is the focal 
point of efforts to prove that nuclear waste can be safely stored and isolated from humans 
and their environment. 

The solidification of HLLW from nuclear-fuel reprocessing plants is a key element in 
most proposed radioactive-waste management systems. The primary purpose of solidification 
is to create an inert waste form that minimizes the migration of radionuclides from the 
waste to the biosphere. Thus, the first requirement of the sol id waste form is that it 
provide a major barrier to that migration. In addition, the solid waste form must be 
suitable for all phases of waste management, including the solidification process itself, 
possible temporary storage, transportation, and emplacement in a repository. In the past 
two decades, numerous waste forms and processes have been proposed for solidifying HLLW. 

An independent engineering study and comparative evaluation of eleven candidate 
processes for the solidification and isolation of high-level liquid waste (HLLW) from 
processing of irradiated corrmercial power reactor fuel was undertaken by LR. Johnson 
Associates, Inc. (JAI) under subcontract B-88031-A-P, from Pacific Northwest Laboratory 
(PNL) . 

1.1 PURPOSE OF STUDY 

Conversion of highly radioactive waste to insoluble solid form was recognized twenty 
years ago as a necessary phase of any long~term program for management of radioactive wastes 
from the corrmercial nuclear power program. Development work on suitable product forms and 
processes for producing these was initi ated under government sponsorship in the early 
1950's. Several parallel development programs, the objective of which was to adapt known 
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processes and equipment to the specific characteristics of highly radioactive waste and the 
operating environment imposed by high levels of radioactivity, were undertaken. One result 
of these efforts was the fluidized-bed calcination process, developed to handle the acidic 
high aluminum content waste from test reactor fuel; this process was reduced to production 
practice at the Idaho Chemical Processing Plant in 1963. The relatively high leachability 
of the fluidized-bed calcine product makes it unsuitable for use with commercial power 
reactor wastes without further stabilization. Other waste forms which were developed during 
these early years in an effort to overcome this difficulty included borosi 1 icate glass 
formulations, in which the waste solids are incorporated into the glass structure, and 
similar structures based on phosphate glass; these have been extensively investigated. By 
the early 1970's, the borosilicate glass form had come to be recognized both in the United 
States and abroad as a suitable medium for the long-term immobilization of HLLW. By 1972, 
the French had produced 12 tons of radioactive glass from HLLW from the Marcoule repro
cessing plant, and an extensive development program was underway in the United States to 
adapt the glass technology which had been under development in the United States for a 
number of years to the commercial HLLW feed materials which were considered likely to be 
produced in the reprocessing of spent reactor fuel. This technology was demonstrated at the 
Pacific Northwest Laboratory in 1979, when two canisters of borosilicate glass containing 
HLLW solids separated from irradiated commercial power reactor fuel were made. 

More recently, extensive laboratory-scale research effort has been directed toward the 
development of other waste forms which are believed to provide a higher level of protection 
to the HLLW solids, in that these forms are based on assemblages of stable crystalline 
materials, or on mineral-like systems whose naturally occurring analogs are reportedly 
highly resistant to environmental degradation. 

A number of such waste forms have been identified, together with several more complex 
waste forms incorporating multiple barriers between the radioactive waste solids and the 
environment. Proponents of these various waste forms have been promoting their respective 
products,but considerable efforts will be required to establish the engineering feasi
bilityof the processes on a production scale with full-level radioactive materials, or 
the cost benefit tradeoffs of product characteristics versus production costs. 

Inasmuch as it is neither practicable nor desirable to develop all of these processes 
to the point where each could be available for production-scale use with commercial HLLW, it 
is desirable to have both a technical and economic comparative evaluation of the processes 
to guide the future allocation of research and development program money for further work on 
the most attractive of the candidates. 
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The basic goal in the United States is to develop waste management systems that will 
strictly limit the amount of radioactivity that reaches the biosphere. Specifically, the 
objective of all waste immobilization programs is to contain radionuc1ides until their 
activity has decreased to acceptable levels. The properties of the waste form will 
significantly contribute to the success of such a goa1. Waste form properties are not 
considered in this report; but,in general, improved waste form performance will increase the 
number of Drocessinq steps, which will add to the cost of making the waste form, increase the 

complexity of the process, and tend to decrease plant reliability. In nuclear-waste man
agement, it is pertinent to produce an acceptable waste form by the most feasible, simp
lest and most cost effective process. 

This report covers the engineering evaluation of the feasibility/practicability of 
eleven candidate waste forms which appear promising based on claimed physical and chemical 
properties of the final product. Two other aspects of these processes remain to be 
evaluated before a final decision should be made on establishing a priority for each for 
further funding. These are the estimated process economics for the eleven candidates, and 
the cost-benefit tradeoffs between the characteristics of the product of each of the 
processes (benefit) and the costs of the necessary development work, facilities, and 
operations. 

1.2 SCOPE OF THIS STUDY 

Pacific Northwest Laboratory is conducting the Alternative Waste Form Program for the 
Department of Energy (DOE); this program was established in 1979 to further assess waste 
form products and processes. Volume I of this document identified process design 
ramifications of eleven (11) candidate waste forms, and presented preconceptual process 
designs to serve as basis for subsequent evaluations and comparisons. The present Volume II 
presents assessments of these processes in the context of the feasibility of establishing 
practicable production-scale facilities for the application of the processes in a highly 
radioactive environment, which requires remote operation and maintenance. This study is 
thus concerned only with the technical and engineering aspects of the candidate processes 
in respect to their suitabi 1ity as production-scale operations with highly radioactive 
mater i a 1 s. 

1.2.1 Approach 

The principal source of information employed in the conduct of this study was Volume I 

of this report; the conceptual processes discussed in Appendices A through K of Volume I 
were used as the bases of the comparisons, supplemented by references to publications in the 
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literature reporting original data and other available process information. The following 
were established as basic guidelines for the conduct of the evaluations: 

(a) No credit was taken or penalties imposed on any of the processes by reason of 
differences in the properties of the products produced. 

(b) Each process was assessed from the standpoint of engineering feasibility of 
the unit operations involved in conversion of HLLW to the final product; an 
evaluation of the practicabi lity of scale-up of the unit operations to the 
level required to support an irradiated fuel reprocessing facility of 2000 
metric tons per year capacity was made. Both process considerations and 
equipment considerations were taken into account. 

(c) For each of the processes, a qualitative judgment was made as to the level 
and scope of development work which would be required to bring each process 
to the point of production realization. 

1.2.2 Criteria for Evaluation 

Twelve criteria were identified by PNL as minimum evaluation points for the process 

comparisons; these are set forth in Table 1-1. These criteria were rearranged into six 
principal criteria, which were further subdivided into a total of 22 subcriteria, each of 
which was assigned a weight. Each process was then assigned a figure of merit, on a scale of 
1-10 for each of the subcriteria; a total rating was obtained by summing the products of the 
subcriteria rating times the subcriteria weighting factor. The resulting ratings ranged 

TABLE 1-1 Engineering Practicality of Process 

(1) State of development 
(2) Feasibility of the process approach 
(3) Applicable large-scale experience 
(4) Potential for scaling up to commercial production 
(5) Adaptable to and compatible with automated operations 
(6) Sensitivity of approach to variations in waste composition 
(7) Yield and re-work capability 
(8) Potential for quality assurance verification 

(9) Ease of containerization 
(10) Process complexity, service, space and equipment demands 
(11) Compatibility with anticipated remote maintenance methods and restrictions 
(12) Safety and safeguard concerns 
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from a high value of 1770 for the In-Can Glass Melter process, herein referred to as the 
Reference Process, to a low value of 470 for the SYNROC Hot-Isostatic Pressing process. The 
eval uation procedure and detail s of the rating guide are set forth in Section 3.0 and 
Appendix L. 

1.3 ORGANIZATION OF VOLUME II 

Section 2.0 sets forth a summary of the ratings on all eleven processes. Section 3.0 
presents a detai led discussion of the evaluation procedure. Section 4.0 presents a dis
cussion of the evaluation results. Appendices A through K set forth a summary description 
of the process and the rating for each process, together with the complete numerical rating 
assigned to each of the evaluation factors. Appendices Land M present additional detailed 
technical backup information. 
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2.0 SUMMARY OF RATINGS 

The results of this study on the feasibility of establishing a viable, remote operation 
on a production-sized scale are summarized in Table 2-1, which presents a summary of the 
numerical ratings for each process by the principal evaluation criteria, together with the 
total rating for each, and its ranking based on the total numerical rating. As shown, the 
processes that have the greatest potential are those for making glass monoliths, followed by 
Glass-Ceramic, Concrete, Marbles-in-Lead, Titanate, Cermet, Supercalcine Pellets-in-Metal, 
Pyrolytic Carbon-Coated Pellets-in-Metal, and Hot-Isostatic Pressed Supercalcine and 
SYNROC. 

TABLE 2-1 Process Rating Matrix 
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Total Rating Points Assigned 2000 - 600 200 400 250 350 200 
Percent of Total 100 - 30 10 20 12.5 17.5 10 

In-Can Glass f1elter 1770 1 515 180 380 180 315 200 

Joule-Heated Glass Melter 1490 2 430 120 330 180 230 200 

Glass-Ceramic 1400 3 420 100 330 145 220 185 

Marbles-in-Lead 1176 5 370 90 270 161 195 90 

Super calcine Pellets -in io1etal 794 8 255 30 220 179 35 75 

Carbon-Coated Pellets -in-Metal 719 9 240 30 170 169 35 75 

Supercalcine, Hot -Isostatic Pressed 640 10 205 60 165 90 65 55 
/ 

SYNROC, Hot -Isostatic Pressed 470 11 165 30 105 85 45 40 

Titanate 891 6 325 50 240 131 90 55 

Concrete 1294 4 395 110 315 184 205 85 

Cermet 808 7 255 40 220 113 80 100 
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Table 2-2 shows the ranking of the processes by individual principal evaluation 
criteri a. 

TABLE 2-2 Process Ranking by Individual 
Principal Rati~g Criteria 
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In-Can Glass Melter 1 1 1 1 

Joule-Heated Glass Melter 2 2 2 2 

Glass-Ceramic 3 3 4 2 

Marbles-in -lead 5 5 5 4 

Supercalcine Pellets -in -Metal 8 7 9 6 

Carbon-Coated Pellets-in-Metal 9 8 9 7 

Supercalcine, Hot-Isostatic Pressed 10 9 6 8 

SYNROC, Hot-Isostatic Pressed 11 10 9 9 

Titanate 6 6 7 5 

Concrete 4 4 3 3 

Cermet 7 7 8 6 

V) t-
t- :z 
:z UJ 
UJ :£ 
:£ ~ UJ w a:: a:: 
a:: 0 ...... ...... 3: :::> 
:::> 0 
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2 1 1 

2 2 1 

6 3 2 

5 5 4 

3 10 6 

4 10 6 

9 8 7 

10 9 8 

7 6 7 

1 4 5 

8 7 3 

It will be noted that the process ranking on individual evaluation criteria generally 
follows the overall ranking on total numerical rating. The Glass-Ceramic and Concrete 
processes are sufficiently close together in respect to the numerical values assigned for 
each criterion, except for Process and Facility Requirement~ that they could be considered 
essentially equal in ranking, the difference in the total numerical rating of Table 2-1 
being largely due to the extensive facility requirements, both radioactive and nonradio
active, for the Concrete process. 
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All of the processes, except the Titanate process, employ the spray calciner as the 
initial unit process (feed preparation being common to all processes); thus, all of the 
processes are inherently more complex than the Reference Process, which employs one 
relatively simple additional unit process beyond the spray calcination. In the Titanate 
process, pot calcination is substituted for the spray calcination; there are only two 
subsequent process steps to reach the solidified product but other considerations drop this 
process to near the mid-point on complexity. 

In general, the ratings on Process Complexity fairly well reflect the overall evalua
tion which includes all of the criteria. The individual rankings on the criteria of Safety 
and Process Requirements show significant departure from the overall ranking, except for 
the first two ranked processes. This is particularly noticeable in the Process Requirement 
for the Concrete process and the Glass-Ceramic; however, the spread of numerical values for 
this criterion is narrower than in the other criteria, making the ranking less significant. 
This similarity in ratings is not too surprising, as the complexity of the process will 
markedly influence both the level and type of development work required and the magnitude 
of the production facilities which will be necessary to reduce the process to practice. 

There will also be a relationship among Process Complexity, State of Development, and 
Development Work Required; a complex process in a very preliminary state of development will 
require a major development program to bring it to commercial practice, while a relatively 
simple process at an equivalent stage can be expected to require less development work. It 
should be noted in this connection that the complexity of the process is determined more by 
the equipment requirements than it is by the basic process chemistry or physics. 

These considerations are treated in more detail in Section 4.0. 
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3.0 DISCUSSION OF EVALUATION PROCEDURE 

At least three evaluations of candidate processes for the solidification of HLLW from 
irradiated fuel reprocessing have been published prior to this. Two addressed the 
comparison in the context of applicability to Department of Energy defense wastes, i.e., 
neutralized wastes from the proceSSing of low exposure uranium metal fuels generated at the 
Savannah River Plant (Stone, 1979; DOE, 1979). Nesbitt and Treat considered nine of the 
eleven alternatives evaluated in this report, in the context of applicability to commercial 
high-level wastes (Nesbitt, 1980a). 

The two evaluations of processes for defense wastes considered both process aspects and 
product characteristics; Nesbitt and Treat considered only the process feasibility, as does 
this report. The present study was developed independently of these prior evaluations; the 
approach taken and the method of evaluation are, however, generally simi lar. A greater 
number of specific attributes of the various processes were considered for the eleven 
processes discussed in this report. 

This section discusses the approach to the assessment, the development of the evalua
tion criteria, the rating guide which was employed, and the limitations on the results. 

3.1 PROCESS ANALYSIS 

In assessing the overall technical and engineering practicability of a process, or in 
developing a comparative evaluation of two or more processes, there are a number of factors 
which must be examined. The state of engineering development of the processes and of the 
associated equipment, the nature and significance of process and equipment unknowns, the 
complexity of the process when engineered for remote operation in a radioactive environment, 
and the inherent safety characteristics of the processes must be assessed and compared. 
Where there are obvious differences in the level of process engineering knowledge among 
several potentially competitive processes -- as there are among the eleven processes under 
consideration here -- an assessment must be made of the probable level of development effort 
required to bring each to an equivalent level. In making this judgment, consideration must 
be given to the significance of the process data which is lacking, as it occasionally 
happens that some information can be obtained only by operating on the scaled-up process. 
On the other hand, if basic process data is not in hand, only an engineering judgement can be 
made as to the nature of the process/equipment interface and as to the probable scope and 
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level of development work which will be required to arrive at a practicable production 
process. 

In comparing candidate processes with respect to facility and equipment requirements, 

and the comparative merits of one process versus another, the level of equipment design 
information available and the probable effects of scale, in terms of both performance of the 
equipment and its influence on process and product characteristics, must be considered. 
Among the eleven candidate processes under consideration here, some are clearly ready for 

exploitation in a full radiochemical environment, while others are reported to have had only 
limited success in laboratory-scale equipment. A particular matter of concern in assessing 
feasibility of process equipment for remote operation in radiochemical environments is that 
of equipment reliability and ease of maintenance or replacement. In general, mechanical 
equipment such as motor-driven devices, pumps, and complex machinery should be avoided in 
radiochemical operations. Some of the processes under consideration will require extensive 
use of complex machinery which must be designed and developed for remote operation, and its 
feasibility proven. 

Safety considerations are particularly pertinent where radioactive processes are con
ducted under elevated pressures or at high temperature (and especially where both of these 
conditions are required by the process), where processes involve materials with very high 
decay heat or where finely divided radioactive materials must be handled. Such processes 
require incorporation of one or more levels of added protection against the consequences of 
equipment failure, which impacts the complexity of the process. Similarly, processes which 
are inherently difficult to control require sophisticated control systems to maintain the 
required margin of safety between a controlled process and the potential uncontrolled 
process. 

Considerations pertinent to the process itself are important to a comparison among the 
candidate processes. For example, the following factors may influence the relative feasi
bilities: 

• The effect of variations in feed composition or feed properties on the operability 
of the process. 

• The accessibility of in-process materials and product for 
and the practicability of this as a means of verifying 
performance and product quality. This may also influence 
internal recycle as well as process productivity. 
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• The volumes and character of off-gas streams and secondary waste products. 

• The quantities and costs of process additives and auxiliary supplies required. 

In summary, the process analysis considered the following attributes of the process and 
equipment: 

• Suitability of the basic process for scale-up, including consideration of both the 
process chemistry and the equipment requirements. Where generally simi lar pro
cesses have been carried out on a nonradioactive basis, the applicability of the 
experience in the nonradioactive applications was evaluated. 

• Adaptability of the equipment to remote operation and maintenance. This required 
consideration not only of the types of process control which must be exercised and 
the specific operations (i.e., chemical and mechanical operations) which must be 
conducted remotely, but also the in-process material transfers which must be 
accomplished remotely. The form of the material, the temperature of the material, 
and the nature and quantities of process additives which must be introduced were 
considered. An equally important consideration was the anticipated reliability 
of the process equipment required and the nature of the maintenance likely to be 
required. In the more complex processes, interstage surge capacity is required, 
and the possible means of handling this in the remote operations involving solid 
materials handling and transfer was considered. 

• Influence of variations in waste feed composition and of the probable responsive
ness of the process control variables on the quality of the final product. 

• Influence of process conditions, in-process material form, and equipment on the 
overall safety of the operation. A corollary to this consideration is the 
influence of the remote operation requirement on the abi lity to control the 
process and contain the radioactive materials. In some of the processes under 
consideration, the combination of remote or automated operation, the process 
conditions (i.e., high temperature and very high pressure), and the requirement 
for multiple containment barriers to provide adequate safety margins may 
sufficiently compromise the engineering practicability that the process will no 
longer be attractive. 

• Capability of the process and equipment to handle internal recycle. A corollary 
to this is the accessability of the material in-process for sampling and analysis 
as required to minimize the production of unacceptable material. Some of the 
processes required consideration of methods of establishing the acceptability of 
in-process materials as precursors to the final product, and of methods of deter
mining that the product conforms to the criteria which are established. 

3.2 PROCESS RATING CRITERIA AND GUIDE 

Based on the approach to process analysis discussed in the preceding section, six major 
evaluation criteria were identified as the basis for comparing the eleven candidate 
processes, and weighting factors were assigned to each. 
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These were: 

Principal Criteria 

Complexity of Process 
State of Development 
Safety 
Process Requirements 
Development Work Required 
Facility Requirements 

Weighting Factors 

60 

20 

40 

25 
35 

20 

The first of these principal criteria, Complexity of Process, is clearly the most crucial 
measure of the difficulty which may be involved in transforming a conceptual or even pilot
plant operation to a successful remotely operated production operation. An operation which 
can be conducted in a few steps, in equipment with the simplest and fewest moving parts, with 
direct and preferably gravity-driven transfer of material between process steps, and which 
can be reliably monitored and controlled has the highest probability of success. 
Accordingly, the rating scales reflect higher values for simpler procedures and the 
weighting factor for this group of criteria is larger than that for any other group. 

The state of development of the process and of its equipment is important to the extent 
that the unknowns attendant to the final outcome will have been reduced in both number and 
magnitude. The inclusion in the principal categories of State of Development and Develop
ment Work Required is not intended to bias the results in favor of processes which hereto
fore have been given more attention. Rather, they are included to reflect the fact that a 
reduction of uncertainty permits a clearer assessment of the probability of success of 
future operations. 

Safety will be, of course, a prime requisite of any process finally adopted. The 
rating of safety is not so much an assessment of whether or not the process can be operated 
safely as it is of the degree of precaution which will be required in design, construction, 
and operation in order to achieve the necessary safety. Finally, the categories of Process 
Requirements and Facility Requirements are a measure of the services required to support the 
process and the facilities required to house the operations. 

Each of the principal criteria was subdivided into a series of subcriteria, and the 

total weighting factor was distributed to the subcriteria. For each subcriterion a rating 
scale from 1 to 10 was devised, and a set of qualitative descriptions was developed to define 
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levels of merit within each subcriterion and to serve as a uniform rating guide for all 
processes under consideration. The subcategories and their ratings are shown in Table 3-1, 
and the process rating guide is presented in Appendix L. 

TABLE 3-1 Principal Criteria, Sub-Criteria, and Weighting Factors for Process Evaluation 

1. Complexity of Process 
(a) Number of Process Steps 
(b) Process Control 

(c) Material Handling 
(d) Adaptability of Equipment to Remote Operation 
(e) Maintenance Requirements - Equipment Reliability 
(f) Internal Recycle 
(g) Assessment of Feasibility for Production Use 

2. State of Development 
(a) Process 
(b) Equipment 

3. Safety 
(a) Dispersion Driving Forces (chemical, mechanical) 
(b) Personnel Exposures (routine, accident, maintenance) 
(c) Hazardous Materials Required 

4. Process Requirements 
(a) Final Waste Volume 
(b) Process Additives & Auxiliary Materials 
(c) Secondary Wastes and Off-gas Quantities 
(dl Process Latitudes 
(e) Quality Assurance 

5. Development Work Required 
(al Type of Development 
(b) Scale of Development Programs 
(c) Time Required (From initiation of program) 

6. Facility Requirements 
(a) Radioactive Facilities 
(b) Nonradioactive Facilities 

15 

Factor Weighting Rating Assigned 
Sub Total Sub Total 

10 

5 

5 

10 

10 

5 

15 

10 

10 

20 

15 

5 

2 

3 

5 

5 

10 

15 
10 

10 

15 

5 

60 

20 

40 

25 

35 

20 



3.3 USE OF PROCESS RATING GUIDE 

For each process, the description given in Volume I of this report was carefully 
reviewed; where possible, the more complete descriptions in the literature upon which the 
Volume I description was based were also reviewed. Appendix M sets forth a general guide, or 
checklist, which was developed to identify the specific points to be taken into considera
tion in the process review(a). In particular, the feasibility of the process chemistry and 
of the several mechanical consolidation steps were critically analyzed. These reviews and 
their conclusions are presented in process narratives in Appendices A through K. 

Based on these reviews, each process was rated in accordance with the process rating 

guides. Although in some cases the appropriate rating was "immediately obvious, it was more 
often the case that the rating represents the collective judgement of the project staff. 

3.4 COMPLETENESS OF AVAILABLE INFORMATION 

The technical information available on the eleven processes ranges from quite complete 
process and engineering data on the spray calciner, in-can melter and joule-heated melter to 
very sparse technical descriptions of the process based on limited laboratory work in the 
Titanate and Cermet processes. In a number of cases, process steps which are critical to the 
overall process as described in Volume I have not been simulated on any scale; in other 
cases, extrapolation of laboratory results by orders of magnitude of scale is required. 
These extrapolations were made in the preconceptual process designs described in Volume I 
and were accepted essentially without question as the basis of the evaluations presented in 
this Volume II in respect to the process behavior and control. 

Much of the laboratory data which has been presented to support the alternative waste 
forms (i.e., those other than with glass or cement matrices) does not address all of the 
engineering problems associated with radioactive materials processing. Thus, the data 
which were reported do not provide a basis for assessing the practicability of scaling up 
very small-scale nonradioactive laboratory procedures to full production-scale radioch
emical operations. In evaluating the feasibility of these processes, we have assumed that 

(a) Appendix M was originally developed with the thought that it should serve as a standard 
outline for written descriptions of the processes; it was, in fact, used as the basis for the 
written description of the Cermet Process in Appendix K. In view of the level of detail 
presented in the descriptions in Volume I, however, it was concluded that much unnecessary 
duplication of work would be involved in pursuing this approach throughout Volume II. For 
that reason, Appendix M was used as a checklist for the process reviews. 
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the scaled up processes will yield the same product described in the research reports and 
that suitable in-process material handling methods can be developed. 

The result of this paucity of technical information on a number of the processes and 
process steps is that the feasibility assessment of these has been based largely on the 
assessment of the probability of success in developing equipment capable of both performing 
the unit operations as described in Volume I and of being remotely operable. Maintenance 
considerations on the equipment were also taken into account; remote maintenance on many of 
the items of equipment will be extremely difficult, if not impossible, and contact 
maintenance will require the inclusion of extensive decontamination means which further 
contributes to the complexity of the process. 

3.5 BIASES 

In the development of the rating criteria of Table 3-1 and the rating guide in Appendix 
L, a conscientious effort was made to eliminate any recognized sources of bias, such as the 
state of development of the candidate process, the nature of the technical information 
available upon which to base the evaluation, or the lack of definitive process data. To the 
extent that engineering judgement has been used in arriving at some of the rating values 
assigned, it is likely that some implicit biases are present, particularly in the assessment 
of feasibility for production use and the evaluation of the type and scale of the 
development work required. The descriptive terms used in the rating guide were drawn in as 

objective terms as possible in order to minimize this source. We believe therefore that the 
effect of such biases is small and that they have not materi ally influenced the overall 
standing of any of the processes. 

3.6 PROCESS ATTRIBUTES NOT EXPLICITLY EVALUATED 

Several factors related to the engineering practicability of the candidate processes 
have not been explicitly evaluated in this study. Some of these were excluded from the scope 
of this study by definition; these were the merits of the products, in terms of their 
chemical and physical characteristics, and overall process economics, including facility 
costs and utility and other operating costs. Facility costs are indirectly compared to the 
Reference Process in the Facility Requirements criterion, however, and unusual requirements 
for high cost process additives and auxiliaries are considered in the rating under the 
Process Requirements criterion. 

Other attributes not specifically evaluated are discussed in the following paragraphs. 
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3.6.1 Off-Gas Systems 

The complexity and capacity of the off-gas systems are not specifically evaluated, 
although qualitative comparison to the off-gas system of the Reference Process are 
considered in the rating of subcriterion 4(c). The off-gas systems are generally the same 
for all of the processes, though special problems are presented by the Cermet process and 

the Pyrolytic Carbon-Coated Pellets-in-Metal process. Differences among the other 
processes are largely in the volumes of off gas produced. 

3.6.2 Product Handling 

Canistering, sealing, leak testing, decontamination and storage of sealed canisters 
were assumed to be equivalent for all the processes, with the following exceptions: 

• In the Hot-Isostatic Pressing process, it is proposed to fill the void space above 
the glass level in the alumina containers with crushed Zircaloy hulls. Though not 
specifically evaluated as a unit operation, this extra step was taken into account 
in the rating of Process Complexity in this process. 

• In the Concrete process, the canisters must be stored for an extended period of 
time before completing the final closure. This also was treated as a separate 
step in the process under the Process Complexity criterion. 

• The multibarrier processes in which lead is used as a second encapsulating medium 
result in final packages which are quite heavy. Although this will complicate 
somewhat the handling problems in the radioactive areas, it is not considered a 
significant detriment to these processes. 

3.6.3 Validity of Process Chemistry and Physics 

Two of the processes are predicated on chemical and physical processes which appear to 
be of doubtful validity. Beyond referring to publications by the authors of these 
processes, the basic chemistry and physics of these processes have not been investigated; 
the preconceptual process outlines presented in Volume I were accepted as stated, and the 
reservations are reflected to some extent in the ratings given these processes under the 
Assessment of Feasibi lity subcriterion and the Development Work Required criterion. The 
processes in question are: 

• Cermet process. The reactions of urea as postulated in the process system des
cribed in Appendix K of Vol ume I raise several questions. One relates to the 
reaction with water, which is indicated as not occurring during the feed prepara
tion step (Volume I, Section K.6.2). Stone, et al. (Stone, 1979) in their 
evaluation of the Cermet process indicate that 1/7 of the water in the HLLW 
reacts with urea, and the rest evaporates. The proposed Volume I Cermet process 
does not, however, provide for an evaporation step in the feed preparation 
operation. Another question relates, therefore, to the total urea requirement for 
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the process. The feed preparation step of the preconceptual process would appear 
to result in a slurry of insoluble waste solids in a solution of the soluble waste 
fraction in a mixture of urea and water. The ORNL reports which have been 
reviewed (Aaron, 1978 a and b; 1979 a, b, and c) would also tend to support this 
conclusion. 

Another question on this process relates to the feasibility of the 
reduction/sinterin9 operation; it is not clear that reduction will be practicable 
in a solid billet over 10 in. in dia at atmospheric pressure nor that sintering of 
a dense billet of this size will occur in the time cycle provided. 

These are questions which must be resolved by a development program, should this 
process appear to justify further work. 

• Titanate process. There is considerable doubt that the product of the precon
ceptual process described in Volume I, Appendix I, bears any resemblance to the 
products which have been examined and whose properties form the basis for claims 
of acceptabil ity of the titanate systems as HLLW solid forms (McCarthy, 1979). 
The nature of the question is discussed more fully in Volume II, Appendix I. 
Inasmuch as no information on the calcium titanate system has been published, this 
question cannot be resolved at this time. 
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4.0 DISCUSSION OF EVALUATION RESULTS 

The process ratings were summarized in Section 2 and are presented in detail in 
Appendices A through K. It is the purpose of this section to substantiate the reasons for 
the assigned ratings, to point out the differences among processes which were considered to 
be responsible for the rating levels, and to reiterate the assumptions which entered into 
the rating assignments. 

The basis of the ratings is given in terms of the twenty-two subcriteria and their 
weighting factors as shown in Table 3-1. There may be some concern that this listing of 
explicit criteria should have been expanded to include the process attributes which were 
identified and discussed in Section 3.6. Generally, these attributes were essentially 
common to all of the processes so that their inclusion as specific factors in the ratings 

would have not changed the relative ratings. Where there were differences from process to 
process, the effect of those differences was taken into account through its implicit 

consideration as a part of one or more of the rating criteria. 

At the outset of this review of the results, it is important that the assumptions which 
were required be clearly stated. These assumptions and the reasons for making them are 
given below: 

It was assumed that each process would yield an acceptable product. Since evaluation 
of the product was not included here, every effort was made to exclude product 
characteristics fran consideration in rating the process. 

It was assumed that, in every case, a production process could ultimately be developed 
in a form that would approximate that described in Volume I. Unforeseen pitfalls or 
obstacles in the development process could not be and were not considered in the 
rating; the relative magnitude of development effort required was, however, given 
specific consideration. Moreover, an assessment of the probability of success of a 
development program of prudent scale was included as a feasibil ity rating for each 
process. 

Process data available from laboratory-scale work was treated as having the same 
validity as data available from extensive pilot-plant experience. Thus, even though a 
given process may be barely beyond the conceptual stage, its potential for success was 
not discounted on that basis alone. 

The evaluation results under each major criterion are discussed in the remaining 
paragraphs of this section. 

4.1 PROCESS COMPLEXITY 

The complexity of the process, weighted at 30% of the total rating -- the highest 

rating of any of the criteria -- is made up of seven subcriteria. These subcriteria are 
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primarily measures of the difficulty which may be experienced in achieving a reliable, 
remote, production operation. The complexity of the process can be reflected in a simple 
way by merely counting the unit operations required by the process. But more than that, it 
is recognized that one operation may be more sensitive to precise control, may require 
equipment more difficult to operate remotely. and/or may have higher maintenance 
requirements; in short, one unit operation may be more complex than another. Each of these 
factors is given consideration in this rating. 

As is indicated by the weighting factors, the dominant subcriterion is an overall 
assessment of the feasibility of the process for production use. The assignment of 
feasibility ratings necessarily entails the exercise of engineering judgment. Examples of 
the considerations which led to the process rating on this factor for certain of the 
processes are given in descending order of the ratings in the following paragraphs. 

• In-Can Gl ass Melter (10). Both equipment and process are rel atively simple. There 
does not seem to be any impediment to production use . 

• Joule-Heated Glass Melter (8). There has been concern for the longevity of electrodes 
in the glass melter although recent work indicates that the electrodes may outlast the 
ceramic liner. Replacement of either will involve process down time and thus limit the 
suitability of the process as a production operation. 

• Marbles-in-Lead (6). Although a marble maker has been constructed and operated. it is 
a complex device dependent upon the motion of a vibrating conveyor and upon temperature 
of pouring glass, mold, and exiting marbles. The long-term, continuous operation of 
such a machine will clearly be difficult. The process also employs the joule-heated 
melter • 

• Supercalcine Hot-Isostatic Pressing (4). The sintering of loose powders has been 
demonstrated only on a few very small samples. The use of molten glass to hermetically 
enclose the sintered billet and to transmit the pressure during isostatic pressing has 
not been demonstrated at all. The scale up of the sintering operation and the ultimate 
success of the hot-isostatic pressing are the concerns which limit the assessment of 
feasibility of this process. 

• Cermet (1). Although this process is stated to have been shown to be workable on a 
small scale, equipment problems with the pin agglomerator and the sintering oven 
transport mechanism can be expected in attempting to scale the process for production 
use. Uncertainties regarding the process itself in respect to production-scale 
operations with urea in the manner described and the feasibility of the 
reduction/sintering operation with the large forms proposed combine to cast doubt on 
the feasibility of this process for remote, production-scale operation. 

Other important subcriteria in Process Complexity were adaptability of equipment to 

remote operation and maintenance requirements. These factors were judged 0y considering the 
motions required of the equipment and the severity of temperature and pressure environments. 
The movement requirements for all processes cover a wide range. The simplest is the 
operation of the two-way diverter for flow of calcined powder to a canister in the Reference 

Process and the bi-directional transport mechanisms for the melter furnaces for moving them 
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between the process position and the unload-reload station. More complex movements are 
represented by die positioning and hot pressing in the Titanate process and the operation of 
the vibrated conveyor belt in the marble-making machine. The most severe temperature and 
pressure conditions occur in the hot-isostatic pressing operations with temperatures of 
11500C and a gas pressure of 15000 psi. Although equipment maintenance requirements and 
reliability are also related to simplicity, it is a separate subcriterion since there are 
some items, such as the Joule-Heated Glass Melter which are reasonably adaptable to remote 
operation but which are still likely to present a maintenance problem. Another problem 
impacting complexity, maintenance, and safety is presented by the finely divided radioactive 
material which must be handled and transported in some of the processes. Contamination 
control requires the use of hoods or shrouds around the equipment, which complicates the 
remote control of the equipment. It also leads to problems in maintaining the equipment, 
and could result in higher-than-normal radioactive exposures to maintenance personnel. 

Based on the combined rating of the seven weighted subcriteria in Process Complexity, 
the four least complex processes and their ratings are: 

Process 
In-Can Glass Melter 
Joule-Heated Glass Melter 
Glass-Ceramic 
Concrete 

Rating 

515 
430 

420 

395 

In the three glass processes listed above, the requirement for high-temperature 
processing in the melting and heat treating of glass was offset by the simpl icity of 
mechanlcal processing required. The Concrete process entailed a spray calciner in common 
with the other three processes, but subsequent process steps are to be accomplished at the 
moderate temperature of 1100C and only slightly elevated pressure of 600 psi. On the other 
hand, the Concrete process requires handling of dry calcined waste powders and the operation 
of a concrete mixer with the attendant problems of seal maintenance and control of dusting. 

The remaining seven processes generally use fairly complex equipment (as the marble 
maker, disc pelletizer, extrusion press, or vertical sintering furnace), require operation 
at extremely high temperature and pressure (as the hot-isostatic presses), or present severe 
contamination control problems (such as the disc pelletizer, the Zig za~ mixer, powder 
transport systems) and thus require complex protective equipment. 

QD A trademark of The Patterson-Kelley Co., Inc.; East Stroudsburg, Pa. 
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4.2 STATE OF DEVELOPMENT 

The state of development weighted at 10% of the total rating is made up of two equal 
subcriteria, development of the process and development of the equipment. In both cases, 
the ratings are scaled from being "ready for remote production operation" at the high or 
operational end of the scale to being supported by only limited laboratory work at the low or 
conceptual end of the scale. The rating for each process was based on an assessment of the 
scale and type of development work described generally in Volume I, supplemented by 
engineering judgement. 

Representative comments and the ratings for the state of process development for 
certain of the processes are given below. 

• In-Can Glass Melter (9). There has been extensive pilot-plant experience with the 
spray ca1ciner and the in-can melter including work with actual HLLW. The process 
would be ready for production use with design, construction and cold shake down of a 
full-size facility. 

• Glass-Ceramic (5). European and Japanese research teams have carried out a limited 
amount of pilot-scale work and have identified four glass-ceramics for evaluation as 
suitable waste forms (De, 1976; Malow, 1979; Oguin, 1979; O-Oka, 1979). PNL has 
operated a high-temperature joule-heated me1ter to produce 100 kg of parent glass for 
heat treatment to form glass ceramic. No work with radioactive formulations appears to 
have been done, and insufficient information is available to provide the basis for a 
final selection among the four candidate GC systems. 

• SYNROC Hot-Isostatic Pressing (2). The compositions and physical property 
specifications of SYNROC additives, the sintering of blended mixtures, and the 
consolidation of sintered bodies to full density are all in a laboratory stage of 
development. 

Representative comments and the ratings for the state of equipment development for 
certain of the processes are given below: 

• Concrete (6). All of the concrete mixing equipment not only is commercially available 
but has been used to immobilize 10w- and intermediate-level nuclear waste. The 
autoc 1 aves for app 1yi ng elevated temperatures and pressures are standard items of 
equipment in the chemical industry. Equipment development requires some scaling up and 
demonstration with high-level wastes • 

• Joule-Heated Glass Melter (5). There has been long experience with ceramic melters in 
the glass industry and a modest amount of experience with simulated waste glass. There 
has been no experience with radioactive glass formulations. Further development of the 
equipment will be required to assure satisfactory remote operation and maintenance; 
electrode and ceramic liner life and replacement procedures, and long-time continuous 
operation of the melter are particular concerns • 

• Titanate (4). This process is the only one of those considered which does not use the 
spray calciner. In its place, the use of a modified pot calciner is proposed. There 
has been no development work done on the pot calciner in the configuration required for 
this process. 
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• Cermet (3). The extrusion press and sintering furnace are commercially available 
equipment items but adaptation of the commercial equipment to remote operation will 
require considerable further development. The agglomerator will also require 
modification for remote operation and maintenance, and must be demonstrated to be 
suitable for the required function • 

• Supercalcine Pellets-in-Metal (1). The disc pelletizer is a commercially available 
piece of equipment which is used to form granules from a variety of powdered materials; 
it has not been shown to be capable of reliable remote operation, and little or no work 
has been done to adapt it for remote operation. The vertical sintering furnace using 
an inert ceramic carrier to move the pellets through the furnace offers ease of 
transport of the material through the furnace and its development would be a 
Significant contribution to remote operations. The feasibility of the concept has not, 
however, been fully demonstrated as yet. 

Based on the combined process and equipment state of development ratings, the four 
most highly developed processes and their ratings are: 

Process 
In-Can Glass Melter 
Joule-Heated Glass Melter 
Concrete 
Glass Ceramic 

Rating 
180 
120 
110 

100 

The Marbles-in-Lead process is rated at 90, but the remaining six processes are rated 
quite a bit lower in state of development. In particular, the crystalline ceramic forms of 
SYNROC and supercalcine were only proposed within the last few years and are in an early 
stage of laboratory development. 

4.3 SAFETY 

The safety of the process, weighted at 20% of the total rating, is made up of three 

subcriteria. The most important of these is the existence of a potential for forceful 
dispersion of the waste from the process system. It is recognized that when such a potential 
exists, elaborate precautions will be taken to avoid such an accident; nonetheless, it is 
clear that a process which has a lesser potential for accident is safer than one with a 
greater potential even if it is protected by a sophisticated system. The second most 
important measure of process safety is an assessment of the level of likely radiation 
exposure for operating and maintenance personnel. Means of protection against routine 
exposure are well understood ~nd developed; thus, this subcriterion is primarily rated on 
personnel exposure during maintenance and cleanup. An implicit part of this rating was 
consideration of the need for contact maintenance and the level of contamination expected in 

the process cell as a result of dusting of waste powders or of accumulations of process 
materials in vessels or piping. In assessing this hazard, it was assumed that the equipment 
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and process cells would be designed for ease of decontamination and that every effort to 
reduce radiation levels would be taken before contact maintenance was attempted. The third 
subcriterion, which was regarded as relatively minor, was the use of toxic materials as 
adjuncts to some part of the process. 

Representative comments and the ratings for the subcriterion of dispersion driving 
forces are given below: 

• In-Can Glass Melter (9). Although the Reference Process operates at 8000C in the 
calciner and at 10500C in the melter, these systems are maintained at sub-atmospheric 
pressure during operation. Limited potential for dispersion of dust is encountered. 

• Marbles-in-Lead (8). Although this process operates at atmospheric pressure, or in the 
case of metal filling of the loaded canister, possibly under vacuum, it does involve 
high temperatures in glass melting and moderately high temperatures in metal filling. 

• Supercalcine Pellets-in-Metal (7). The operating conditions of temperature and 
pressure for this process are similar to those for the Marbles-in-Lead process with 5he 
replacement of the glass melting step by sintering of supercalcine pellets at 1250 C. 
The atmosphere of the sintering furnace is inherently safe at 5% hydrogen in argon yet 
the concern over control of gas composition and flow of gas at the high temperature 
results in a slightly reduced rating for their process as compared to the Marbles-in -
Lead process. 

• Pyrolytic Carbon -Coated Pellets-in-Metal (5). This process is identical to the 
Supercalcine Pellets-in-Metal process with the additional step of pyrolytic-carbon 
coating of the sintered pellets. It is the use of explosive gas mixtures in this 
additional process step which brought about the reduction of the rating from that of 
the Supercalcine Pellets-in-Metal process. 

• Hot-Isostatic Pressing Processes (2). The potential for dispersal of material from the 
hot-isostatic pressure vessel is obvious. Both processes whing this equipment are 
expected to oper~te at 15000 ps i with a temperature of 1150 C for the superca 1 cine 
material and 1325 C for the SYNROC. 

When the ratings for dispersion driving forces, personnel exposures, and hazardous 
materials are combined, the four processes rated the highest on safety and their ratings 
are: 

Process 

In-Can Glass Melter 
Joule-Heated Glass Melter 
Gl ass-Ceramic 
Concrete 

Rating 

380 
330 

330 

315 

The next lower rating was earned by the Marbles-in-Lead process, which is generally 

benign but incorporates a pneumatic transport system. Anticipated maintenance exposure 
problems reduced the rating to about the midpoint. The Titanate process earned a similar 
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rating, next below Marbles-in-Lead for a similar reason. Those processes at the low end of 
the safety rating (the SYNROC process is the lowest) combined the potential for dispersion 
of waste with that for personnel exposure associated with maintenance procedures. 

4.4 PROCESS REQUIREMENTS 

Process requirements include general considerations which were not reflected in rating 
of process complexity. Five subcriteria were chosen; they are final waste volume, process 
additives and auxiliary materials, secondary waste and off-gas quantities, process 
latitudes, and quality assurance. Taken together these five subcriteria are weighted at 
12.5% of the total rating. 

The dominant subcriterion is that of quality assurance; it represents an assessment of 
opportunity afforded by the process for sampling material in process, the level of 
difficulty expected to be experienced in sampling and in evaluation of the sample, and the 
means available in the process for assuring product quality. Representative comments and 
the ratings for the subcriterion of quality assurance are given below: 

• Supercalcine Pellets, either coated or uncoated (8). Both the green and sintered 
pellets can be easily sampled and evaluated for physical characteristics of size, 
density, and surface quality and for chemical characteristics of composition and phase 
identity. Once the pellets are committed to casting in the metal matrix, qual ity 
assurance can only be accomplished by process control and analysis of processing data . 

• Concrete (7). There is the opportunity to sample the output of the concrete mixer; 
however, the concrete monolith would be cast prior to sample evaluation. It is 
possible that the curing operation in the autoclave could be altered based on the 
sample analysis and thus quality assurance might be based on a combination of sample 
analysiS and processing data analysis. 

• In-Can Glass Melter (5). There is no opportunity to sample an intermediate product. 
Quality assurance must be based solely on analysis of feed composition, material flow 
rates, and process temperatures. 

• Glass-Ceramic (3). Although samples of glass could be taken as it is poured into the 
canister, these would offer no assurance that the critical step of crystallization in 
the heat treatment would be successful. Quality assurance would be based on analysis 
of processing data and the effect of the additional processing steps would lessen the 
reliability of the conclusion drawn from such analysis when compared to the reliability 
or quality assurance in the In-Can Glass Melting process. 

• Hot-Isostatic Pressing Processes (1). Again, samples of the powder may be taken as the 
canister is being filled but would yield no information on the crucial steps of 
densification and crystallization. The ratings of these processes are lower than that 
of the Glass-Ceramic process because it is bel ieved analysis of process data of 
sintering and hot-isostatic pressing would be less conclusive than analYSis of heat 
treatment process data for the Glass-Ceramic process. 
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The process latitudes subcriterion served as a measure of the ability of the process to 
tolerate variations in both feed composition and in processing conditions without affecting 
product quality. All processes except the hot- i sostati c press i ng processes were rated 
fairly high on this point. The lower ratings on the hot-isostatic pressing processes were 
brought about by the anticipated sensitivity of the processes to additive quantities and to 
both sintering and pressing parameters. 

The secondary waste and off-gas quantities subcriterion ratings were primarily based on 
the process description of Volume I and were made on a qualitative evaluation of each 
process with respect to the Reference Process. The amount and cost of auxiliary materials 
reflects process requirements for additives in the form of process chemicals, supplementary 
containers, encapsulating or matrixing materials. Although the ratings of the processes on 
process additives and auxiliary materials varied from 1 to 8, the weighting factor was low 
so that the effect of this subcriterion rating on either the process requirements criterion 
or overall process rating was not significant. Likewise, the weighting factor for final 
waste volume was a low one. 

Based on the combined rating of the five weighted subcriteria in Process Requirements, 
the four processes with the highest ratings are: 

Process Rating 

Concrete 184 
In-Can Glass Melter 180 

Joule-Heated Glass Melter 180 
Supercalcine Pellets-in-Metal 179 

The difference in this group of ratings is so small as to be insignificant among these 
four processes. These four do, however, stand somewhat apart from the rest. The lowest 
ratings were assigned to the hot-isostatic pressing processes based not only upon the 
limitation to quality assurance but also upon the large volume of the final waste canister 
and fairly large requirement of auxiliary materials including high quality alumina 

containers. 
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4.5 DEVELOPMENT WORK REQUIRED 

To some extent there is a negative correlation between the criterion of State of 
Development and this criterion of Development Work Required, in that if a process is in an 
advanced state of development, there will be less development work required. There are two 
principal concerns in assessing the magnitude and character of the development program 
required to bring a process to a state of readiness for production-scale use. These are the 
considerations related to the process itself and those related to the equipment which must 
be used. To a considerable extent, these represent sequential considerations; definition of 
the basic process must precede specification of the equipment required to reduce the process 
to production practice. This is, of course, not always the case and will certainly not be 
the case where the process is an adaptation or a variant of a well-known industrial process 
whose equipment needs to be modified for remote operation in order to be used in the 
radioactive application. If on the other hand the process itself must be developed, it 
follows that all subsequent development phases including identification of scale-up 
factors, specification of equipment performance requirements, and design of a production 
facility must await acquisition of considerable process development data. These 
considerations are reflected in the evaluation under the subcriterion Type of Development. 

In addition to the type of development work required, the scale of work to be done is 
relevant. A process adjudged to be simple could reach a final stage with minimal 
radioactive pilot-scale work, whereas a complex process may need an extensive development 
and testing program for each piece of equipment or process step. This will be particularly 
true of those processes requiring extensive use of complex mechanical equipment which must 
be designed for remote operation and, to the extent feasible, for remote maintenance. 

In such cases, the only practicable route to a reliable production facility may require 
extensive cold testing of full-scale equipment modules, followed by design and construction 
of the full-scale integrated facility. This facility must then be subjected to a thorough 
cold shakedown with nonradioactive simulated waste before committing the facility to hot 
operation. (a) Even after such a prelude, the successful operation of the production 
facility on radioactive material cannot be guaranteed. It is clear that such a development 
program will be very expensive and would be warranted only in the event that the prospective 
product possessed outstanding characteristics which were required in the intended 
application. 

(a) The fluidized-bed calciner -- a rather simple process comparable to the spray calciner -
required a cold shakedown of the production unit at the Idaho Chemical Processing Plant 
which lasted approximately 13 months before the obvious bugs were worked out of the system. 
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The subcriterion Type of Development is given the largest weighting factor; the Scale 
of Development and Time Required to carry out the development are given weighting factors 
equal to each other but lower. On a combined basis, the criterion Development Work Required 
is weighted at 17.5% of the total rating. Representative comments and the ratings for the 
subcriterion Type of Development are given below. 

• In-Can Glass Melter (9). The process is well developed; a production facility could be 
designed and constructed, but would require substantial cold shakedown before 
committing to radioactive operations • 

• Joule-Heated Glass Melter (6). The process is well developed, but development of a 
joule-heated melter for use with radioactive materials is yet to be completed. 

• Marbles-in-Lead (5). Laboratory process development is complete and the marble-making 
machine may be said to be in pilot-scale development. Much of the auxiliary equipment 
such as the vibrator-sorter, the scrap mill, and the pneumatic transport system is yet 
to be developed to support the process. 

• Hot-Isostatic Pressing Processes (1). The processes sti 11 need to be completely 
demonstrated on a laboratory scale. 

Based on the combined rating, the four processes requiring the least development work 
and their ratings are: 

Process 

In-Can Glass Melter 
Joule-Heated Glass Melter 
Glass-Ceramic 
Concrete 

Rating 

315 
230 
220 
205 

These are the same four processes listed as being superior in state of development 
although the Glass-Ceramic and Concrete processes have interchanged rank. 

4.6 FACILITY REQUIREMENTS 

Facility Requirements, weighted at 10% of the total rating, were based on the process 
description information presented in Volume I and were made on a qualitative evaluation of 
space and auxiliary equipment required by each process with respect to that required by the 
Reference Process. Radioactive facility requirements, which were given the greater 
weighting, were evaluated on the volume of shielded space required and complexity of 
equipment to be installed in that space. These requirements are reasonably well detailed in 
Volume I. Nonradioactive facility requirements were rated on the volume and character of 
facilities required outside of the process cells. 

30 



Based on the combined rating of Facility Requirements, the three processes with the 
least requirements and their ratings are: 

Process Rating 

In-Can Glass Melter 
Joule-Heated Glass Melter 
Glass-Ceramic 

200 
200 
185 

These three processes stand out from the rest in respect to the small size and lack of 
complexity of their facility requirements. 

4.7 SUMMARY OF RATINGS 

Table 4-1 presents the overall summary of the numerical ratings assigned to each of the 
eleven processes on all subcriteria. Overall ranking of the processes is given in this 
Volume, Table 2-2. The acronyms employed in the first eight column headings are defined as 
follows: 

ICGM 
JHGM 
GC 
MIL 
SCPIM 
PCPIM 
SCHIP 
SYNROC HIP 

In-Can Glass Melter 
Joule-Heated Glass Melter 
Glass-Ceramic 
Marbles-in-Lead 
Supercalc;ne Pellets-in-Metal 
Pyrolytic Carbon-Coated Pellets-in-Metal 
Supercalcine Hot-Isostatic Pressed 
SYNROC Hot-Isostatic Pressed 
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IN 
N 

1. 

2. 

3. 

4. 

5. 

6. 

TABLE 4-1 Summary of Numerical Ratings, All Processes 

Factor Weighting 
Sub Total ICGM JHGM GC MIL SCPIM 

Complexity of Process_ 60 515 430 420 370 255 
( a) Number of Process Steps 10 10 9 8 7 6 
(b) Process Control 5 8 7 7 6 6 
(c) Material Handling 5 10 10 10 5 1 
( d) Adaptability of Equipment to Remote 

Operation. 10 9 6 6 6 2 
( e) Maintenance Requirements -

Equipment Reliability 10 7 6 6 5 4 
(f) Internal Recycle 5 3 3 3 9 8 
(9) Assessment of Feasibility for 

Production Use. 15 10 8 8 6 4 

State of Development 20 180 120 100 90 30 
( a) Process 10 9 7 5 5 2 
(b) Equipment 10 9 5 5 4 1 

Safety 40 380 330 330 270 220 
( a) Dispersion Driving Forces 

(chemical, mechanical) 20 9 8 8 8 7 
(b) Personnel Exposures (routine, 

accident, maintenance) 15 10 8 8 5 3 
(c) Hazardous Materials Required 5 10 10 10 7 7 

Process Requirements 25 180 180 145 161 179 
( a) Final Waste Volume 2 8 8 8 4 8 
(b) Process Additives & Auxiliary Materials 3 8 8 8 1 1 
(e) Secondary Wastes and Off-gas Quantities 5 10 8 8 7 7 
( d) Process Latitudes 5 8 8 7 7 9 
(e) Quality Contro 1 10 5 6 3 8 8 

Development Work Required 35 315 230 220 195 35 
( a) Type of Development 15 9 6 6 5 1 
(b) Scale of Development Programs 10 9 6 6 5 1 
(c) Time Required 10 9 8 7 7 1 

Facility Requirements 20 200 200 185 90 75 
( a) Radioactive Facilities 15 10 10 9 5 4 
(b) Non-Radioactive Facilities 5 10 10 10 3 3 

Total Rating 770 1490 1400 1176 794 

PCPIM SCHIP SNYROC Titanate Concrete Cermet 
HIP 

240 205 165 325 395 255 

5 6 5 7 5 7 
5 3 3 7 10 7 
1 5 5 4 5 5 

2 3 3 6 8 5 

4 1 1 5 7 3 
8 1 1 3 3 6 

4 4 2 5 7 1 

30 60 30 50 110 40 
2 2 2 1 5 1 

I 1 4 1 4 6 3 
--I 

170 165 105 240 315 '1 5 2 2 8 8 5 

3 5 1 2 7 5 
5 10 10 10 10 9 

169 90 85 131 184 113 

8 4 1 9 4 10 
1 4 1 1 7 1 
5 8 8 5 9 5 
9 4 6 9 8 7 
8 1 1 4 7 3 

35 65 45 90 205 80 
1 1 1 2 7 2 I 1 3 2 3 5 2 
1 2 1 3 5 3 

75 55 40 55 85 100 

4 2 1 1 4 4 
3 5 5 8 5 8 

719 640 470 891 1294 808 
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APPENDIX A 

IN-CAN GLASS MELTER 

A.l PROCESS DESCRIPTION 

A.l.l BLOCK FLOW DIAGRAM 

Basic elements of the process are shown in the block flow diagram presented in Figure 

A-l. 
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FIGURE A-l In-Can Glass Melter Block Flow Diagram 

A.l.2 INPUT/OUTPUT CONSIDERATIONS 

The product quantity of the process, the canister capacity and the associ ated heat 

loading are as follows: 
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• Product Quantity 
HLLW waste solids as oxides 
Glass frit, as oxides -

Total Solids Weight 

Daily volume of solids, at density 

kg/MTHM kg/d @ 6.7 MTHM/d 
52.43 351.3 

122.52 821.0 

174.97 1172.3 

= 3.0 g/cm3 

1172.3 = 391 L, equivalent to 4.3 canisters, at 91 L/canister. 
3.0 

• Canister Volume 
30 cm in dia x 176 cm in length; fins 
Total canister volume 124 L 
Less 5.6% 7 L 
U s ab 1 e vol um e 117 L 

@ 91 L of glass, loading 78% 

• Heat Loading(a) 
Activation products 
Actinides 
Fission products 

"'5.6% of canister volume. 

5.3 x 101 W/MTHM 
2.21 x 102 W/MTHM 

1.87 x 103 W/MTHM 
2.14 x 103 W/MTHM 

Total heat load/d, @ 6.7 MTHM/d = 1.43 x 104 W 

Heat Load per canister = 3345 W/canister(b) 

(a)Basis: Pressurized Water Reactor (PWR) fuel, exposed to 33,000 MWo/MTV burnup, at five 
years out of reactor. 

(b)The difference from the 3 kW/canister value in Volume I is no doubt due to use of a 
different ORIGEN run as the source of the thermal data. 
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A.2 DISCUSSION OF PROCESS 

High-level liquid waste at the reference composition (Volume I, Table l)(a) is 
transferred to a feed tank, from which it is pumped into either or both of two spray 
calciners through air-atomizing spray nozzles. Water is evaporated from the finely divided 
1 iquid stream as it passes downward, and the sol ids are calcined to a mixture of metal 
oxides, which drops into a funnel-shaped chamber at the bottom of the calciner. This 
chamber also communicates to a filter chamber beside the calciner vessel; filters are 
sintered-metal cylinders equipped with blow-back means to dislodge the cake of solids 
filtered from the off gas. The filter cake drops into the funnel; glass frit is metered at a 
set, constant rate (proportioned to the liquid feed rate), and the combined solids stream 
from each calciner passes through a diverter valve which directs it to one of two glass 

melters. 

The glass melter consists of the canister, surrounded by a multizone furnace chamber 
which is also provided with cooling air. A valving arrangement on top of the canister 
connector provides means of closing off the flow of powder to a canister when the desired 
load has been delivered to it. The full canister is held at temperature for a period of two 
hours to assure complete melting and release of bubbles; it is then cooled at a controlled 
rate and removed from the furnace for closing, seal welding, leak testing, and 
decontamination. It is then moved to storage. 

Cycle time requirements on the melting process dictate the use of four units to meet 
the design throughput rate; two spray calciners are employed, each with a design throughput 
capability of approximately 120 L/h; nominal throughput is 79 Llh each. 

(a) Reference Waste Composition. The reference waste composition set forth in Table 1 of 
Volume I has been accepted as the basis for all of the process evaluations. Thet'e are some 
problems with this composition, however, which should be noted. Table 1 shows sodium at 
0.15 giL and iron at 2.00 giL, whereas typical reprocessing high-level wastes have contained 
these elements at significantly higher levels; it also indicates a high level of gadolinium 
in the reference waste (15.9 giL). 

Wastes used in past nonradioactive process development at Hanford have characteristically 
been higher in both iron and sodium than the reference waste; thus, the selection of the 
lower values of these constituents may raise some question. A review of the process 
requirements for the eleven processes indicates that the probable higher levels of sodium 
and iron in an actual reprocessing plant high-level waste stream may create a problem with 
some of the processes, necessitating an adjustment of the quantities of additives or a 
reduction in the permissible waste loading. The gadolinium content of the waste may also be 
subject to considerable variation depending on whether or not gadolinium is used as a 
primary criticality control in the dissolver at a particular plant. This is likely to be 
less of a problem than the higher sodium and iron contents. 
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A.3 DISCUSSION OF EVALUATION 

A.3.1 COMPLEXITY OF PROCESS 

In terms of the number of process steps involved, this is the simplest of the eleven 
processes. In terms of mechanical operations, it is complicated by the requirement for a 
reliable diverter valve to direct powder from the calciner to the two melters, and by the 

requirement for a positive cut-off of powder flow at the melter connector. Remote operation 
and maintenance of these can be expected to provide some problems. 

Capabil ity for remote repl acement of the feed pump and spray nozzle, as well as the 

vibrators, is required. Some simplification of the process would result from the use of 
ball ast tanks in the HLLW batch tanks and the feed tank, rather than the mechanical 
agitators proposed. The fact that all in-process material is handled in a closed system 
until the product glass has been formed is an advantage in contamination control, but 
essentially eliminates the possibility of in~process quality control; recycle of the 
product, though possible, is not considered feasible. The background of experience with 
radioacti'je process operation forecasts a high level of confidence that a practicable 
production facility can be designed, built, and operated successfully. 

Process control requirements are reasonably tight in respect to operation of the spray 
calciner and the frit feeder, in that the development of the desired glass composition 
depends on a relatively constant proportion of waste solids and glass formers once an 
appropriate formulation has been established for a particular HLLW feed. Heat input to the 
calciner also requires careful control; residual moisture and nitrate levels in the calcine 
are a function of temperature and time at temperature, and excessive moisture or nitrate 
could aggravate any tende~cy of the glass to foam. Overfilling of the canisters (or double
batching) must be prevented by reliable means of detecting and indicating the weight of 
product in the c1nister. 

A.3.2 STATE OF DEVELOPMENT 

Experimental work on the spray calciner as a means of reducing HLLW to a solid state was 
begun at Hanford in 1959. In the intervening years, much laboratory-scale, cold pilot
scale, and full radioactive pilot-scale experimental work has been reported. Various waste 

types have been simulated in test work, and various glass formulations have been explored. 

Basic equipment operating parameters and scale-up factors appear to be well defined. Some 
equipment which would be required for the production facility remains to be demonstrated. 
Means of establishing the quality of HIe glass (other than by destructive examination) would 
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be desirable; the possibility of remelting and re-fining the glass product for improvement 

of structure or homogeneity has apparently not been considered. If a means of evaluating 
the glass product nondestructively can be developed, it would be desirable to investigate 
the possible benefits of remelting. 

A.3.3 SAFETY 

The In-Can Glass Melter system is relatively benign from the safety point of view. 

Some possibi lity for dispersion of calcine dust exists, due to the requirement for 
disconnection of the melter feed adapter from the canister; also, the high temperature in 
the calciner drives off small quantities of volatile fission products, most of which appear 
to be trapped by the filter cake. 

A.3.4 PROCESS REQUIREMENTS 

With a 30% fission product level in a solid with a density of 3 g/cm3, the glass 
product rates favorably on total waste volume. The glass frit additive, though required in 
large quantities, is modest in cost and, except for the requirement of a precise feeding 
system, presents few handling problems. 

The process off-gas system is used as the reference system for assessment of the other 
processes in respect to the off-gas handling requirement; no significant secondary wastes 
are produced. Radioactive wastes from the off-gas system would be handled in the 
reprocessing plant low-level (or intermediate-level) waste system. 

The In-Can Glass Melter system appears capable of accepting some variation in HLLW feed 
composition, but close control is required over feed rates of HLLW and glass formers, as 
previously noted. Cooling cycles must also be controlled in order to minimize stresses in 
the product glass and its container. These do not appear to be onerous requirements to meet. 
Quality control of the product is directly exercised through control of these process 
parameters; however, recycle of either in-process material or product is considered not 
feasible. 

A.3.S DEVELOPMENT WORK REQUIRED 

Development work required to support a production plant design program is primarily in 

the area of specialized equipment items, including the spray calciner-to-canister connector 
assembly, which must provide a seal to the canister and a positive cut-off for flowing 
powder and must be readi ly operated remotely. The diverter valve on the calciner, the 
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translation and positioning system for the melter furnace, and reliable mass measuring 
devices for determining fill of the canisters require some design development and adaptation to 
specific sizes and arrangements. Volume sensing instrumentation will also be required in 
order to avoid overfill with unvitrified calcine/frit or foam. 

Process adaptation for specific HLLW feeds will be required, but this should be largely 
a matter of tailoring existing glass data to the particular waste composition. Some 

evaluation of the glass produced from the formulation selected will be required to verify 
adequacy of the formulation. 

A.3.6 FACILITY REQUIREMENTS 

The In-Can Glass Melter is the Reference Process for evaluation of facility 
requirements. 
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A.4 WASTE SOLIDIFICATION PROCESS EVALUATION -- IN-CAN GLASS MELTER 

The detailed rating is set forth in Table A-I. 
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TABLE A-I Waste Solidification Process Evaluation--In-Can Glass Melter 

Factor Weighting Rating Assigned 
Criteria Subtotal Total Subtotal Total Comments on Rat i ng 

1. Comp 1 ex ity of process 60 515 
( a) Number of process steps 10 10 
(b) Process control 5 8 Careful control of feed and glass-formers required 
(c) Material handling 5 10 Systems totally enclosed 
(d) Adaptability of equipment to 10 9 Maximum radioactive run--55 h to date 

remote operation 
(e) Maintenance requirements-- 10 7 Complicated valving required on melter can connector; 

equipment reliability feed system pumps a maintenance problem; also diverter 
valve on calcine line. 

(f) Internal recycle 5 3 I nterna 1 recycle not feasible 
( g) Assessment of feasibility for 15 10 Required equipment development appears straightforward. 

producti on use 
2. State of development 20 180 

(a) Process 10 9 
(b) Equipment 10 9 

3. Safety 40 380 
(a) Dispersion driving forces 20 9 

(chemical, mechanical) 
(b) Personnel exposures (routine, 15 10 

::x:- accident, maintenance) 
I (c) Hazardous materials required 5 10 

CD 
4. Process requirements 25 180 

(a) Final waste volume 2 8 581 L/ d 
(b) Process additives and 3 8 

auxiliary materials 
(c) Secondary wastes and off -gas 5 10 

quant iti es 
(d) Process latitudes 5 8 Based on data in McElroy (1972) 
(e) Quality assurance 10 5 

5. Development work required 35 315 
(a) Type of development 15 9 
(b) Scale of development programs 10 9 
(c) Time required (from initiation 10 9 

of program) 
6. Facility requirements 20 200 

(a) Radioactive facil ities 15 10 
(b) Nonradioactive facilities 5 10 

TOTAL RATING 1770 
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APPENDIX B 

JOULE-HEATED GLASS MELTER 

B.1 PROCESS DESCRIPTION 

B.1.1 BLOCK FLOW DIAGRAM 

Basic elements of the process are shown in the block flow diagram presented in Figure 
B-1. 

HLLW -------r----~ 
158 L/h 

FEED 
TAN\(. 

~ PRo ... 

~ r~OI 

PUMP 

ATOMIZING 

AIR 1 rOFF 

SPRAY 
CtI,I...CINER. 

JOULE -HEATED 11----------'91 CANISTER. 
MEL TER I FII...1... STATION 
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Arl 51L1N• 

SEAL LEAK TEST 
-'" OECON. I.....p 

WELD ~INSPECTION 
, 

LVACUUM ... I LOFF GAS 

DE"CON. SOL'N. (LIQUID WASTE) 

FIGURE B-1 Joule-Heated Glass Melter Block Flow Diagram 

B.1.2 INPUT/OUTPUT CONSIDERATIONS 

Same as In-Can/Glass Melter, Appendix A. 
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B.2 DISCUSSION OF PROCESS 

The HLLW is reduced to an oxide powder in the spray calciner, which differs from that 
described in Appendix A only in having a higher throughput capacity; because of the higher 
throughput capacity of the joule-heated melter, a single process system consisting of a 
spray calciner, a joule-heated melter, and 
throughput of the sol idification facil ity. 
throughput rate of 6.7 MTHM/d is 4.3. 

canister loading station can carry the design 
Number of canisters per day at the nominal 

Dry calcine powder, together with the glass former, falls by gravity onto the surface 
of molten glass in the melter, forming a cold cap over the surface of the glass. Heat input 
to the system comes from the 12R loss from a high amperage current passed between electrodes 
immersed in the glass at each end of the glass melter reservoir. For a detailed description 
see Volume I, Appendix B.6.3. 

Molten glass is removed from the bottom of the melter through an overflow riser which 
delivers the glass to a drain tube through which it flows into the canister. An additional 
bottom drain, closed by a freeze valve, provides the capability for draining the entire 
melting chamber should that be necessary. The glass may be drained by either of two methods: 
tilting the entire melter by raising the end opposite the drain tube on a jack screw, or by 
use of an air lift in the overflow riser. From the standpoint of equipment complexity, the 
latter is the preferred method. 

The joule-heated melter is an adaptation of a device widely used in the glass industry 
and is under investigation elsewhere in the world for preparation of radioactive glass waste 
forms: The PNL device has not been designed for remote, radioactive operation, and it is 
apparent that a number of changes in design features will be required to adopt it to remote 
operation. Some steps in this direction have been taken during the past year, with the 
introduction of a small pilot unit designed for remote operation; this unit is not, however, 
capable of fully remote operation in its present installation. Maintenance problems, 
notably replacement of electrodes and auxiliary heaters, would be quite troublesome in the 
present device. Replacement of the ceramic liner will also present substantial problems, 
due to probable penetration of the radioactive glass into the joints between ceramic blocks. 
Fortunately, nonradioactive development work done to date does not indicate that frequent 
repair or replacement of the ceramic liner is likely to be required and electrode life has 
likewise been very good, with no evidence of corrosion after extended use. Reliable control 
systems for the thermal (electric power) input must be developed. 
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Canister closure, seal welding, leak testing, and decontamination are essentially the 
same as for the Reference Process. The canister/melter interface will, however, be 
substantially less complex, requiring only a low leakage seal from the melter outlet to the 
canister. Protection against double-batching or overfilling, as with the Reference Process, 
will require development of reliable means of measuring the weight of the canister at the 
loading station; means of measuring volume and/or height of fill will also be required. 

Off gas from both the canister and the melter are routed through the spray calciner 
into the off-gas system. 
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B.3 DISCUSSION OF EVALUATION 

B.3.1 COMPLEXITY OF PROCESS 

The process is relatively simple and straightforward, and probably offers fewer 
operating problems than the Reference Process. Equipment design, process control, and 
maintenance considerations suggest that the gl ass melter wi 11 present more comp1 icated 
installation and maintenance problems than the Reference Process, however, and the 
probability that these can be surmounted in a reasonable time is somewhat less than that for 
the Reference Process. Therefore, the Joule-Heated G1 ass Melter rates lower than the 
Reference Process on overall complexity. The glass pouring operation is considered to be a 
separate operation; thus, the continuous melting process is charged with one additional 
process step. 

B.3.2 STATE OF DEVELOPMENT 

Although the continuous me1ter is an adaptation of a commercial device, modification 
for remote operation has only recently been incorporated; the influence of significant 
v ar i at ions in the HLLW compos it i on has not been addres sed in the dev e 1 opment work. The 
probability of elemental (metallic) forms in the me1ter resulting from reduction of certain 
elements in the HLLW does not appear to have been investigated, nor has the significance of 
such been evaluated. McElroy has reported (McElroy, 1976) that the presence of metals in 
the melter cause control difficulties and corrosion problems with the ceramic liner. 
Although the experiment cited was conducted with a reducing agent intentionally added, the 
possibil ity of accumu1 ation of metal s in the melter which were either present in small 
quantities in the waste, or were reduced in the melting process, should be considered. In 
the cited report, McElroy indicates that such would not be expected, but traces of noble 
fission product metals have been reported in the insoluble residues from irradiated fuel 
dissolution. 

B.3.3 SAFETY 

The principal safety consideration for the continuous melter vis-a-vis the Reference 
Process is the increased possibility of personnel exposure due to maintenance requirements 
on the me1ter. 
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B.3.4 PROCESS REQUIREMENTS 

The continuous melting process affords a slightly greater opportunity for in-process 
quality control, in that the glass can be sampled before being poured into the canister, 
though such sampling would be difficult. On other considerations, the processes are 
equi val ent. 

B.3.5 DEVELOPMENT WORK REQUIRED 

Principal development work required is on the continuous melter and involves continuing 

engineering design and test work on modifications for remote operation, development of 
control systems for power input, improvement of the cold startup procedure and equipment, 

and other items identified in Volume I, Sections B.5 and B.6. The final development phase 
would be cold shakedown of a production facility employing the continuous melter. 

B.3.6 FACILITY REQUIREMENTS 

On the assumption that a fully remotely operable system generally resembles the 
existing nonradioactive faci lity, the Joule-Heated Glass Melter, with its associated spray 
calciner and other process accessories, will require less hot cell space for the required 
capacity than the Reference Process does. Nonradioactive support facilities are the same as 
those required for the Reference Process. It is probable that somewhat more hot maintenance 
faci lities wi 11 be required to handle disposal of melters retired from service. On this 
basis, the overall rating on this process is the same as that of the Reference Process on 
facility requirements. 
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B.4 WASTE SOLIDIFICATION PROCESS EVALUATION -- JOULE-HEATED GLASS MELTER 

The detailed rating is set forth in Table B-1. 
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TABLE B-1 Waste Solidification Process Evaluation--Joule-Heated Glass Melter 

Criteria 
1. Complexity of process 

(a) Number of process steps 

(b) Process control 
(c) Material handling 
(d) Adaptability of equipment 

to remote operation 

(e) Maintenance requirements-
equipment reliability 

(f) Internal recycle 
(g) Assessment of feasibility for 

production use 
2. State of development 

(a) Process 

(b) Equipment 
3. Safety 

(a) Dispersion driving forces 
(chemical, mechanical) 

(b) Personnel exposures (routine, 
accident, maintenance) 

(c) Hazardous materials required 
4. Process requirements 

(a) Final waste volume 
(b) Process additives and 

auxiliary materials 
(c) Secondary wastes and off-gas 

quant it i es 
(d) Process latitudes 
(e) Quality assurance 

5. Development work required 
(a) Type of development 

(b) Scale of development programs 
(c) Time required 

(from initiation of program) 
6. Facility requirements 

(a) Radi oact i ve f acil iti es 
(b) Nonradioactive facilities 

TOTAL RATING 

Factor Weighting Rating Assigned 
Subtotal Total Subtotal Total 

10 

5 
5 

10 

10 

5 
15 

10 

10 

20 

15 

5 

2 
3 

5 

5 
10 

15 

10 
10 

15 
5 

60 430 

20 

40 

25 

35 

20 

9 

7 
10 

6 

6 

3 
8 

7 

5 

8 

8 

10 

8 
8 

8 

8 
6 

6 

6 
8 

10 
10 

120 

330 

180 

230 

200 

Comments on Rating 

Separate glass-melting and canister loading deemed to 
constitute an added step over reference process. 
Feed and temperature control is critical. 

Remote maintenance of melter probably limited to remote 
replacement of accessories; doubtful that electrodes 
could be remotely replaced. 

Melter has not been designed for full-scale remote 
operation. 

Effect of HLLW constituents not in cold feed must be 
evaluated. 

Potential for foaming in melter. 

Potential for maintenance exposures in event of opera
tional problems with melter. 

581 Lid 

Melter liner disposal; larger off-gas volumes. 

Sampling of glass possible, but difficult. 

Process development (radioactive) probably not too 
extensive; radioactive equipment (remote) likely to be 
troublesome. 
Will require substantial hot pilot installation. 

Probably about same as reference process; less 
process equipment, but more remote maintenance 

1490 shop space. 
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APPENDIX C 

GLASS-CERAMI C 

C.l PROCESS DESCRIPTION 

C.l.l BLOCK FLOW DIAGRAM 

Basic elements of the process are shown in the block flow diagram presented in Figure 
C-l. 
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M ~/h 
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FIGURE C-l Glass-Ceramic Block Flow Diagram 

C.l.2 INPUT/OUTPUT CONSIDERATIONS 

The feed rates and product rates are the same as those for the Reference Process. 
Although the quantity of frit (glass former) used in the Glass-Ceramic process is the same 
as that in the Reference Process, the composition is different in order to provide the 
components necessary to develop the desired properties upon heat treating the glass product. 
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C.2 DISCUSSION OF PROCESS 

The basic process, with the exception of the formulation of the glass frit and the 
glass melting temperature, is the same as that described in Appendix B. Waste oxide 
loading in the glass is 30%. It is noted in Volume I, Appendix C, that this exceeds the 
levels which have been demonstrated in small-scale laboratory work. Other authors have 
suggested the use of higher waste oxide loadings, using a somewhat different processing 
procedure; for example, Berreth, et al. (Berreth, 1976; Berreth, 1975) discuss sintered 
glass ceramics with AGNS-type wastes with 40% to 50% waste solids (fission products) in a 
calcine-aluminosilicate system. Berreth states that the product obtained by sintering at 
temperatures in the range of 9000C to 10700C has leaching properties comparable to or better 
than borosilicate glass. 

Following pouring of the glass into the canister, the product undergoes a heat
treatment cyc 1 e intended to induce crysta 11 i zati on of certai n components of the glass, 
resulting in a product which consists of a glassy matrix with a uniformly distributed 
crystalline phase. Development of the desired properties in the final product depends upon 
proper tailoring of the glass-forming mixture to the composition of the HLLW and upon the 
proper control of the heat-treating operation. 

The formulation proposed in Volume I is based on h-celsian glass, which requires the 
heat-treatment cycle to develop the desired properties in the product. Other workers have 
identified alternative Glass-Ceramic systems which do not require the heat-treating, but 
merely controlled cooling of the melt. The relative merits of the different formulations in 
terms of their leach resistance should be more fully evaluated in order to determine 
whether the simpler process is acceptable. 

The proposed waste loading of 30% exceeds that which has been reported by other workers 
employing this proposed glass system. As noted in Volume I, the suitability of the higher 
loading must be established by experimental work. 

In addition, the thermal reactions of the proposed system must be determined in order 
to define the required heating cycle. 
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C.3 DISCUSSION OF EVALUATION 

C.3.1 COMPLEXITY OF PROCESS 

The only difference between the Glass-Ceramic process and the Joule-Heated Glass Melter 
Process is in the heat-treating operation required to develop the desired product 
characteristics. This introduces an additional operation and imposes a requirement for 
rapid pouring of the glass. It also requires development of control techniques and 
instrumentation for heating and cooling rate control during the heat-treatment cycle. 

Thus, the Glass-Ceramic process is essentially equivalent to the Joule-Heated Glass 
Melter process in complexity. 

C.3.2 STATE OF DEVELOPMENT 

Although there appears to be quite active research work in the field of glass-ceramics 
(Berreth, 1975; De, 1976) little large-scale work has been done. Formulations at the 
proposed levels do not appear to have been investigated, although sintered glass-ceramics 
with waste loadings substantially higher than that proposed have been reported by Berreth 
(Berreth, 1976). 

Equipment development is about at the same stage as that for the Joule-Heated Glass 
Melter process. 

C.3.3 SAFETY 

Th,e Glass-Ceramic process shares the same safety evaluation as the Joule-Heated Glass 
Melter process. 

C.3.4 PROCESS REQUIREMENTS 

In respect to final waste volume, process additives, and secondary wastes/off-gas 
volume, the Glass-Ceramic process and the Joule-Heated Glass Melter process are equivalent. 
Process latitude is somewhat more restrictive for the glass-ceramic waste because of the 
requirements imposed by the heat-treating process and the probable need for tailoring the 
additive composition to the particular HLLW being processed. Although as noted with the 
Joule-Heated Glass Melter process sampling of the glass is possible, the extent to which the 
final product conforms to specifications is determined almost entirely by the final heat
treating process. 
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Thus, in respect to qual ity control, it is necessary to accept whatever product is 
obtained; this situation would be different if a nondestructive means of evaluating the 
glass product could be developed, as there is no apparent reason that the product could not 
be remelted in a batch furnace and re-heat-treated. 

C.3.5 DEVELOPMENT WORK REQUIRED 

In addition to the development required on the continuous melter, as described in 

B.3.5, substantial work on the Glass-Ceramic systems with power reactor HLLW is required. 
Nonradioactive, full-scale work is required to define the dynamics of the crystallization 
process in order to establish process parameters for the heat-treatment process. Collateral 
investigation of other potential glass-ceramic systems on a small scale should also be done 
to establish an optimum system. 

Development work with radioactive waste in full-scale containers will ultimately be 
required to verify the heat-treatment parameters at full radioactive levels. 

Adaptation of the continuous melter to the higher temperature operation required by the 
glass-ceramic system must be done, and reasonably long runs, employing a feed stream as 
closely approximating a commercial waste as is feasible, should be made to determine whether 
there is any tendency for high melting crystalline material to accumulate in the melter. 
The effect of the higher temperatures on volatility of radioactive species should be 
assessed at the same time. 

Other development requirements are discussed in Volume I, Appendix C. 

C.3.6 FACILITY REQUIREMENTS 

Except for the requirement of a multi-unit heat-treating station in the Glass-Ceramic 
process, the facility requirements are the same as those for the Joule-Heated Glass Melter 
process. 
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C.4 WASTE SOLIDIFICATION PROCESS EVALUATION -- GLASS-CERAMIC 

The detailed rating is set forth in Table C-l. 
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TABLE C-l Waste Solidification Process Evaluation--Glass-Ceramic -----

Criteria 
1. Complexity of process 

(a) Number of process steps 

(b) Process control 
(c) Material handling 
(d) Adaptability of equipment to 

remote operation 
(e) Maintenance requirements-

equipment reliability 
(f) Internal recycle 
(g) Assessment of feasibility 

for production use 
2. State of development 

(a) Process 

(b) Equipment 

3. Safety 
(a) Dispersion driving forces 

(chemical, mechanical) 
(b) Personnel exposures (routine, 

accident, maintenance) 
(c) Hazardous materials required 

4. Process requirements 
(a) Final waste volume 
(b) Process additives and 

aux il i ary materi a 1 s 
(c) Secondary wastes and off-gas 

quantities 
(d) Process latitudes 

(e) Quality assurance 

5. Development work required 
(a) Type of development 
(b) Scale of development programs 

(c) Time required 
(from initiation of program) 

6. Facility requirements 
(a) Radioactive facilities 
(b) Nonradioactive facilities 

TOTAL RATING 

Factor Weighting Rating Assigned 
Subtotal Total Subtotal Total 

10 

5 
5 

10 

10 

5 
15 

10 

10 

20 

15 

5 

2 
3 

5 

5 

10 

15 
10 

10 

15 
5 

60 420 

20 

40 

25 

35 

20 

8 

7 
10 
6 

6 

3 
8 

5 

5 

8 

8 

10 

8 
8 

8 

7 

3 

6 
6 

7 

9 
10 

100 

330 

145 

220 

185 

1400 

Comments on Rating 

Separate canister loading and heat treatment are deemed 
to be added steps over reference process. 
Feed compositions and temperature require precise control. 

Glass-ceramic formulation not demonstrated on any scale; 
limited work on heat treat process. 
Basic melter requires extensive redesign for remote 
operation. 

549 LId 

Melter replacement and disposal; higher off gas than 
reference process. 
Glass-ceramic composition must be carefully controlled to 
develop desired physical state in product; heat treatment 
is also critical for same reason. 
Final product characteristics determined by heat treating 
operation. 

Melter requires additional design development. 
Melting and heat treating must be demonstrated on 
radioactive pilot scale. 

GC facility requirements fall between ICGM and JHGM 
process requirements; requires furnaces and handling 
equipment for heat treat operation. 



C.5 REFERENCES AND BIBLIOGRAPHY 

C.5.1 REFERENCES 

Berreth, J. R., et al. 1975. Post Treatment of High-Level Nuclear Fuel Wastes. CONF-750542-
6. Presented at the American Ceramic Society 77th Annual Meeting, Washington, D.C. 

Berreth, J. R., et al. 1976. Status Report: Development and Evaluation of Alternate 
Treatment Methods for Commercial and ICPP High-Level Solidified Wastes. ICP-I089, Allied 
Chemical Corporation, Idaho Falls, Idaho. 

C.5.2 BIBLIOGRAPHY 

De, A. K., et al. 1976. "Fixation of Fission Products in Glass Ceramics", from Management of 
Radioactive Wastes from the Nuclear Fuel Cycle, Vol. II. STI/PUB/433. Vienna, Austria. 

Malow, G., 1979. "An Investigation of Crystallization in Glasses Containing Fission 
Products", Ceramics in Nuclear Waste Management. CONF-790420 p 203. Presented at an 
International Symposium sponsored by the American Ceramic Society and U. S. Department of 
Energy, Cincinnati, Ohio. 

Oguin O. N., et al. 1979. "Solidification of HLLW by Glass-Ceramic Process", Ceramics in 
Nuclear Waste Management. CONF-790420 p 143. Presented at an International Symposium 
sponsored by the American Ceramic Society and U. S. Department of Energy, Cincinnati, Ohio. 

O-Oka, K., et al. 1979. "Solidification of HLLW into Sintered Ceramics", Ceramics in Nuclear 
Waste Management. CONF-790420 p 155. Presented at an International Symposium sponsored by 
the American Ceramic Society and U. S. Department of Energy, Cincinnati, Ohio. 

Treat, R. L., et al. 1980. Preliminary Evaluation of Alternative Waste Form Processes: 
Volume I, Identification of the Processes. PNL-3244-1, Pacific Northwest Laboratory, 
Richland, Washington. 

C-7 





APPENDIX D 

MARBLES-IN-LEAD MATRIX 





0.1 PROCESS DESCRIPTION 

0.1.1 BLOCK FLOW DIAGRAM 

CONTENTS 

0-1 

0-1 

0.1.2 INPUT/OUTPUT CONSIDERATIONS 0-1 

0.2 DISCUSSION OF PROCESS · · · 0-2 

0.2.1 GLASS MELTING · · · 0-2 

0.2.2 MARBLE MAKER . · · 0-2 

0.2.3 PNEUMATIC TRANSPORT SYSTEM • . . . 0-2 

0.2.4 MARBLE FILL 0-3 

0.2.5 METAL FILL . . . . . . . . . · · · 0-4 

0.3 DISCUSSION OF EVALUATION · · · 0-5 

0.3.1 COMPLEXITY OF PROCESS . · · . · . . 0-5 

0.3.2 STATE OF DEVELOPMENT . · · 0-5 

0.3.3 SAFETY . · . . 0-5 

0.3.4 PROCESS REQUIREMENTS 0-6 

0.3.5 DEVELOPMENT WORK REQUIRED . · · . . · 0-6 

0.3.6 FACILITY REQUIREMENTS . . . · · 0-6 

0.4 WASTE SOLIDIFICATION PROCESS EVALUATION -- MARBLES-IN-LEAD PROCESS. • . •. 0-7 

0.5 REFERENCES 0-9 

0- iii 



FIGURES 

0-1 Marbles-In-Lead Block Flow Diagram • 0-1 

TABLES 

0-1 Waste Solidification Process Evaluation -- Marbles-.;n-Lead 0-8 

O-iv 



APPENDIX D 

MARBLES-IN-LEAD MATRIX 

0.1 PROCESS DESCRIPTION 

0.1.1 BLOCK FLOW DIAGRAM 

Basic elements of the process are shown in the block flow diagram presented in Figure 
0-1. 
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FIGURE D-1 Marbles-in-Lead Block Flow Diagram 

0.1.2 INPUT/OUTPUT CONSIDERATIONS 

Same as Joule-Heated Glass Melter for the glass phase. Final waste packages contain 
160 L bulk glass each (established by allowable heat loading) in 240 L total volume. 
Weight of glass per package is 270 kg; weight of lead is 1500 kg. 
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0.2 DISCUSSION OF PROCESS 

0.2.1 GLASS MELTING 

As shown on the block diagram, the initial steps of the Marbles-in-Lead (MIL) process 
are essentially identical to those of the Joule-Heated Glass Melting process. Feed 
preparation, HLLW flow rates and addition of glass frit are performed just as they are for 
the Reference Process. The MIL process does have the facility for recycle of crushed 
product glass by adding it to the calciner exit stream. 

D.2.2 MARBLE MAKER 

The significant departure from the glass monolith processes is in the production of 
small glass spheres in the marble maker. An adaptation of a commercial marble-making 
machine has had limited operation at PNL. The machine operates by laying a stream of molten 
glass onto a continuous moving belt of aluminum molds. Each mold consists of a metal block 
into which a cavity has been formed; the molds are vibrated as they move. The successful 
operation of the marble maker depends upon glass pouring rate, speed of advance and 
frequency of vibration of the molds, mold temperature and exit glass temperature. Clearly, 
the adaptation of the marble maker to remote operation and its subsequent maintenance 
requirements will be far from a simple matter. In addition to design engineering problems 
associated with remote operation and maintenance, control of volatile radioactive species 
and general contamination around the marble maker will be troublesome. 

While it is true that the marbles may be examined prior to incorporation into the final 
waste form and may, in the case of an off-specification product, be ground up and recycled 
through glass melting; it is also true that a certain amount of process scrap is inherent in 
the process. Glass stringers formed as the continuous glass stream separates into the mold 
cavities, off-size or irregular marbles, and transient products formed during startup or 
shutdown periods will routinely require recycling. The normal recycling can, however, be 
remotely operated with only moderate difficulty. Remote operation of the recycle grinder 
and control of dust around that machine will present some problems. 

0.2.3 PNEUMATIC TRANSPORT SYSTEM 

Acceptable marbles, as well as ground scrap to be recycled, are to be transferred to 
the marble surge hopper or to the recycle hopper by a pneumatic system. Although pneumatic 
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transport systems have been used for the movement of particulates, the transport of marbles 
which may be as much as 1/2 in. in dia represents a new application. Quoting from Skriba 
(Skriba, 1977): 

Pneumatic transport has been selected as the most viable method for the 
remote, safe and efficient transport of large quantities of fine nucle
ar powders. 
Dilute phase transport systems have been used extensively for nonnucle
ar materials such as cement, paint pigments, and minerals as well as in 
the food and drug industries. 

There seems to be little, if any, experience with the pneumatic transport of larger 
objects in the "dilute phase", that is with solid-to-gas mass ratios of less than about 25. 
The proposed marble transport system envisions a solid-to-gas mass ratio of from 10 to 20. 
Design of such a system must be based on a choice of conveying velocity which will be 
sufficient to maintain the solids in suspension in the gas stream yet not so large as to 
cause fracture of the solids andlor erosion of piping and connections. The equipment 
specifications for the pneumatic transport system indicate a projected conveying velocity of 
2500 to 5000 ft/min. Skriba (Skriba, 1977), in an extensive literature review, report data 
of Capes and Nakamura (Capes, 1973) for transport of glass beads up to 2900 ).lm (just less 
than 1/8 in.) with conveying velocity of 14 to 28 mls (2750 to 5500 ft/min); they also report 
the horizontal pneumatic transport of coal with an average particle size of 12,700 ).lm (1/2 

in.) at a conveying velocity of 13.2 mls (2600 ft/min). The latter set of data is given in 
Skriba et al. in Table 2.3, but their reference to Spronsen (or later Sprosen) et al. (1974) 
is incomplete. Further study of the coal transport data would be useful. 

In view of prior experience in the pneumatic transport of particulates, the proposed 
system would appear to be feasible although it is untried with glass marbles with diameters 
of up to 1/2 in. Considerable development on this system will be required, as noted in 
Volume I. Serious consideration should be given to an alternative arrangement using gravity 
feed for acceptable marbles while continuing to use pneumatic transport for crushed recycle 

materi al. 

D.2.4 MARBLE FILL 

The marbles are batched by volume and loaded into the inner basket of the waste 
canister via a canister fill mechanism. Subject to some uncertainty as to the packing 
density of marbles in the hopper, fill mechanism, and basket, these operations are 

straightforward. 
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D.2.5 METAL FILL 

The void spaces of the inner basket, in the marble packing, and the annulus between the 

inner basket and canister are filled with molten lead in a vacuum pouring operation. The 
lead melting furnace is to be located outside of the process cell and will, therefore, be a 
standard industrial installation. The filling operation will be sensitive to temperature 
control for fluidity of lead required to fill the interstices of the marble array, but the 
filling operation presents no insurmountable difficulties. 

It should be noted that the amount of lead required in this process is considerable; it 
may be as much as 1790 kg. (3950 1b) per canister. The availability and cost of lead may 
require consideration of an aluminum matrix. An aluminum-silicon alloy (95/5) has been 

suggested as an alternative to lead; the melting point of this alloy (557oC to 630oC) is 
sufficiently close to the softening point of the marbles to cause some concern over its use 
as a matrix. Additional development work in this area would be useful. 
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D.3 DISCUSSION OF EVALUATION 

D.3.1 COMPLEXITY OF PROCESS 

The remote operation, control, and maintenance of the marble maker is an obvious and 
serious complication of this process. The marble maker envisioned here consists essentially 
of a continuous belt which transports the molds under the glass pouring spout. Just after 
receipt of glass the belt travels over several pneumatically vibrated sections of track. 
All of these motions take place in an atmosphere of elevated temperature in the presence of 
glass "stringers" and fines. Clearly, the continuous production of acceptable marbles is a 
considerable technological challenge. 

As presently laid out, the transport of marbles is to be effected by a pneumatic 
transport system. Based primarily on the marble size of as much as 1/2 in. dia, the proposed 
transport velocity, and on the frangibility of glass, the feasibility of such a system is 
open to question. Gravity feeding of marbles and pneumatic transporting of crushed scrap 

glass would circumvent such questions, but would result in increased facility costs, due to 
greater cell heights required. 

D.3.2 STATE OF DEVELOPMENT 

The marble making and lead encapsulation processes are in an early stage of 
development. Rusin (Rusin, 1978) reports the laboratory production of acceptable marbles 
by hand pouring glass into vibrated graphite molds. By this means, they made 3 kg of marbles 
with dia varying from 0.6 to 1.1 cm (1/4 to 7/16 in.). Samples of these marbles were 

encapsulated into a lead-10% tin matrix. An adaptation of a commercial marble-making 
machine has now had limited operation at PNL. 

Although there is considerable data on the pneumatic transport of fine powders, there 
is very little experience with the transport of large solid particles and, apparently, none 
at all with the transport of glass particles larger than about 0.3 cm (1/8 in.) in dia. 

D.3.3 SAFETY 

The safety rating of this process was predicated on possible personnel exposure 

associated with maintenance of the marble maker. There is also a hazard in the lead-melting 
operation even though it is routinely handled in industrial situations. 
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D.3.4 PROCESS REQUIREMENTS 

The very large quantities of lead or other metallic matrix material and relatively low 
waste loading in the final canister are the limitations to the process rating on this 
criterion. 

D.3.5 DEVELOPMENT WORK REQUIRED 

The principal development work required is the design, construction, and operation of 
an integrated marble-making machine which would be suitable for remote operation. The 
machine and its ancillary equipment including sorter, scrap mill, sampler, and enclosure 
should be demonstrated on simulated waste glass in a cold facility. 

If the pneumatic transport of marbles is deemed to be essential, then such a system 
will need to be designed, built, and operated. 

D.3.6 FACILITY REQUIREMENTS 

The process cell required for the marble-making process is expected to be somewhat 
larger than that of the Reference Process. However, the difficulties associated with the 
marble-making machine and the pneumatic transport system result in a reduced rating on 
this criterion. It is considered likely that redundant equipment will be required. More
ove~ the inclusion of a lead-melting furnace and ventilation may extend the nonradioactive 

facilities as well. 
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D.4 WASTE SOLIDIFICATION PROCESS EVALUATION -- MARBLES-IN-LEAD PROCESS 

The detailed rating is set forth in Table 0-1. 
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TABLE 0-1 Waste Solidification Process Evaluation--Marbles-in-Lead 

Criteria 
1. Complexity of process 

(a) Number of process steps 
(b) Process control 

(c) Material handling 
(d) Adaptability of equipment to 

remote operation 
(e) Maintenance requirements-

equipment reliability 
(f) Internal recycle 
(g) Assessment of feasibility 

for production use 
2. State of development 

(a) Process 
(b) Equipment 

3. Safety 
(a) Dispersion driving forces 

(chemical, mechanical) 
(b) Personnel exposures (routine, 

accident, maintenance) 
(c) Hazardous materials required 

4. Process requirements 
(a) Final waste volume 
(b) Process additives and 

auxiliary materials 
(c) Secondary wastes and off-gas 

quantities 
(d) Process latitudes 
(e) Quality assurance 

5. Development work required 
(a) Type of development 
(b) Scale of development programs 

6. Facility requirements 
(a) Radioactive facilities 
(b) Nonradioactive facilities 

TOTAL RATING 

.' . 

Factor Weighting 
Subtotal Total 

10 
5 

5 
10 

10 

5 
15 

10 
10 

20 

15 

5 

2 
3 

5 

5 
10 

15 
10 

15 
5 

60 

20 

40 

25 

35 

20 

Rating Assigned 
Subtotal Total Comments on Rating 

370 
7 
6 Marble-making, pneumatic transfer system and lead melting 

require careful control. 
5 
6 

5 

9 
6 

5 
4 

8 

5 

7 

4 
1 

7 

7 
8 

5 
5 

5 
3 

90 

270 

161 

220 

90 

1176 

Routine recycle capability at marble stage. 

Basic glass making process is well developed. 
Marble-making is limiting process step. 

Pneumatic transport, recycle mill-dust sources. 

Lead may be expected to present some prohlem. 

1397 Lid 

Lead fumes may create a problem. 

Marble-making is limiting. 
Both marble-making and continuous glass melter 
must be developed further. 

Marble-making, recycle equipment. 
Lead-melting facilities. 
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APPENDIX E 

SUPERCALCINE PELLETS-IN-METAL 

E.1 PROCESS DESCRIPTION 

E.1.1 BLOCK FLOW DIAGRAM 

Basic elements of the process are shown in the block flow diagram presented in Figure 
E-l. 
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FIGURE E-1 Supercalcine Pellets-in-Metal Block Flow Diagram 

E.1.2 INPUT/OUTPUT CONSIDERATIONS 

This process has an input of 567 L/MTHM of high-level liquid waste, 158.3 L/MTHM of 
calcine additives and 25.2 kg/MTHM of binder material. The final waste package contains 
55 L of waste pellets and 970 kg of lead. 
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E.2 DISCUSSION OF PROCESS 

The multibarrier waste form concept is the principal attraction of this process. 
Special additives whose function is to form designated crystalline species with the waste 

components are mixed with the HLLW feed; the mixture is calcined to form a supercalcine. 
The supercalcine is formed into ceramic pellets which are sintered and placed in a metal 
basket. This basket is within a canister into which molten lead is poured, filling the 
annulus and voids between the pellets. The preceding block diagram shows the process steps 
and throughput, based on information in Volume I. A number of these process steps have 
not been tested with waste or simulated waste. Remote operation of the process, mainte
nance of equipment, and removal of several of the involved equipment pieces have yet to be 

demonstrated. Only laboratory-scale testing has been done to date, although some pelleting 
has been done on a production-scale disc pelletizer. 

Items of particular concern in evaluating this process have been numerically identified 
on the block diagram and are discussed further below. 

E.2.1 SUPERCALCINE 

The additives to the HLLW are tailored such that there may be considerable variation in 
HLLW composition without adversely affecting the final product. Excess unused additives 
remain as inert diluents (Rusin, 1978). There has been considerable research on the 

supercalcine at Pennsylvania State University and PNL and the solidification of simulated 
reprocessing wastes into crystalline ceramics having tailored crystal chemistries has been 
demonstrated on an engineering scale (McCarthy, 1979). Additional efforts are required to 
assure proper crystalline ceramic product and process. 

E.2.2 DISC PELLETIZER 

There are three main areas of concern at this step in the process. Operation of the 
disc pelletizer will cause severe dust problems. The dust and/or the dust removal system 
may interfere with the ability to precisely control the operations of the disc pelletizer. 
Changes, intentional or not, in the feed systems will have a significant impact on the green 
pellet size and strength. This operation should probably be monitored visually; however, 
because of the dust or the dust removal system, visual observation may not be possible. The 

third area of concern is development of a suitable binder(s). Research on a binder for the 
zirconia calcine pellets from defense wastes at Idaho Falls has demonstrated that a reliable 
binder may be developed (Lamb, 1979a), but no binder for the Purex Waste calcine sol ids 
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has been identified. Water and other compounds have been used as binders in tests to date 
on commercial reactor wastes, but these may not be practical for the final product. Further 
testing will be necessary to establish the binder material as noted in Volume I. 

E.2.3 SINTERING FURNACE 

Considerable development work must be done before the vertical sintering furnace (VSF) 
is operable on a production basis. Reported test results show that the VSF can adequately 
sinter pellets; however, caking of tile carrier at high temperature has been a problem. 

Attempts to sinter defense waste pellets without a carrier were not successful as the 
condensate plugged the exit gas coil and dripped back into the furnace (Nesbitt, 1980). 
This does not appear to be a major problem, rather one that could be simply taken care of. 
Elimination of the carrier has major advantages and should be pursued. 

Use of a carrier, such as the proposed high-fired alumnia. results in a need for a 
separation stage where the pellets are separated from the carrier and the carrier returned 
to the furnace system. If this is done purely on the basis of particle size, any fines or 
broken particles of the waste calcine pellets will remain in the carrier stream and be 
recycled to the furnace. If the fines should continue to build up in the carrier, the 
carrier then becomes a waste disposal problem. 

An alternative VSF has been described for the zirconia pellets at Idaho Falls which 
consists of stacked trays rotating in a kiln. The pellets revolve and drop tray-to-tray 
through the unit by a set of paddles and slats in the trays. These pellets are dried in a 

microwave-heated dryer before treatment in the furnace (Lamb, 1979b). This type treatment 
should be considered in development of this process, as a preliminary step before high 
temperature sinterin9. 

E.2.4 RECYCLE OF SINTERED MATERIAL 

Recycle of the fines or agglomerated pellets to a mill and hence into the pelletizer 
feed system could cause problems in the pellet product if the perce:ltage of sintered 
mater; al were too high in relationship to the unsintered material. A satisfactory 
percentage must be determined and a metering system developed to control the feed of the 
recycle into the pelletizer feed system. An auxiliary system could be designed to dissolve 
the recycle sintered material and feed it back into the HLLW stream in case a back-up of 
sintered material collects at the mill station. 
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Dry scrap process flow from the sintering furnace is reported to be 2 kg/h. This is 12% 
of the furnace output. If operating experience proves this percentage to be realistic, the 
overall process equipment will have to be increased in size to accommodate the throughput 
plus the recycle. 

E.2.5 PNEUMATIC TRANSFER 

The pneumatic transport system proposed for this process causes the pellets to travel 
through the systems at velocities of 3000 to 4000 ft/min and attain a terminal velocity of 
4000 ft/min. The problems anticipated in decelerating the pellets without incurring 
substantial breakage and abrasion are similar to those discussed in Appendix D for the 
marble transport system. 

E.2.6 VOLUME HOPPER AND PELLET FILL STATION 

The original basis used in Volume I assumed that the pellets would have a 50% packing 
density. This may be too low, in that a 30-40% void space may be achievable. At a useable 
pellet production rate of 17 kg/hr, 408 kg or 107 L of pellets are manufactured from 3,800 L 
of HLLW each day. The waste load of the supercalcine is 78% and the heat load of the bulk 
pellets is 55.5 W/L. Since each canister can generate no more than 3.06 kW, the canister is 
sized to take approximately 55 L of waste. The basket may have to be designed to hold 
40 L at a 36% void packing density. A different sized basket and canister may reduce the 
amount of lead required. 
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E.3 DISCUSSION OF EVALUATION 

E.3.1 COMPLEXITY OF PROCESS 

This process is quite complicated and involves five more process steps than the 
Reference Process. There are three areas of process control which determine the integrity 
of the final product. The first control is assuring that the proper amount of additives are 
fed to the HLLW. At the pelletizer, control of the feed rates and the ratio of binder to 
calcine are essential. Finally, the sintering furnace temperature is critical to the 
development of the ceramic process. 

The number of process steps and the transfer of the material from each step make the 
materials handling substantial. The amounts of recycle material complicate the process 
further. Pneumatic systems have been proposed to transfer the acceptable pellets into the 
surge hopper and to transfer the dry recycle material to a mill. Loading the dry calcine 
onto the disc pelletizer will result in a severe dust problem. Treatment of the dust and 

collection of this dust results in another recycle step and transfer of unconsolidated 
material. 

The disc pelletizer and sintering furnace have not been proven operable with 
radioactive waste even on a pilot scale. The design of a vertical furnace has been discussed in 
Vol ume I, and compatibil ity of such a furnace with remote operation and maintenance ;s 
recognized as a problem which will require additional development and demonstration. 
Maintenance of the pelletizer and furnace will be complicated by the dusting problem and the 
caking of the material to the pelletizer and furnace. Remote production operation is 
dependent on integration of all the process steps and appears only moderately feasible at 
this time. 

It is a relatively simple process to sample and recycle the material before entombing 
it -in the lead matrix; however, the recycle further complicates the process and may require 
much more operating capacity to maintain the HLLW throughput. 

E.3.2 STATE OF DEVELOPMENT 

The pelletizing process, as conceived in Volume I, has had limited development work at 

INEL and PNL. As stated earlier, the furnace design and testing is in an early 
development stage. Integration of all process steps has only been studied. The super-
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calcine feed system and spray calcination are developed to the point that remote operation 
is considered practicable; however, the need of additional development work on the disc 
pelletizer and sintering furnace drives this rating down. 

E.3.3 SAFETY 

Because of the comp lexity of the process and equipment, personnel exposures may be 

expected to be considerably higher than the Reference Process. The large amounts of lead 
required may pose safety problems due to the toxicity of the lead. Contamination of the 
equipment is seen to be the more serious problem related to safety. 

E.3.4 PROCESS REQUIREMENTS 

The several process requirements compare favorably with the Reference Process; 
however, the amounts and expense of the additives do not. The lead matrix will be about 
$1,500,OOO/year. The excess of additives in the design of the supercalcine allow for some 
variation in the HLLW stream. Quality control of the pellet production and sintering should 

be good. 

E.3.5 DEVELOPMENT WORK REQUIRED 

Considerable development work is required to achieve hot pilot-plant scale. In 
addition to testing each of these components, the complexity of the process will require 
much coordination between process steps before HLLW or simulated waste can be tested. 

E.3.6 FACILITY REQUIREMENTS 

The hot cell requirements for this process are substantially greater than the Reference 
Process. Because of the maintenance problems and the dust, the process will probably 
require more than one hot cell. Non-hot cell requirements for the lead melting and lead fume 
removal are similar to those of the Marble-in-Lead process, and also exceed the Reference 

Process. 
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E.4 WASTE SOLIDIFICATION PROCESS EVALUATION -- SUPERCALCINE PELLETS-IN-METAL 

The detailed rating is set forth in Table E-l. 
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TABLE E-1 Waste Solidification Process Evaluation--Supercalcine Pellets-in-Metal 

Criteria 
1. Complexity of process 

(a) Number of process steps 
(b) Process control 

(c) Material handling 
(d) Adaptability of equipment to 

remote operation 
(el Maintenance requirements-

equipment reliability 
(f) Internal recycle 
(g) Assessment of feasibility 

for production use 
2. State of development 

(a) Process 
(b) Equipment 

3. Safety 
(al Dispersion driving forces 

(chemical, mechanical) 

(b) Personnel exposures (routine, 
accident, maintenance) 

(c) Hazardous materials required 
4. Process requirements 

(a) Final waste volume 
(b) Process additives and 

auxiliary materials 
(c) Secondary wastes and off-gas 

quantities 
(d) Process latitudes 
(e) Quality assurance 

5. Development work required 
(a) Type of development 

ih) Scale of rlevelopment programs 
(el Timr required 

(from lnitiation of program) 
6. Facility requirements 

( a) R ad i 0 ac t i ve f ac il it i es 
(b) Nonradioactive facilities 

TOTAL RATING 

Factor Weighting Rating Assigned 
Subtotal Total Subtotal Total 

10 
5 

5 
10 

10 

5 
15 

10 
10 

20 

15 

5 

2 
3 

5 

5 
10 

15 

10 
10 

15 
5 

----
60 255 

20 

40 

25 

35 

20 

6 
6 

1 
2 

4 

8 
4 

2 
1 

7 

3 

7 

8 
1 

7 

9 
8 

4 
3 

30 

220 

179 

35 

75 

794 

Comments on Rating 

Six steps in process. 
Process control essential at: a) additives to calciner, 
b) feed rate and binder ratio, c) furnace temperature. 

Questionable adaptability. 

Maintenance probably high due to dust and caking. 

Recycle possible @ two steps. 
Low probability of continuous remote operation. 

Supercalcine well developed, but other steps in process 
only tested in lab stage--no integrated hot cell work. 

Dusting and caking of pelletizer and furnace may 
cause more exposure during maintenance. Melting 
lead may cause some problems. 

865 Lid 
Large amounts of lead, other additives. 

Lead fumes. 

Additives tailored to take variants. 
Sampling and recycle easy. 

Complete integration of process, extensive pilot-plant 
work and testing with HLLW or simulated HLLW. 

Probable need for more than one hot cell. 
Lead-melting facilities. 
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APPENDIX F 

PYROLYTIC CARBON-COATED PELLETS-IN-METAL 

F.1 PROCESS DESCRIPTION 

F.1.1 BLOCK FLOW DIAGRAM 

Basic elements of the process are shown in the block flow diagram presented in Figure 

F-l. 
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FIGURE F-1 Pyrolytic Carbon-Coated Pellets-in-Metal Block Flow Diagram 

F.1.2 INPUT/OUTPUT CONSIDERATIONS 

The input is the same as the Supercalcine Pellets-in-Metal with the exception of the 
coating materials which will be; 12,000 L/MTHM of acetylene, 120 L/MTHM of nickel carbonyl, 
and 4 X 105 L/MTHM of hydrogen. The final waste package contains 55 L of coated waste 

pellets and 990 kg of lead. 
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F.2 DISCUSSION OF PROCESS 

This process is identical to the Supercalcine Pellets-in-Metal (SCPIM) process with the 
exception that an additional barrier is added by coating the pellets with carbon before 
placing them in the canister. The sintered pellets are coated by chemical vapor deposition. 
Acetylene (C 2H2) is the carbon source. Nickel carbonyl is used as a catalyst for the 
reaction, enabling the process to take place at considerably lower temperatures (~5000C) 

than would be possible with acetylene alone (Neumann, 1979). After coating the pellets, 
they are processed in the same manner as the uncoated pellet process described in Appendix 
E. 

All of the discussion in Appendix E is applicable to this process; therefore, the 
discussion in this section will be concerned only with the coating process step and the 
impact that it has on the process evaluation. 

F.2.1 PYROlYTIC COATER 

The state of development and steps to be taken towards full remote operation are well 
described in Volume 1. Although experience exists on coating of nuclear materials, 
specifically the High Temperature Gas-Cooled Reactor (HTGR) fuel development and 
production, application of pyrolytic carbon (PyC) as a coating material for high-level 
pellets is still in an early experimental stage (Rusin, 1978). Battelle Columbus 
laboratories (BCl) has applied the technique with acetylene at ~ 50 volX in argon at 
temperatures of 'V llOOoC. In earlier tests BCl had determined a need to apply the PyC 
coating at a lower temperature, which prompted the switch from methane, previously used as 
the carbon source to acetylene (Rusin, 1978). Neumann and Kofler reported that use of 
nickel carbonyl as a catalyst allows the reaction to take place at a temperature of about 
5000C. (Neumann, 1979). This technique is proposed in Volume I. The catalyst is likely to 
result in nickel deposition on the pellets. The effect of this should be investigated, 
though it appears doubtful that the small quantity of nickel carbonyl used (O.IX by volume 
of the acetylene used) will create any problem. If the nickel carbonyl appears in the off 
gas,its toxicity should be taken into account; so also should the possibility of explosive 
mixtures with hydrogen building up. Nickel carbonyl decomposes rapidly in air. The basic 
mechanism is the unimolecular decomposition according to the equilibrium equation 

Ni(CO)4~Ni(CO)3 + CO, 

followed by oxidation of the nickel tr1carbonyl by air 
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Measured lifetime of the tetracarbonyl in air at zero [CO] is of the order of one minute; 
presence of CO, including that released in the initial decomposition, strongly retards this 
decay (Stedman, 1980). Although it seems doubtful that any of the carbonyl will survive the 
coater environment, the behavior outlined above would predict the reactions of surviving 
carbonyl in the off-gas system. 

In order to apply a coating thickness of 35-60 11m thick to the pellets, 10 to 20 
kilograms of carbon will be required per day. Based on operating parameters and test data 
established this past year by Battelle on the lower temperature carbon-coating processes, 
the following material will be required to support the coating activity: 

Reagent Liters/Day at Std. Temperature and Pressure 

80,000 

800 

2,500,000 

These requirements supersede the amounts listed in Volume I, Table F-2 for Ni(CO)4' C2H2, 
oxygen and nitrogen(a). 

(a)Telecommunication from J. F. Nesbitt, PNL, July I, 1980. 
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F.3 DISCUSSION OF THE EVALUATION 

F.3.1 COMPLEXITY OF PROCESS 

The coater adds another step to the SCPIM process. Process control and recycle 
requirements are also increased because of the coating operation. Therefore. the rating for 
complexity will be lower than that for SCPIM process. 

F.3.2 STATE OF DEVELOPMENT 

State of development is s"imilar to that of the SPCIM process, recognizing that the 

coater must be designed and tested. 

F.3.3 SAFETY 

Use of the coater and associated gases drives the rating down in respect to the 

dispersion driving forces and the hazardous materials required. 

F.3.4 PROCESS REQUIREMENTS 

This process rates the same as SPCIM except for the off-gas quantities. which are 
increased due to the coater. Lead required for the process is approximately 2.0 x l06 lb/ yr • 

F.3.S DEVELOPMENT WORK REQUIRED 

The same as that identified for SCPIM, plus the effort required to develop the coater. 

F.3.6 FACILITY REQUIREMENTS 

Essentially the same as SCPIM; the coating equipment and its auxiliaries represent 
additional equipment installations. 
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F.4 WASTE SOLIDIFICATION PROCESS EVALUATION -- PYROLYTIC CARBON-COATED PELLETS-IN-METAL 

The detailed rating of this process is set forth in Table F-l. 
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TABLE F-l Waste Solidification Process Evaluation--Pyrolytic Carbon-Coated Pellets-in-Metal 

Criteria 
1. Complexity of process 

(a) Number of process steps 
(b) Process control 

(c) 
(d) 

(e) 

(f) 

Material handling 
Adaptability of equipment to 
remote operation 
Ma i nten ance requ i rements-
equipment reliability 
Internal recycle 

(g) Assessment of feasibility 
for production use 

2. State of development 
(a) Process 

(b) Equipment 
3. Safety 

(a) Dispersion driving forces 
(chemical, mechanical) 

(b) Personnel exposures (routine, 
accident, maintenance) 

(c) Hazardous materials required 
4. Process requirements 

(a) Final waste volume 
(b) Process additives and 

aux il i ary materi a 1 s 
(c) Secondary wastes and off-gas 

quantities 
(d) Process latitudes 
(e) Quality assurance 

5. Development work required 
(a) Type of development 
(b) Scale of development programs 

(c) Time required 
(from initiation of program) 

6. Facility requirements 
(a) Radi oact ive facil it ies 
(b) Nonradioactive facilities 

TOTAL RATING 

Factor Weighting Rating Assigned 
Subtotal Total Subtotal Total 

10 
5 

5 
10 

10 

5 

15 

10 

10 

20 

15 

5 

2 
3 

5 

5 
10 

15 
10 

10 

15 
5 

60 240 

20 

40 

25 

35 

20 

5 
5 

1 
2 

4 

B 

4 

2 

1 

5 

3 

5 

B 
1 

5 

9 
8 

1 
1 

1 

4 
3 

30 

170 

169 

35 

75 

719 

Comments on Rating 

Seven steps in process. 
Process control essential at: a) additives to HLLW, 
b) feed rate and binder ratio, c) furnace temperature, 
d) pyrolytic coating. 

Questionable adaptability. 

Maintenance probably high due to dust and caking. 

Recycle possible @ three steps, low probability of 
continuous remote operation. 

Supercalcine well developed, but other steps in process 
only tested in lab stage--no integrated hot cell work. 

Dusting and caking of pelletizer and furnace may cause 
more exposure during maintenance. Nickel carbonyl and 
lead toxic. 

B44 LId 
Large amounts of lead, other additives. 

Lead fumes, off gas from coater. 

Additives tailored to take variants. 
Sampling and recycle cask. 

Complete integration of processes 
Extensive pilot-plant work and testing with 
HLLW or simulated HLLW. 

Probable need for more than one hot cell. 
Lead-melting facilities. 
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G.2 DISCUSSION OF PROCESS 

The Supercalcine Hot-Isostatic Pressing (SCHIP) process provides another consolidation 
method for the processing of supercalcine materials. In the SCHIP process, supercalcine 
powders are collected directly in the bulk form in ~lumina containers, bypassing the disc 
pelletizer required in the preceding processes. The loose powder is sintered, undergoing 
considerable densification to 19~ of its unconsolidated volume, and subsequently is 
isostatically pressed at ll500C (21000 F) and 100 MPa (14,500 psi) to form a crystalline 
billet with a density nearly equal to 100% of theoretical. 

Feed preparation and calcining do not differ from the other supercalcine pellet 
processes and are not discussed further here. Discussion of subsequent process steps is 
keyed to the reference numbers on the block flowsheet. 

G.2.1 CALCINE DELIVERY 

The supercalcine powder emerging from the spray calciner is delivered by way of a four
way rotary diverter to an alumina container which is positioned in the sintering furnace. 
Each of four delivery tubes connects to a disc bellows which encloses the delivery spout at 
each furnace station; each spout incorporates an insulated plug which closes the spout 
opening at times other than during container filling. This mechanism, although relatively 
complex, is a logical extension of present powder delivery systems. The seal of spout to 
container and elimination of possible supercalcine accumulations in the diverter, delivery 
tubes, and spouts will require special attention. 

G.2.2 SINTERING 

The projected inside diameter of the alumina container is 26.3 cm and fill height is 
270 cm. The sintered billet dimensions are expected to be 15 cm in dia and 155 cm in height. 
In order for the subsequent hot-isostatic pressing operation to proceed as envisioned, the 
densification of the loose powder during sintering should be more or less isotropic. Only a 
very small sample of supercalcine powder has been sintered in an alumina container; although 
there were no problems with powder adhering to container walls in the small sample, the very 
large volume of powder may well lead not only to problems of adherence but also to nonuniform 
densification (and therefore irregular billet shape). 

The fracture resistance of the alumina containers is of some concern. In order to 
assure the requisite physical properties in these alumina containers, exercise of a high 
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APPENDIX G 

SUPERCALCINE HOT-ISOSTATIC PRESSING 

G.l PROCESS DESCRIPTION 

G.l.1 BLOCK FLOW DIAGRAM 

Basic elements of the process are shown in the block flow diagram presented in Figure 
G-l. 
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FIGURE G-1 Supercalcine Hot-Isostatic Pressing Block Flow Diagram 

G.1.2 INPUT/OUTPUT CONSIDERATIONS 

This process has an input of 567 L/MTHM of high-level liquid waste, 158.3 L/MTHM of 
calcine additives, and 85.7 kg/MTHM of glass beads. The final product is a billet of 
supercalcine weighing 105 kg in a 125 kg alumina container with 133 kg of glass. Total 
weight per canister is 782 kg. 
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degree of quality assurance during the manufacturing process will be required. Inspection 
procedures on the finished containers will have to be developed which will provide positive 
means of confirming the physical integrity of the containers. With proper handling, impact 
can be avoided, and with proper heating and cooling cycles thermal shock can be avoided. 
These considerations will, however, require close attention. Finally, it is noted that 
movement of the container and sintered billet sh6uld be done so as to maintain the billet in 
its upright position and will, therefore, need to be carried out with low values of 
acceleration. 

G.2.3 GLASS BEAD CHARGING 

Molten glass is to be used as the pressure transmitting medium in the hot-isostatic 

pressing. Glass beads are to be loaded into the alumina container in a quantity sufficient 
to cover the waste billet with molten glass throughout the hot-isostatic pressing operation. 
Subject only to routine problems of volume metering and glass bead spillage, this operation 
should, of itself, present no unusual problems. 

The feasibility of the use of molten glass as the hydrostatic fluid is another matter. 
This has yet to be demonstrated on even a small scale with nonradioactive materials. The 
alternative of canning the billet in a ductile material would, however, require additional 
handling; the use of molten glass offers advantages for a remotely operated operation. 

G.2.4 HOT-ISOTATIC PRESS (HIP) 

The alumina container with the sintered billet and glass beads is to be top-loaded into 
a pressure vessel, the vessel sealed and evacuated to degas the assembly, the glass beads 
melted under a partial vacuum, and finally, the vessel is pressurized with argon gas while 
the glass and bi llet are maintained at temperature. The pressure vessel contains an 
internal furnace to heat the charge, and its walls are cooled to retain its strength. 
Equipment of this sort has been used for many years in the production of superalloy billet 
and ceramic bodies. The equipment, its controls, and its safety features are well developed 
and cOrTrnercially available. Nonetheless, such equipment has not been adapted to remote 
operation in a radioactive environment, with its constraints on attendant set up, operation 
and maintenance. Given a dedication to safety and process control, the hot-isotatic press 
might prove to be practicable. It should be noted, however, that the Alternative Waste Form 
Peer Review Group concluded that hot-isostatic pressing of radioactive materials is 
impractical (DOE, 1979). 
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The high cost of argon makes it essential to conserve the pressurizing gas. Some of the 
pressure in the pressing cycle will be developed by raising the temperature of the confined 
gas in the HIP vessel. A high-pressure compressor will be required, however, to transfer 
the argon to a surge vessel at the end of a cycle and to transfer it back to the HIP vessel at 
the beginning of the next cycle. It appears that the compressor must be capable of 
developing something over 6000 psia in the HIP vessel cold (assumed to be 500C -- as the 
"cold" gas temperature rises, the compressor design service conditions must also rise). 
Heating of the gas to the operating temperature wi 11 develop the rest of the pressure 
required. The surge vessel would be expected to operate at a substantially lower pressure. 
Volume 1, Appendix H.6.12.4, suggests surge storage at 2600 psia; storage volume is given as 
2500 m3. At the postulated volume of 2500 m3, this surge vessel will be a pressure tank 
approximately 50 ft in dia by 45 ft high, of heavy-walled steel construction. If the argon 
pressurizing gas is considered radioactive (due to aerosols or volatile fission products 
released during the process cycle), it is likely that both the surge vessel and the 
compressor will have to be located in shielded cell space, and will require a substantial 
volume of such space. There would be substantial merit to locating the compressor where it 
could be worked on directly; thus, development attention should be addressed to the nature 
and rate of contamination of the argon pressurizing gas in the small-scale radioactive work. 
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G.3 DISCUSSION OF EVALUATION 

G.3.1 COMPLEXITY OF PROCESS 

The SCHIP process is more complex than the Reference Process because of the additional 
steps involved in loading powder into the alumina containers, sinterillg, decontaminating of 
the alumina container, handling of the sintered billet balanced within that container and 
finally using of high temperature and extremely high pressure in the hot-isostatic pressing 
operation itself. The instrumentation and control of the hot-isostatic press must be 
completely automated. Seal maintenance on the pressure vessel may be a problem. 

G.3.2 STATE OF DEVELOPMENT 

Only a very small sample (10 m1l of superca1cine powder has been sintered in an alumina 
container. The uniform densification of the large volume (150 Ll of powder here 
contemplated is more than a simple scale up of present laboratory experience. 

The hot-isostatic pressing operation is well developed in commercial operation, but the 
use of molten glass as the hydrostatic fluid has not been tried. 

G.3.3 SAFETY 

The use of extremely high pressure is an obvious safety concern. There must be 
elaborate controls and interlock features to guard against overpressurization or 
inadvertent removal of the pressure vessel yoke when the vessel is even moderately 
pressurized. 

G.3.4 PROCESS REQUIREMENTS 

The provision of alumina containers is a major materials requirement. These containers 
are relatively large and they must be of high quality to assure their integrity through the 
sintering and pressing operations and intermediate handling steps. The supercalcine 
additives and glass beads which are required are also given consideration in the process 
rati ng. 
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G.3.5 DEVELOPMENT WORK REQUIRED 

Although hot-isostatic pressing equipment is available, considerable process 
development work will be required to utilize molten glass as the pressure transfer medium. 
Glass compositions to control viscosity at temperature will have to be selected. Operating 
parameters to give the desired densification and fine grain size will have to be determined. 
Finally, design and operation of a pilot plant to include sintering as well as pressing will 
be required. 

G.3.6 FACILITY REQUIREMENTS 

The process cell for the hot-isostatic presses (and there are 3 required) will be much more 
extensive than that in the Reference Process. In addition, the pressurization system will 
not only require space but considerable investment in tanks, heat exchangers, and 
compressors. 

G-6 



G.4 WASTE SOLIDIFICATION PROCESS EVALUATION -- SUPERCALCINE HOT-ISOSTATIC PRESSING PROCESS 

The detailed rating is presented in Table G-1. 
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TABLE G-l Waste Solidification Process Evaluation--Supercalcine Hot-Isostatic Pressing Process 

Criteria 
1. Complexity of process 

(a) Number of process steps 
(b) Process control 

(c) Material handling 
(d) Adaptability of equipment to 

remote operation 
(e) Maintenance requirements-

equipment reliability 
(f) Internal recycle 
(g) Assessment of feasibility 

for production use 
2. State of development 

(a) Process 
(b) Equipment 

3. Safety 
(a) Dispersion driving forces 

(chemical, mechanical) 
(b) Personnel exposures (routine, 

accident, maintenance) 
(c) Hazardous materials required 

4. Process requirements 
(a) Final waste volume 
(b) Process additives and 

auxiliary materials 
(c) Secondary wastes and off-gas 

quantities 
(d) Process latitudes 
(e) Quality assurance 

5. Development work required 
(a) Type of development 

(b) Scale of development programs 

(c) Time required 
(from initiation of program) 

6. Facility requirements 
(a) Radioactive facilities 
(b) Nonradioactive facilities 

TOTAL RATING 

Factor Weighting 
Subtotal Total 

60 
10 
5 

5 
10 

10 

5 
15 

10 
10 

20 

15 

5 

2 
3 

5 

5 
10 

15 

10 

10 

15 
5 

20 

40 

25 

35 

20 

Rating Assigned 
Subtotal Total Comments on Rating 

205 
6 Process has six steps. 
3 Very high pressure; 5 levels of safety provisions; 

requires computerized control system. 
Process feed compositions are critical. 

5 Calcine powder in alumina containers. 
3 Multiple furnace installations a significant problem. 

1 No recycle feasible. 
4 May prove to be impracticable. 

60 
2 Nothing beyond laboratory scale. 
4 No work with glass as pressurizing fluid. 

165 
2 Very high-pressure gas; considerable opportunity 

for dust dispersion. 
5 Maintenance exposures likely to be high. 

10 

4 
4 

8 

4 
1 

1 

3 

2 

2 
5 

90 

65 

55 

640 

1037 Lid 
Argon is expensive; alumina cans are a problem area. 
Contaminated alumina containers. 
Lead fumes, off gas from coater. 

Extensive development work required for both process and 
equipment. Process will ultimately have to be demon
strated to be feasible on a full, hot scale. 
Extensive pilot-plant work and testing with HLLW 
or simulated HLLW. 

Multi-unit, multi-station furnace systems. 
HIP compressors and argon surge vessel glass-bead 
preheat and supply system. 
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APPENDIX H 

SYNROC HOT-ISOSTATIC PRESSING 

H.l PROCESS DESCRIPTION 

H.1.1 BLOCK FLOW DIAGRAM 

Basic elements of the process are shown in the block flow diagram presented in Figure 
H-l. 
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FIGURE H-1 SYNROC Hot-Isotatic Pressing Block Flow Diagram 

H.1.2 INPUT /OUTPUT CONSIDERATIONS 

Inputs to the SYNROC Hot-Isostatic process are 567 L/MTHM of high-level liquid waste, 
558 kg/MTHM of SYNROC formers and 292 kg/MTHM of glass frit. The process produces 4.3 
canisters p/d, each containing a billet of SYNROC weighing 818 kg and having a heat load of 
3.06 kW. 
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H.2 DISCUSSION OF PROCESS 

With the exception of feed preparation, the Synthetic Rock (SYNROC) Hot-Isostatic 
Pressing process is quite similar to the Superca1cine Hot-Isostatic Pressing process (SCHIP) 
(Appendix G). Feed preparation through spray calcining of HLLW is basically the same as in 
the Reference Process. SYNROC additives in the form of pre-heated mineral particles are 
blended with the calcined HLLW in amounts which give approximately 10 wt% waste oxides in 
the resultant mix. Subsequent processing consists of sintering, hot-isostatic pressing and 
canister loading. These subsequent steps are simi 1ar to the corresponding steps in the 
SCHIP process and only the differences in these two processes are included in the following 
discussion. 

H.2.1 BLENDER 

Blending of dried powders is unique to the SYNROC process. It is an operation with a 
long industrial use but one which is avoided when possible with radioactive materials. 
Continuous blenders which serve to mix diverse powders and to feed the mix to the next 
process step are commercially available, and one has been suggested in Volume I for this 
application. In order to control contamination and minimize maintenance, the rotary seals 
at the ends of the blender will require special adaptation; remote maintenance of this 
equipment may prove impractical. 

Particle size of the additives and of the calcine are likely to be critical in assuring 
a uniform structure in the sintered and pressed billet; in connection with application of 
this process to the Savannah River defense wastes, Stone (Stone, 1979)) has suggested a 
possible requirement for wet milling of the mixture in order to achieve the desired product 
properties. Although the characteristics of the Savannah River Plant waste which led to 
this consideration are not likely to be found in the commercial waste calcine, other aspects 
of the process suggest that intimate mixing of the components on a micron scale may be 
necessary to develop the required properties on a reasonable process time cycle. 

H.2.2 SYNROC/CALCINE DELIVERY 

Just as in the SCHIP process, the blended powders are delivered through a four-way 
diverter to an alumina container which is positioned in one of four sintering furnaces. The 
same problems of assuring a seal between the pouring spout and the alumina container and the 
prevention of accumulations of powder in the fill mechanism exist. 
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H.2.3 SINTERING 

The alumina container and four three-position sintering furnace assemblies differ from 
those in the SCHIP process. Both the larger alumina containers and the additional furnace 
capacity are required because the SYNROC powders are larger in volume due to the lower waste 
content. The alumina container inside diameter is set at 51.2 cm by the limit of 60 cm on 
the external canister; this results in a fill height of 260 cm. During sintering, 
densification and volatilization are expected to reduce the volume from 534 to 241 L. 
Presuming uniform and isotropic shrinkage, the sintered billet dimensions would be 39.2 cm 

in dia and 199 cm in height. For emphasis and comparison, the cross-sections of both SCHIP 
and SYNROC powder and sintered billet are shown in Figure H-2 • 
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FIGURE H-2 Comparison of Bulk and Sintered Volumes 
of SCHIP and SYNROC Materials 
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Although the SYNROC powder volume is much larger than the SCHIP, the shrinkage is less. 
In the SCHIP, the sintered volume is 19% of the powder volume whi le in the SYNROC, the 
sintered volume is 45% of the original powder volume. Nonetheless, the problems of powder 
adhering to the container walls, non-uniform shrinkage, and stability of the billet in the 
container during subsequent handling are of the same magnitude in SYNROC as they are in 
SCHIP. 

H.2.4 GLASS CHARGING 

The sintering furnace containing the alumina container and sintered billet is moved to 
another position within the furnace enclosure. A vacuum-degassing and glass-charging system 
is mated to the furnace vessel. Temperature and pressure are controlled and the alumina 
container is charged with molten glass to submerge the sintered billet. The glass is 
charged and metered through a siphon from a glass melting tank. The glass charging has 

industrial precedent and does not appear to present any unusual problem. The combination of 
four, three-position (loading/sintering, glass syphoning, and decontamination) furnace 
assemblies, all remotely operated and fed from a single source, will present a formidable 
design problem. The further requirement of a dust enclosure surrounding the system for 
contamination control may render this arrangement impractical. Maintenance requirements on 
this equipment are likely to be high and reliability low. The arrangement proposed for the 
SCHIP process is considered to be a more practical one. 

H.2.5 HOT-ISOSTATIC PRESS 

The hot-isostatic press in SYNROC differs from that in SCHIP in that is is larger and is 

bottom rather than toploading. There is adequate industrial equipment and experience 
available to support this process; however, it is, as is SCHIP, an application of high 
temperature and extremely high pressure. The use of hot-isostatic pressing will require 
dedication to safety and process control. The required safety engineering is well described 
in Volume I, Appendix H. 
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H.3 DISCUSSION OF EVALUATION 

H.3.1 COMPLEXITY OF PROCESS 

The requirement of additional preparation and powder blending in SYNROC increases its 
complexity over that of SCHIP. It is also true that the charging of molten glass rather thel.n 
charging glass beads may present some additional process problems, as also will the 
complicated four unit, three-position furnace specified for the charging, sintering, glass 
loading, and decontamination operations. 

H.3.2 STATE OF DEVELOPMENT 

The state of development of the SYNROC process is similar to that of the SCHIP process. 
However, there has been even less experience with SYNROC/calcine mixes than there has with 
supercalcine powders. Materials selection and characterization, sinterability, and 
response to hot-isostatic pressing of simulated SYNROC powders has yet to be determined. 

The hot-isostatic pressing operation itself is exactly in the same state as it is for 
SCHIP. There is a broad base of industrial experience, but the use of molten glass as the 
hydrostatic fluid is untried. 

H.3.3 SAFETY 

The safety considerations are the same as those for the SCHIP process. 

H.3.4 PROCESS REQUIREMENTS 

The provisions of alumina containers is a major materials requirement; the required 
contai ners are 1 arger than those for the SCHIP process and they must be res i stant to 
breakage under either mechanical impact or thermal stress. There is a large volume of 
tailored mineral particles required to form the host crystals and a fair quantity of glass. 

H.3.S DEVELOPMENT WORK REQUIRED 

In addition to the design, construction and operation of a cold pilot-plant hot
isostatic press, a fair amount of development will be required to determine the 
sinterability of the SYNROC/calcine mixture, to characterize the product, and to establish 
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the optimum process conditions. Work with both nonradioactive simulated waste as well as 
pilot-scale work with actual HLLW wi 11 be required. There may al so be some merit to 
considering the comparative advantages of the alumina and vitreous containers. Other 
research and development requirements are detailed in Volume I, Appendix H. 

H.3.6 FACILITY REQUIREMENTS 

Because of the blending operation and because of the larger quantities of materials to 
be handled, the SYNROC facility requirements are somewhat greater than those for the SCHIP. 
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H.4 WASTE SOLIDIFICATION PROCESS EVALUATION -- SYNROC HOT-ISOSTATIC PRESSING 

The detailed process rating is set forth in Table H-l. 
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TABLE H-l Waste Solidification Process Evaluation--SYNROC Hot-Isostatic Pressing 

Criteria 
1. Complexity of process 

(a) Number of process steps 
(b) Process control 

(c) Material handling 
(d) Adaptability of equipment to 

remote operation 
(e) Maintenance requirements-

equipment reliability 
(f) Internal recycle 
(g) Assessment of feasibility 

for production use 
2. State of development 

(a) Process 
(b) Equipment 

3. Safety 
(a) Dispersion driving forces 

(chemical, mechanical) 
(b) Personnel exposures (routine, 

accident, maintenance) 
(c) Hazardous materials required 

4. Process requirements 
(a) Final waste volume 
(b) Process additives and 

auxiliary materials 
(c) Secondary wastes and off-gas 

quantities 
(d) Process latitudes 

(e) Quality assurance 
5. Development work required 

(a) Type of development 

(b) Scale of development programs 
(c) Time required 

(from initiation of program) 
6. Facility requirements 

(a) Radioactive facilities 

(b) Nonradioactive facilities 
TOTAL RATING 

Factor Weighting Rating Assigned 
Subtotal Total Subtotal Total 

10 
5 

5 
10 

10 

5 
15 

10 
10 

20 

15 

5 

2 
3 

5 

5 

10 

15 

10 
10 

15 

5 

60 165 

20 

40 

25 

35 

20 

5 
3 

5 
3 

1 

1 
2 

2 
1 

2 

10 

1 
1 

8 

6 

2 
1 

5 

30 

105 

85 

45 

40 

470 

Comments on Rating 

Process has 7 steps. 
High pressure; computerized control at 5 levels of safety 
actions. 
Power handling; alumina cylinders. 
Complex mechanism. 

Difficult maintenance. 

Recycle considered not feasible. 
May prove to be impracticable. 

Based on power handling equipment. 

High-pressure operation; dusting. 

High maintenance requirements. 

3647 Lid 
Large volumes of special chemicals; high value 
alumina cylinders. 

Based on the multiple process control points and 
the close control required. 

Extensive development work required for both process and 
equipment. Process will ultimately have to be demon
strated to be feasible on a full, hot scale. 

HIP vessels; multi-unit, multi-station furnace systems, 
with glass melting and transfer equipment. 
HIP compressors and argon surge vessel. 
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APPENDIX I 

TITANATE PROCESS 

1.1 PROCESS DESCRIPTION 

1.1.1 BLOCK FLOW DIAGRAM 

Basic elements of one process are shown in the block flow diagram presented in Figure 

1-1. 
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FIGURE I-I Titanate Process Block Flow Diagram 

1.1.2 INPUT/OUTPUT CONSIDERATIONS 

In accordance with the process described in Volume I of this report, waste is 

neutralized to pH 1 with calcium hydroxide and is mixed in the ion exchange-calcination 

vessel with granular "calcium titanate" Ca(HTi 205)2 ,which undergoes ionic exchange 
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with the metal ions in the waste according to the simplified equation 

The reaction is said to be essentially instantaneous. The resulting mixture is evaporated 
to dryness and then calcined at 7000 C in a process essentially simi lar to the pot 
calcination process. The residue is claimed to be an essentially free pouring powder. which 
is transferred by pneumatic transport to a calcine surge vessel from which it flows by 
gravity to one of two volumetric batchers. Each volumetric batcher feeds either of two hot 
presses. where the calcine is hot-pressed at 11500C and 1000 psi to a billet approximately 2 
ft in dia and 1 ft in length. The billet. after some cooling. is expelled from the die into 
a stainless steel can. which is capped. sealed. leak-tested. decontaminated and removed to 
storage. 

• Process Inputs 

HLLW -- 567 L/MTHM. equivalent to 158 L/h. 

Process additives are calculated on the basis of (1) reducing the acidity of the 
HLLW from 2~ to O.l~(a) (pH 1) and (2) providing one equivalent of titanate per 
equivalent of metallic ions in the HLLW. On this basis, material requirements are 
(for the operating basis): 

Material kg/MTHM 

39.7 
187.9 

Daily.@6.7 MTHM(b)Annual.@2000 MTHM 

Calcium Hydroxide 
Calcium Titanate 

263 kg 79.400 kg 
1259 kg 375.800 kg 

(a) N represents normality; normality refers to the number of gram-equivalent weights/L of 
the designated solute -- in this case nitric acid. 

(b) Assume: 
1. One equivalent of titanate (HTi 205) -- is required per equivalent of metallic 

ions in the HLLW. 
2. The total equivalents of metal ions in the HLLW is equivalent to the nitrate ions 

in the HLLW feed. 
3. Per Table K-l. there are 0.9548 kg-moles of nitrate per MTHM 

Therefore: 
calcium titanate required per MTHM is 

0.9548 x MW calcium2titanate 

40 + 2 (1+2 x 47.9 kg calcium titanate = 0.9548 x 2 

= 0.9548 x ~93.6 = 187.9/MTHM 

daily requirement of calcium titanate = 6.7 x 187.9 
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• Product 

Calcine composition, calculated on the assumption that it is a mixture of oxides, 
is as follows: 

Compos it i on 
HLLW metal oxides 
Calcium hydroxide, as CaO 
Calcium titanate as CaD 

and Ti02 
Total weight, calcined mixture 

Volume of calcine, at 2 g/cm 

Daily operating throughput, @ 6.7 MTHM/d 
Calcine -- 130.8 x 6.7 
Hot pressed, at 4 g/cm3 

Number of canisters 

kg/MTHM 
52.4 
30.0 

26.71 
152,6 
261. 7 

130.8 L 

876.7 L/d 

= 438 L/d 

% 

20.0 
21.7 

58.3 

100.0 

= 438/82 = 5.4 canisters 
Weight of waste form/canister = 325 kg 
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1.2 DISCUSSION OF PROCESS 

Though a relatively simple process as described, very little work appears to have been 
done on its development, and some of the assumptions used as the basis of the preconceptual 
process description in Volume I are in conflict with information in the literature regarding 
the behavior of titanates with metallic ions. Specifically, a process described by Levi 
involving precipitation of titanium dioxide in the presence of fission product ions in 
solution (Levi, 1963) does not suggest a high degree of binding of fission product ions 
other than strontium and cerium, and in fact with reference to cesium, Levi states on page 
589 of the reference: 

The titanates of cesium are not useful for fixation purposes since they are 

easily soluble in water. 

Levi referred to subsequent heat treatment of the titanium dioxide-fission product 
mixtures, but reported only very preliminary results with Ti02 and CaC03 in which mixtures 
prepared by different methods were heated at 8000C for varying times. 

These results appear consistent with earlier Sandia reports on performance of the 
sodium titanates as ion exchange media (Lynch, 1976; Dosch, 1979 and Schwoebel, 1977). The 
cited reports indicate the necessity of using supplemental zeolite treatment to pick up 
cesium "which leaked from the column", plus additional ion exchangers to reduce the 
technecium and ruthenium levels. These additional ion exchange media appear to have been 
incorporated with the titanate prior to hot pressing. 

Although the fixed-bed ion exchange process described in these references differs 
significantly from the subject process in respect to the manner of conducting the 
equilibration of the HLLW with the titanate, the heat-treatment and crystallization 
processes do not differ appreciably. In the cited reports on the sodium titanate process, 
the zeolite exchanger used in conjunction with the titanate appears to provide the elements 
necessary to sequester cesium as the mineral pollucite; these elements are lacking in the 
subject calcium titanate process. It would appear necessary to add these elements either as 
a zeolite or as individual aluminum and silica additions in order to sequester cesium (and 
any other ion forming a soluble titanate). 

The substantial equivalent excess of calcium to titanate in the HLLW-titanate slurry 
(~ 2) raises some question concerning the extent to which the exchange with fission product 
ions will occur in the slurry. After calcination, however, the molar ratio of calcium to 
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titanium has dropped to about 0.5. Since the structure of the final product is not known. it 
is not certain whether this will result in adequate structural sites for the HLLW metal ions 
in the final product.(a) 

The discussion in the following paragraphs .is keyed to the block flow sheet at the 
referenced numbers. 

1.2.1 FEED PREPARATION 

Calcium hydroxide requirements are based on the stated final pH of the feed of 1; 
sufficient hydroxide is required to reduce the waste from the nominal 2.0 !! acid to 0.1 N. 
Some precipitation can be expected. and the tank will require agitation. 

1.2.2 CALCIUM/TITANATE 

The prepared HLLW feed slurry is introduced into the calcination vessel. and the 
granular calcium titanate is added. The quantity of titanate required was calculated on the 
basis that one equivalent of titanate is required for each equivalent of nitrate represented 
by metal nitrates in the HLLW. It should be noted that on this basis. the titanate 
requirements are slightly under 42% higher than stated in Volume I. Appendix I. The effect 
of this is reflected in a higher product output rate than calculated in Appendix I -- 5.4 
canisters/d versus 4.3 canister/d. 

1.2.3 CALCINATION 

After addition of the titanate to the HLLW slurry. the mixture is progressively heated 
to drive off the water. decompose the nitrates. and calcine the metallic elements to oxides; 
the final temperature is 7000C. The resultant product is described as a very friable 
material. which can be readily vibrated from the calciner vessel. 

Some caveats should be noted. At the time all water has been driven off, the mix will 
contain approximately 207 kg of calcium nitrate, which has a melting point of 5610C. The 

(a) According to McCarthy (McCarthy. 1979). the inertness of the titanate product results 
from micro encapsulation of waste oxides in the rutile structure of T"iO.?;although he does 
indicate that there is reaction between the waste and TiD during ho-r- pressing to form 
titanates. All of the crystallographic data which have been o~fered so far in support of the 
adequancy of the final waste form from this process clearly have involved added silica and 
alumina (see McCarthy, 1979). and Dosch (Dosch. 1979) has indicated that the addition of 
elemented silicon is desirable to avoid the formation of soluble molybdates. It thus 
appears likely that additional reagents will be required in the calcination mixture. but it 
is unlikely that this will significantly affect the evaluation presented here. 

1-5 



behav i or of thi s materi alas the temperature of the mi x passes through its mel ti ng poi nt 
should be carefully considered, and its decomposition temperature determined. It seems 
doubtful that the one-hour calcination cycle assumed in Volume I, Appendix I, will be 
adequate to denitrate the probable bulk mixture which will exist at that point. The analogy 
with pot calcining assumed in Volume I is valid, but to our knowledge, no pot calcination 
work with mixtures containing these levels of calcium nitrate has been done on a large 
scale, nor is it clear that the pot calcined material had the characteristics which have 

been attributed to the titanate calcine. 

The JAI evaluation assumes that three calciners will certainly be required to meet the 
design capacity and will probably be required to meet the nominal operating capacity. This 
is based on the conclusion that the proposed operating cycle of 11 h is substantially 
optimistic in the light of prior pot calcining experience(a) and that the additional 

calcium titanate required to reach stoichiometric proportion with the waste may in effect 
require the production of an additional 1.1 canisters of waste per day, or an additional 1.1 
calcination batches per day(b). If the calcination cycle should be as long as 20 h, five 
calciners will be required to meet the design production rate and four to meet the nominal 
operating rate. 

1.2.4 PNEUMATIC TRANSFER OF CALCINE 

Based on the design parameters stated for the pneumatic transfer system (60-ft/s 

velocity in 2-in-ID pipe, 3:1 mass ratio of solids to gas), the transfer time for the 
transport of the calcine to the surge tank appears about right, on the further assumption 
that the transfer line is in the range of 65 to 70 ft. Development work on the system, 
employing the specific material, will be required for final design of this system; 
development will also be required for the valving shown at the bottom of the calciner 
vessel. 

(a) See, for example, Holmes, 1963, p. 282. 

(b) The current basis could be retained by calcining the higher solids feed in the same 
calcination cycle and increasing the size of the billet by 25%, thus retaining the nominal 
heat loading per canister presently assumed. This appears feasible based on a qualitative 
appraisal of the heat rejection capability of the larger billet, and the length-to-diameter 
ratio of the larger billet is still in an acceptable range for good pressing 
characteristics. 
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1.2.5 CALCINE/SURGE 

The calcine surge is assumed to be uncooled, which would offer certain advantages in 
simplification of facility design. It is doubtful, however, that this would be a prudent 
design basis; the bulk volumes of material of relatively low thermal conductivity and 
internal heat generating capability (which is admittedly small compared to calcines produced 
in alternative processes at significantly higher waste loadings) suggest that difficult 
operating problems at this point might be avoided by providing internal cooling in the 
storage vessel. Valving into the volumetric batchers requires development work. 

1.2.6 TRANSFER LINES AND VOLUMETRIC BATCHERS 

Successful operation of this part of the system depends on maintaining the assumed 
calcine properties. Provision should be made for dealing with material having poor flow 
characteristic and, obviously, for dealing with line plugging. 

1.2.7 HOT PRESSES 

Based on the assumed pressing cycle time of 12 h, it might be possible to accomplish the 
operation with three rather than four presses, if the larger billet suggested in the second 
footnote to 1.2.3 is employed; the extra press would, however, be required to assure meeting 
the design throughput rate with either size billet. 

Material handling about the press operation will provide considerable problems. The 
die, as represented in Figure 1-10 of Volume I, will be nearly 6 ft in dia and will weigh 
approximately 4.6 tons loaded; heavy-duty handling and transfer equipment will be required. 
It appears that the space requirements for the presses has been substantially underestimated 
and are likely to be at least twice that shown in Table 1-10 of Volume I. 

An important technical process consideration which may not have been recognized is the 
influence of residual nitrate and moisture in the calcine. Published data on pot 
calcination of Purex-type wastes (Suddath, 1966) show residual nitrate levels ranging from 
low values of 0.01 wt% to values as high as 4.7 wt% after calcination at a temperature of 
9000C -- with extended exposure times at temperature. Suddath gives a value of 0.15 wt% 
nitrate as a nominal value under these conditions. Holmes (Holmes, 1963, p. 273) notes 
that: 
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Residual nitrate in the calcined solids ranged from a few hundredths to several weight 
percent, the higher values representing samples taken near the top of the pot when 
calcination temperatures of 9000C had not been reached. 

McElroy (McElroy,1969, pp 5.1 ff) notes that the retention of nitrate and water in calcine 
is a function of processing temperature and the time at temperature and, based on ORNL work, 

is less than 0.1% for holding periods at 9000C of 2 to 36 h. The following Figure 1-2 

illustrates the temperature effect. 
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Because of the lower temperature and shorter time at temperature in the proposed cal
cination process, residual nitrate levels can be expected to be higher than indicated by 
McElroy. The effect of these in the hot-pressing operation should be determined. Another 
possible problem in the hot-pressing operation is the migration of cesium from the tita
nate mixture; this should also be investigated in hot pilot-plant work. 

1.2.8 BILLET EXTRUSION AND CANISTER LOADING 

Size and die weight considerations noted above refer to this station as well. 

It should be noted that extrusion of the billet will be successful after cooling the 
die only if the temperature coefficient of linear expansion of the titanate is greater than 

that of the graphite die. No data on this characteristic are available for the titanate 
complexes, and conflicting data on graphite are found in the handbooks; this matter should 
be investigated at an early time in the development program. It has been reported that 
preliminary small-scale work does not suggest that there is a problem with this. 

Die life is projected to be 20 pressings. with the observation that this will be 
determined principally by interaction between the waste form and the graphite. It is 

suggested that abrasive wear on the die may be an equally important factor. Recent changes 
in the proposed pressing technique call for use of a Grafoil~ liner in the die, which will 

complicate the die assembly process, but would eliminate the abrasion problem. 

CB) A trademark of Amax Specialities Company 
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1.3 DISCUSSION OF EVALUATION 

1.3.1 COMPLEXITY OF PROCESS 

The Titanate process itself is quite simple and uncomplicated. In the adaptation for 

radioactive, production-scale operation, however, some formidable development and operating 
problems are foreseen. It seems highly unlikely that the pot calcination process will 
perform as described in the preconceptual process description of Volume I, Appendix I. If 
mechanical removal of the calcine is required, the operational complexity will be 
substant i ally increased, with corresponding increases 1 n the opportunity for spread of 
contamination and in the maintenance requirements. As noted elsewhere in this section, the 
production rates calculated based on the stated stoichiometry may require three instead of 
two calciners, and certainly will require more than two if the calcination cycles are longer 
than the assumed 11 h. This would also substantially increase the operational complexity of 
the process. 

The remote pressing operation will require heavy duty transfer equipment for transport 
and positioning of the dies in the hot presses and the bi llet extrusion press. Preci se 
positioning equipment is required, particularly on the hot presses where the alignment of 
the die cavity and the press punches is critical. 

Handling and disposal of the worn out dies also will present considerable complexity, 
and will increase the off-gas system capacity requirements. 

1.3.2 STATE OF DEVELOPMENT 

Although a number of reports appear to have been published on the Titanate process, 
relatively little data useful for process design have been revealed, and virtually none 
directly applicable to the proposed batch process. No radioactive work has been done with 
the system proposed here; minimal small-scale work has been done at ORNL with waste loadings 
in sodium titanate system materials. 

Equipment for the hot-pressing operation is not believed to be a problem, as commercial 
equipment can be adopted, and remote positioning equipment is standard in automated 
processes; techniques for handling of large dies must be developed, however. No development 

work has been done, however, on the pot calciner in the configuration proposed, and the 
success of this unit operation is critical to the success of the overall process. 
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1.3.3 SAFETY 

Except for the personnel exposures incident to what is anticipated as a rather high 
maintenance requirement on the material handling equipment, and possibly also for the 
calcine transfer system, there do not appear to be any significant safety problems inherent 
in this process. High ambient temperatures in thepress area, in combination with the radiation 
environment, may also lead to maintenance problems with hydraulic equipment located in the 
cell. 

1.3.4 PROCESS REQUIREMENTS 

The principal concern in the rating of the Titanate process in this criterion is the 
high cost of the "calcium titanate"; based on a cost of $1.25 per pound for the tetra-propoxy 
titanium in tank car quantities (Schwoebel, Sandia Laboratories, personal communication) 
and assuming a conversion cost of $8 per pound, the total daily cost of this reagent alone 
would be nearly $33,000, of which over $10,000 is for the starting material. (a' The process 

appears to be capable of tolerating variations in feed, but recycle, though possible at the 
calcine stage, would be quite difficult due to the solubility characteristics of the 
calcined titania; recycle has been rated as not feasible. 

(a) Assume: 

1. Titanate is prepared from Ti(OC3H7'4; 4 kg.moles of Ti(OC3H7'4 are required per 
kg.mole Ca(HTi 205'2 required; estimated conversion cost: $8/lb Ca(HTi 205)2 

2. 96% conversion yield on calcium titanate production 

kg Ti(OC3H7'4 required to manufacture 1259 kg/d calcium titanate: 

MW Ti(OC3H7, = 283.9 
4 

4 x 283.9 x 1259 = 3632 kg/d 
393.6 

@ $1.25/lb 3632 x 2.205 x 1.25 = $10,470/d 
0.96 

Conversion, @ $8/lb calcium titanate, delivered 

1259 x 2.205 x 8 = $22,209/d 

Total cost of calcium titanate = $32,638/d 
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1.3.5 DEVELOPMENT WORK REQUIRED 

As is clear from previous discussion, substantial process development work is required; 

this is well summarized in Volume I, Appendix I of this report. In addition to the items 
identified there, there should be a complete chemical and crystallographic characterization 
of both the process and the product, leading to optimization of the process chemistry. 
Calcination conditions must be defined in terms of the requirements imposed by the heat
treating process with respect to acceptable levels of residual nitrate and mOisture, not to 
mention the requirements for handling and transport of the calcine. 

Equipment development should focus on the pot calciner (in conjunction with the process 

development) and on modification of heavy-duty transfer equipment and precision positioning 
devices to the radioactive and thermal environment in which they will be required to work. 

Substantial hot cell work will be required to establish product and process 

characteri st i cs wi th representati ve HLLW, and extens ive cold checkout of the product i on 
equipment in an integrated system will be required prior to committing the facility to hot 

operation. 

1.3.6 FACILITY REQUIREMENTS 

Although the nonradioactive facilities required for this process are comparab.le to 
those for the Reference Process, except for portions of the off-gas systems, the facility 

requirements for the radioactive operations are substantially greater. The presses, 
handling and transfer equipment for the dies, and the disposal equipment for scrap dies will 
occupy considerable hot cell space. The space requirements for the calciner vessels and the 
transfer, storage and batching equipment also exceed those for comparable sections of the 
Reference Process. 
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1.4 WASTE SOLIDIFICATION PROCESS EVALUATION--TITANATE PROCESS 

The detailed process rating is set forth in Table I-I. 

Rating of the Titanate process was on the basis of the preconceptual process 
description in Volume I of this report. Should development work underway on conversion of 
Zircaloy fuel structural residues (hulls) indicate promise for a system in which zirconates 
are used as the immobil izing structure in the sol id product, rather than titanates, the 
complexity and radioactive facility requirements for an integrated process incorporating 
this technique would be significantly increased. The feasibility and practicability 
assessment of this possible alternative is beyond the scope of this report. 
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TABLE 1-1 Waste Solidification Process Evaluation--Titanate Process 

Criteria 
1. Complexity of process 

(a) Number of process steps 
(b) Process control 
(c) Material handling 
(d) Adaptability of equipment to 

remote operation 
(e) Maintenance requirements-

equipment reliability 
(f) Internal recycle 

(g) Assessment of feasibility 
for production use 

2. State of development 
(a) Process 
(b) Equipment 

3. Safety 
(a) Dispersion driving forces 

(chemical, mechanical) 
(b) Personnel exposures (routine, 

accident, maintenance) 
(cl Hazardous materials required 

4. Process requirements 
(a) Final waste volume 
(b) Process additives and 

auxiliary materials 
(c) Secondary wastes and off-gas 

quantities 
(d) Process latitudes 
(e) Quality assurance 

5. Development work required 
(a) Type of development 
(b) Scale of development programs 

(c) Time required 
(from initiation of program) 

6. Facility requirements 
(al Radioactive facilities 
(b) Nonradioactive facilities 

TOTAL RATING 

Factor Weighting Rating Assigned 
Subtotal Total Subtotal Total 

10 
5 
5 

10 

10 

5 

15 

10 
10 

20 

15 

5 

2 
3 

5 

5 
10 

15 
10 

10 

15 
5 

60 325 

20 

40 

25 

35 

20 

7 
7 
4 
6 

5 

3 

5 

1 
4 

8 

2 

10 

9 
1 

5 

9 
4 

2 
3 

3 

1 
8 

50 

~O 

131 

90 

55 

891 

Comments on Rating 

Process has 5 steps. 
Calciner control may be critical; also hot pressing. 
Handling of heavy, hot dies will be difficult. 
Unit processes relatively simple, if operable as postu
lated; should be difficult to design. 
Considerable precision positioning equipment required in 
cell; contact maintenance required. 
Possibility of recycling calcine, but dissolution of Ti02 
would be very difficult, if not unfeasible. 
Complexity of handling equipment establishes the rating; 
heavy duty, and requires precision positioning. 

No information published on proposed process. 
Limited radiochemical process experience on any of the 
proposed equipment, but some commercial background on 
press and handling equipment. 

Maintenance requirements likely to lead to personnel 
exposures. 

482 Lid 
"Calcium titanate" will be expensive. 

Spent graphite dies. 

Rating assumes process operates as postulated. 
Control of input materials and heat treating
pressing operation. 

Substantial process development required. 
Radioactive development on pot calcination process includ
scale up required; hot pressing also requires considera
ble work. 

Titanate feed system. 
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APPENDIX J 

CONCRETE PROCESS 

J.l PROCESS DESCRIPTION 

J.l.l BLOCK FLOW DIAGRAM 

Basic elements of the process are shown in the block flow diagram presented in Figure 
J-l. 

ATOMIZIN1 AIR OFF-GAS O®Af f DRY BLOWBAc~ AIR.'l OFFGtS 

f<D (VIBRATOR:) ® AIR FILTER ASS'(. (VIBRATOR) 

HLLW SPRAY CALCINE PNEU~TI~r VOLLIMETRIC R.ECEIVINa 
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FIGURE J-l Concrete Process Block Flow Diagram 

J.l.2 INPUT/OUTPUT CONSIDERATIONS 

The mass balance proposed in Volume I for this process is as follows: 
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Mass Balance 
Constituent wt% 

Cement 36 
Fly Ash 9 

Clay 9 

Suspending Agents trace 
Calcine 15 

Water 29 

Concrete Mixture 100 
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J.2 DISCUSSION OF PROCESS 

The HLLW is fed to a spray calciner and collected in a calcine receiver until a 
predetermined amount has been received. This batch is transferred by pneumatic transport to 
another receiver where the volume is again verified. The batch is then transferred to a 
receiving hopper where the dry cement additives are mixed with the calcine. This dry cement 
and calcine mixture is fed to the cement mixer which already contains water. After mixing, 
the concrete is placed in a canister and the canister is transferred to an autoclave where it 
is pressurized and heated. The pressure prevents the concrete in the center of the canister 
from boiling. The canister is kept in the autoclave for 24 h to permit the cement to set and 
is then cooled another 24 h in the autoclave to ambient temperature. Rather than sealing, a 
filter is placed on the canister and it is placed in a preliminary storage area. The filter 

allows free water to escape during this storage period, which may be several years. After 
this interim storage, the canisters are sealed and stored. 

The following paragraphs discuss specific aspects of the process, each keyed to a 
reference number on the block flow diagram. 

J.2.1 SPRAY CALCINER 

The process identified in Volume I differs from the FUETAP method of Oak Ridge (Moore, 
1979) in that PNL has elected to spray calcine the HLLW. Oak Ridge proposed a process step 
where the HLLW is denitrated and this waste is then mixed with the cement additives; the 
concrete is formed with the water remaining in the HLLW. Volume I refers to this method as 
an alternative, but states that the number of canisters needed would be five times the 
amount produced in the proposed process using the spray calciner. A combination of these 
procedures, with denitration of the HLLW before calcination, would have advantages in 
reducing the heat load on the spray calciner and the capacity of the off-gas treatment 
system, by reason of a reduced feed volume and lower concentration of NO x in the off gas. 

J.2.2 PNEUMATIC TRANSFER 

Pneumatic transfer of the calcine material does not present the same difficulties as 
the pneumatic transfer of marbles and pellets. Oak Ridge National Laboratory (ORNL) has 
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made tests which indicate pneumatic feeding can be used to transfer particles over dis
tances of more than 50 ft with increases in elevation up to 15 ft with negligible abrasion 
ORNL, 1973). Other references are cited in Volume I. 

J.2.3 VOLUMETRIC BATCHER 

The system proposed in Volume I provides for one calcine receiver and two volumetric 
batchers. There may be reasons for avoiding the intermediate receivers and routing the 
calcine feed directly to the volumetric batchers. The waste oxides will exit the calciner 
at an elevated temperature and at a heat generation rate of about 37 W/kg, and will heat 
up rapidly in the calciner receiver. Pneumatic transport of the powder will result in sub
stantial cooling;it would therefore appear desirable to transfer the calciner product more 
frequently and in smaller batches from the claciner to the batching vessels. If additional 
batching capacity is required to provide surge storage in the event of process upsets 
downstream of the calciner, an additional volumetric batcher could be provided. Backup 
would thus be provided for any breakdown in one system line. This could eliminate one step 
in the process where a collection of HLLW provides potential exposure and heat problems. 

J.2.4 AUTOCLAVE 

The autoclave system does not appear to present any unusual problem. Remote testing 
with HLLW has not been accomplished to date, and Volume I notes the safety considerations 
which must be taken into account for the process to be operational. 

J.2.5 AIR STORAGE 

This step will cause the facility to be sized larger than the Reference Process. It 
must have an air collection and filtration system not mentioned in Volume I. 
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J.3 DISCUSSION OF EVALUATION 

J.3.1 COMPLEXITY OF PROCESS 

The process of concrete making is neither new or complicated. However, incorporating 
HLLW in the cement mixture introduces certain problems which will complicate this process 
for solidification of HLLW. There is considerable transfer of unconsolidated material; 
pneumatic transfer is proposed between batchers and gravity flow is used for the remaining 
transfers (to blender and to mixer). Pouring the cement mixture into the canister may 
result in some spillage; however, this was dealt with in Volume I in the design of the 
canister holder. The autoclave stage and air storage add to the complexity of the process; 
however, it is noted that these steps are not nearly as difficult to accomplish as some of 
the operational steps of other processes. A sampling station is provided; but it seems 
doubtful that recycle of the concrete would be feasible, although it would be possible by 
use of extreme measures. The sampling may allow for some adjustment during the autoclave 
period. 

J.3.2 STATE OF DEVELOPMENT 

Concrete mixing has been accomplished on a laboratory scale with defense waste at 
Savannah River Laboratory (Stone, 1977) and with low- and intermediate-level waste at ORNL 
(Weeren, 1979). In addition, ORNL has a substantial background of experience in the 
application of the basic process in the treatment and disposal of low and intermediate waste 
by the hydrofracturing technique, including conceptual engineering of remote concrete 
mixing facilities. (See, for example, de Laguna, 1968; de Laguna, 1972; Bechtel, 1975). The 
pneumatic transfer system has been used with unconsolidated nuclear material, but will need 
some research and development work to develop operating parameters for the specific 
materials. Autoclaves have been used with a variety of commercial production processes, and 
application to use with HLLW should be fairly routine. Because of the fact that 
nonradioactive plant-scale operations have been conducted with most of the equipment, this 
rating is based on adapting the equipment to remote operation. Development of this process 
appears to be well underway. 

J.3.3 SAFETY 

Contamination of the equipment, clogging of feed lines, spillage from the mixer, and 
blowdown of the autoclave may result in radioactive releases which pose a safety problem 
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during maintenance. Otherwise, the process does not appear to have other than routine 
safety concerns. 

J.3.4 PROCESS REQUIREMENTS 

Large amounts of additives are needed to form the concrete mixture, but they should be 
of moderate cost. Since the concrete holds only a small volume percentage of waste, 
variations in waste composition will probably not severely affect the product. Secondary 
waste will be recyclable to the concrete process. 

J.3.5 DEVELOPMENT WORK REQUIRED 

Each component of the process still has to be designed, tested and cold-operated. 
Volume batching control methods must be established, i.e. gravity metered using load cells 
or gamma ray sensing of calcine level. Design and placement of the various vibrators must be 
developed. A remotely maintainable mixer must be developed and tested. These are final 
engineering considerations and will require considerable time even though the development of 
the process is relatively advanced. 

J.3.6 FACILITY REQUIREMENTS 

The facility requirement will be considerably greater than the Reference Process, both 
in the radioactive and nonradioactive areas. The air storage area adds considerable 
facility requirements if several years are needed for interim storage of each canister. 
This would require storage of over 6000 unsealed canisters at any given time, assuming a 
three-year storage period. 
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J.4 WASTE SOLIDIFICATION PROCESS EVALUATION -- CONCRETE PROCESS 

The detailed process rating is set forth in Table J-l. 
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TABLE J-l Waste Solidification Process Evaluation-,-Concrete Process 

Criteria 
1. Complexity of process 

(a) Number of process steps 
(b) Process control 
(c) Material handling 

(d) Adaptability of equipment to 
remote operation 

(e) Maintenance requirements-
equipment reliability 

(f) Internal recycle 
(g) Assessment of feasibility 

for production use 
2. State of development 

(a) Process 

(b) Equipment 
3. Safety 

(a) Dispersion driving forces 
(chemi ca I, mechan i ca I) 

(h) Personnel exposures (routine, 
accident, maintenance) 

(c) Hazardous materials required 
4. Process requirements 

(a) Final waste volume 
(b) Process additives and 

auxiliary materials 
(c) Secondary wastes and off-gas 

quantities 
(d) Process latitudes 
(e) Quality assurance 

5. Development work required 
(a) Type of development 
(b) Scale of development programs 
(c) Time required 

(from initiation of program) 
6. Facility requirements 

(a) Radioactive facilities 
(b) Nonradioactive facilities 

TOTAL RATING 

Factor Weighting 
Subtotal Total 

10 
5 
5 

10 

10 

5 
15 

10 

10 

20 

15 

5 

? 
3 

5 
10 

15 
10 
10 

15 
5 

60 

20 

40 

25 

35 

20 

Rating Assigned 
Subtota 1 Tota I ----

5 
10 
5 

8 

3 
7 

5 

6 

8 

7 

10 

4 
7 

g 

8 
7 

7 
5 
5 

4 
5 

395 

110 

315 

184 

205 

85 

1294 

_______ ~C::comccmC'-e~n-,-t::cs,---,o=-,-n,-,-,R--"a--"t-,-i :..:.n2g_ 

Process has 7 steps. 
Material flow control only. 
Requires pneumatic transfer to batcher, transfer 
to receiver, transfer to mixer (all unconsolidated). 
Noncomplex equipment, driver motor and vibrators need 
some maintenance. 

One sampling station, value of sampling doubtful. 
All steps have some nuclear experience. 

Process development and experience in plant-size 
nonradioactive operations. 

Contamination of equipment, clogging feed lines, spillage 
from mixer, blowrlown of autoclave may result in releases. 

None. 

1484 L/rl. 
Lnrqe amounts but moderate cost. 

Small additional off gas, waste recyclfO not high. 

Variation in HLLW should not affect quality of cement. 
If autoclave performs adequately, quality of product 
depends on mixture, which may be sampled. 

Large equipment, autoclave area, storage area. 
Cement additives, weigh station. 
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APPENDIX K 

CERMET PROCESS 

K.l PROCESS DESCRIPTION 

K.l.l BLOCK FLOW DIAGRAM 

Basic elements of the process are shown in the block flow diagram presented in Figure 
K-l. 

Fe 
WATER 

""tIn • SILICIC ACID 16t./~ C~UI; ® OFF'C lAs@UREAlo2."sInrOFFGAS 

.5~/h® ® 

J PRECIPITATION MIX/ EX.iRUDE,CUT HLLW DISSOLUTiON 
158 L/h---r-~1001 EVAPORATION CALCINATION I--~ IA6GLOMERATE r- (PRESS E1.TRUOER) 
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'-- ORY, REDUCE &INTER. t------'~ 

<n ® r 
RECYCLE H~ jAr MIXTURE 

COOl.. I---..-j INSPECT 
CANISTER 

FILL. STATION 

I CAN:STERS 

SEAL LEAK TEST 
WELD I-------il~ ~ INSPECT! ON I-------Ir;.f - OECON.t------~~ STO~AGE 
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FIGURE K-l Cermet Process Block Flow Diagram 

K.l.2 INPUT/OUTPUT CONSIDERATIONS 

Tables K-l, K-2, K-3, and K-4 present the characteristics and material balance of the 
process and process product. 
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TABLE K-l Cermet Material Balance 

Waste Inl!ut Additives 

Ions(a) HLLW(a) (b) 
. kg 

At Wt Moles Oxides k~ Moles Element 

FP(d) (121.1)(e) 25.3 0.2089 FPXOy(C) 

Aet(d) (240.0) (e) 1.11 0.0046 ActxOy 

U 238.00 4.78 0.0201 U03 

Pu 239.00 0.060 0.0003 Pu02 
AP(d) (60) (e) 0.295 0.0049 APxOy 

Fe 55.85 1.13 0.0202 Fe203 1.155 Fe 

Ni 58.71 0.075 0.0013 NiO 0.317 Ni 

Cr 52.0 0.189 0.0036 Cr203 

Gd 157.25 9.02 0.0574 Gd203 

P04 1.51 (0.0159) P205 

Na 23.0 0.083 0.0036 Na20 
43.552 (0.9548 Moles N03 Equiv) 

0.074 Cu 

H+ 

N03 

H2O 

( a) 
(b) 
(c) 
(d) 
( e) 

0.008 Al 

0.012 Si 
1.13 

129.5 2.089 

495.00 27.50 

TOTALS 

Metals as nitrates (or phosphate) 
kg Metal/MTHM 
Calculated as FP202•5 ; MW 282.2 
FP=Fission products, Act = Actinides; AP=Activation products 
( ) Average (weighted) At. Wt. 

TABLE K-2 Reducible Fission Products 

Ions(a) At Wt HLLW( a) (b) 

Mo 97.5 3.47 
Ru 102.1 2.14 
Pd 105.9 1.41 
Te 129.5 0.57 

~~IMetals as nitrates (or phosphate) 
kg/MTHM 

kg 
Moles Oxides 

0.0356 M003 
0.0210 Ru02 
0.0133 PdO 
0.0044 Te02 

K-2 

Calcine and Cermet Product 
Ea1clne 

kg/MTHM ! 

31.4 17.86 

1.22 0.69 

5.74 3.27 

0.068 0.04 

0.400 0.23 

93.85 53.39 

23.78 13.53 

0.276 0.16 

10.37 5.90 

1.13 0.64 

0.112 0.06 

5.89 3.35 

0.82 0.47 

0.72 0.41 

174.776 100.0 

Equivalent 
kg Moles 0 

0.1068 
0.0419 
0.0133 
0.0088 
0.1708 

!::ermet 
!s 

28.7 

1.22 

5.74 

0.068 

0.400 

65.63 

18.69 

0.276 

10.37 

1.13 

0.112 

4.70 

0.82 

0.72 

138.6 

~ 
1.709 

.670 

.213 

.141 
2.733 

! 

20.7 

0.9 

4.1 

0.05 

0.3 

47.4 

13.5 

0.2 

7.5 

0.8 

0.08 

3.4 

0.6 

0.5 

100.0 
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TABLE K-3 Product Characteristics and Quantity 

Composition: Metallic 
Added 64.3 
Fission Products 5.5 

69.8% 

Ceramic (by difference) 30.2 
Bensity: 6.5 g/cc (Volume I, Table K-2) 
Waste Loading: 35.9 wt% 

Quantity: per MTHM Daily, @ 6.7 MTHM/d 

Weight of Cermet 138.6 kg 928.6 kg 

Volume of Cermet 21.3 L 142.9 L 

Number of Billets(a) 0.7 4.55 

Heat Loading 1.9 kWt 2.9 kWt/billet 

(a)Calculated on basis of a billet .2 m in dia by 1 m long volume is 31.4 L, weight of billet 

at density of 6.5 g/cm3 is 204.1 kg. 

TABLE K-4 Cermet Process Reagents, Additives and Supplies 

Volume II Table K-4 JAI Values l O~erating Basis 

Amount Needed Per Year. kg 

Mater i a 1 Design O~erating kgLMTHM kg/da~ kg/~ear 

Al(N03)3· 9H20 9,400 6,300 3.15 21.12 6,336 

Cu(N03)2' 3H20 53,800 35,700 16.54 110.84 33,251 

Fe(N03)3' 9H20 1,409,500 935,700 466.20 3,123.00 937,000 

Ni (N03)i 6H2O 279,300 185,400 92.37 618.90 185,700 

H2Si03 5,100 3,400 0.95 6.40 1,910 

Urea (H2NCO NH 2) 1,105,600 734,000 710.00 4,757.00 1.43 x 106 

Argon 3.8 x 106 2.5 x 106 2,714.00 18,181.00 5.5 x 106 

Hydrogen 21,100 14,000 5.67 38.0 11,400 

Detergent 1,000 1,000 

Canisters, each 1,920 1,290 0.67 4.55 1,365 

Helium sources, each 1,920 1,290 4.55 1,290 
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K.2 DISCUSSION OF PROCESS 

K.2.1 PREPARATION OF HLLW FEED, ADDITION OF Fe, Ni, Cu, Al SALTS, AND VOLUME REDUCTION 

Conditions 
Additions from the cold makeup area are pumped at metered rates to a continuous 

evaporator; off gas is vented through condenser to the off-gas system. Subatmospheric 
pressure is maintained in evaporator. The temperature in reboiler is limited to 13SoC. The 
HLLW is reduced to a volume equivalent to 190 L/MTHM. At this concentration, the high salt 
content is likely to result in substantial suspended solids. If the solids are soluble in 
molten urea, as is claimed, this may not be a problem. 

Cycle Time 
Conti nuous, must have capabfl fty to process 'V 240 gph of HLLW. 

K.2.2 ADDITION OF UREA AND PREPARATION OF UREA SOLUTION/SLURRY OF WASTE SOLIDS AS FEED TO 
SPRAY CALCINER. 

Conditions 
Temperature is 'V 13SoC, atmospheric pressure. Urea addition could be either as the 

granular solid or it could be melted (m.p. 132oC) prior to addition. Batching tanks are 
similar to the system described in Volume I. 

Cycle Time 

24 hour cycle; one tank on evaporation, one on urea solution preparation, one on 
calciner feed. 

K.2.3 ALTERNATIVE TO FEED PREPARATION PROCESSES 

Conditions 
A three vessel system such as described in Volume I of this report could be used, but 

each vessel would have to be equipped for evaporation, urea addition, mixing, and venting to 
off gas condenser. 

NOTES: 
(a) The large-scale mixing of urea with a hot nitric acid solution of a mixture of 

heavy metals may pose severe safety problems. Although it is implied that urea 
will not react with water below 180oC, it could be questioned that this will be 
true in the presence of concentrated metal nitrates and nitric acid. 
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(b) The possible presence and concentration of organic phosphates could also result in 
an exp los i on haz ard in the presence of the heavy metals (the "red oil" prob 1 em) . 
This should be evaluated. 

(c) The benefit of using urea in this process is not convincingly demonstrated by any 
of the publications reviewed. It is stated to generate reducing conditions which 
suppress the Ru volatility, but this could be accomplished equally well by 
evaporating the feed with formalin, and feeding formalin with the concentrated 
feed to the spray calciner. It seems doubtful that urea contributes to the 
homogenization of the calcine, as claimed. 

(d) The use of urea is likely to result in generation of large quantities of NH3 in the 
off gas, which will present a significant treatment problem. 

Cycle Time 
24 hour cycle; one tank on evaporation, one on urea solution preparation, one on 
calciner feed. 

K.2.4 SPRAY CALCINING 

Conditions 

The standard (reference) PNL calciner is used, possibly modified to handle viscous feed 

solution; temperature of calciner chamber is 8000C, 3000C in filter chamber. 

Comment 
(a) The exact nature of the feed solution to the calciner is unclear, either from the 

Volume I description or from other sources. It seems doubtful that it is a true 
molten urea system, but (if urea does not react with water and acid in the feed 
preparation step) is more likely to be a urea - water - nitric acid solution of the 
metal nitrates. Assuming this, and also assuming that 

(1) the density of molten urea is 1.33 and 1000 kg/MTHM is required, 
(2) there is no partial molal volume effect, and 
(3) the HLLW feed is evaporated to ~ 190 L/MTHM, 

the hourly input rate to the spray calcine would be ~210 L/h for the operating 
basis, and for the design basis, ~ 313 L/h. (NB:This assumption is inconsistent 
with the previous assumptions regarding behavior of urea in the liquid waste + 

additive system) 

(b) Use of argon gas as the atomizing medium would provide a beneficial way to handle 
the off gas from the sintering furnace. It would, however, require an 
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Cycle Time 

intermediate HEPA filtration of the gas and compression to 100 psi. This would 
add an undesirable complication to the process, especially if the compressor had 

to be treated as a radioactive device and located in the shielded cell. 

Continuous; design throughput minimum indeterminate; see K.2.4. 

K.2.5 PREPARATION OF CALCINE FOR EXTRUSION 

Calcine must be cooled, water added (10%) and mixed. Product is agglomerated calcine. 
Process uses pin mill, which is jacketed and designed for remote operation/maintenance. 
Design capacity is 437 kg, operating capacity is 295 kg. Temperature is 30-50oC at end of 
cycle. 

Comment 

Principal problems will be maintenance problems. Equipment must be designed to 

minimize hold up and must be provided with means for internal decontamination and 
remote disconnects in order to remove it for maintenance outside the cell. It 
might be possible to design for remote replacement of rotating shaft and bearings 

as a uni t. 

K.2.6 EXTRUSION 

Conditions 

Volume I assumes direct feed of calcine agglomerates to press chamber, evacuation of 

chamber (after closing) and extrusion to form 10.6 in. (0.27 M) dia billet. Billet is cut to 
approximately 45 in. (1.15 meter) length(a), and is moved to sintering furnace after 
inspection. The possibility of producing inadequately consolidated extrusion requires 
consideration of means to crush and return material to the pin agglomerator. Dust 
protection is required, and means of returning dust to agglomerator for reconsolidation is 
also required. 

Comment 

(a) In a process of this type, it is generally preferable to precompact loose press feed 
prior to charging to the extrusion press. This would introduce an added complication 
to this process, but might reduce the possibility of generating poorly consolidated 

extrusions if the agglomeration alone does not provide sufficient densification. Some 

(a)Calculated from stated shrinkage in diameter. 
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experimental work would be required to resolve the question as to whether the process 
improvement is necessary. 

(b) Cutting of the extruded billet may present problems due to the abrasive nature of the 
material. Sawing would create objectionable dust, knife or thin wire cutting would 
eliminate this. Laser cutting could be considered. 

(c) Inspection of the billet would be visual, via closed-circuit television, supplemented 
by weighing to verify the density. 

(d) Cycle times are predicated (in part) on achieving an extrusion rate of 1 inch/minute. 
As this is not a limiting factor in plant throughput, slower rates would be acceptable 
if necessary to achieve required properties in the billet. 

Cycle Time 
Load-3~ min, Evacuate-3D min, Extrude-45 min, Cut-IS min, Total-2 hours. 

K.2.7 DRYING/SINTERING 

Conditions 

An essentially conventional multi-zone resistance furnace is employed; maximum firing 
temperature is 10500C. Based on the cycle described in Figure K.6, Volume I, a four-zone 
furnace may be required. The first two zones are required to accomplish the drying and 
reduction; the third zone is the sintering zone, at maximum temperature. The four'th zone, 
is a cooldown zone, with final cooldown in the air lock. In a furnace of the short length 
(12 ft) required by the Volume I process, it is probable that there would be only two, or 
possibly even one, fired zone. Special problems involved in the design of the furnace 
include that of developing some means of supporting the billets which will not impede access 
by the reducing gas in the furnace and of designing a transport mechanism which will meet 
cycle time requirements with minimum mechanical complexity and with provision for remote 
maintenance. Furnace heating elements must be designed for remote replacement without need 
to remove tunnel. Means for controlling H2 content of furnace atmosphere and for recovering 
and compressing argon exiting from furnace must be designed. 
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Comment 

(a) There may be considerable question as to the technical feasibility of reducing a 10.6-
in.-dia in dia billet under the conditions and cycle time postulated. No data are 
available as to hydrogen diffusion rates into and H20 diffusion rates out of the 
billet, and these will determine whether the reduction can be accomplished and what 
cycle time would be required. 

(b) A similar question, though less directly significant, could be raised concerning the 
sintering. If the reduction is incomplete, so also will be the sintering. 

(c) The problem might be resolved by extruding a hollow cylinder, with a web of such 
thickness as to provide sufficiently short paths for the diffusion, but this would 
introduce substantial problems in maintaining the cylindrical configuration. Pre
reduction of the calcine may be the only solution to the problem. 

Cycle Time 

24 hours 

K.2.S INTERIM STORAGE 

Conditions 

Conventional water pool storage assumed. This would dictate stainless steel 
containers. Ultimate disposal of the container would establish requirements for the 
container material. Thus, dry storage of mild steel containers would be an acceptable 
alternative for the interim storage. but if the repository requires stainless steel 
containers. they would have to be encapsulated in stainless before shipment. 

Cycle Time 

N/A 

K.2.9 NOTES ON BLOCK FLOW SHEET 
The following notes are keyed to index numbers on the block flow sheet in Figure K.1: 

1. Reference HLLW is assumed. The total estimated nitrate, based on stated acidity and 
estimated nitrate associated with dissolved ion species. is 2.0S9 kg moles/MTHM. 
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2. Assume iron, nickel, and copper are added as nitrates, for purposes of calculating 
stoichiometry. Added Fe, Ni, and Cu are in kg moles/MTHM: 1.154, 0.318, and 0.074, 
respectively. 

3. Assume HLLW feed plus added metallic nitrate are evaporated for volume reduction before 
addition of urea. Add silicic acid as solid. 

4. Assume 1 mole urea/mole nitrate is required to destroy nitrate; on this basis, urea 
requirement is 380 kg for each MTHM processed to destroy nitrates. To calculate the 
urea required to destroy residual water, it is necessary to know the final volume of 
the feed. If it is assumed that the waste is reduced to 190 LlMTHM, the water con
tent of the reduced volume of HLLW would be 105.7 kg/MTHM; at 3-1/3 kg urea/kg water, 
an additional 352 kg urea MTHM would be required to destroy the water, but due to the 
reduction of nitric acid content during the concentration step, the urea required for 
denitration drops to 358 kg/MTHM. Total urea required, therefore, is 710 kg/MTHM plus 
what is required to dissolve the soluble solids remaining and to serve as a medium 
for transfer of the undissolved solids to the calciner. Volume I, Table K-1 implies 
a total urea content requirement of 837 kg/MTHM, but it is not possible to calculate 
precisely the total urea requirement from the available information. 

Silicic acid (H2Si03) is added as a solid; 946 g/MTHM is required. 

5. Water is added at rate of 10% by weight calcine as binder. 

6. A 24 hour drying/sintering cycle is assumed. The extruded (green) billets are 10.6 in. 
(0.27 m) in dia and 45.4 in. (1.15 m) in length. Twelve hours in the drying section and 
12 hours in the sintering section is required (Volume I, Figure K-6). It is estimated 

in Volume I that at a rate of 6 in./h movement, a 12-ft-long retort is required to give 
the required residence time, based on the assumption that the billets are moved through 
the furnace in a direction normal to their major axis. The short furnace may make 
control of the temperature profile difficult to maintain. As noted in Comment (b) 
under Para. K.3.1.3(e), care must be taken not to sinter the outside surface of the 
billet before the reduction is complete; at the same time, temperature in the sintering 
zone must be high enough to assure complete sintering of the billet. 

7. Recycle of green extrusions is required; and equipment must be provided to crush the 
cylinders and transport the material back to a blender ahead of the extrusion press. 
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8. Argon requirements, based on information given in Volume I, Appendix K on hydrogen 
usage will be 22,407 kg/d, assuming no recycle of the argon, and 100% reaction of the 
hydrogen. Making a more realistic assumption of 80% reaction, and calculating hydrogen 
usage on the basis of the stoichiometry (with some additional assumptions), the 
requirement is 18,181 kg/d. On a yearly basis, these are: 

PNL case, 12.3 gH2/L HLLW --6.7 X 106 kg/yr 
JAI estimate, 80% H2 reaction -- 5.5 X 106 kg/yr 

Either of these represent large usage rates which may well render the process 
impractical. 

It would appear that a more reasonable way to accomplish the reduction would be to 
reduce at the calcine stage, as suggested by PNL. This should be more economical of 
hydrogen and argon and provide greater certainty of the desired state in the final 
product. The question of practicality of the reduction process is not addressed, but 
it should be noted that in order to achieve the desired reduction, hydrogen must 
diffuse into the extrusion, and the water formed in the reaction must diffuse out. No 
data are available to indicate whether this is feasible in a 10.6 in. diameter piece. 
The problem could be averted by extruding in small diameters (3/8 - 1/2 inch) and 
cutting to shorter lengths for packaging, either in a metal matrix or in an inert 
atmosphere. Another alternative suggested in Volume I is pelletizing followed by 
sintering. Either of these appear about equally complicated vis-a-vis the suggested 
process. 

9. The off-gas contribution from reactions of urea is estimated to be of the order of 
145 cfm; it will contain considerable quantities of ammonia, the removal of which is 
expected to create a problem which will require substantial development work. The 
characterization of the off-gas stream has not been done, and will be a necessary 
element of the development program. Possible methods of removal of ammonia are water 
scrub and neutralize, or catalytically destroy ahead of off-gas condenser. 

It would appear that only the NH3 in the off gas is likely to create a problem, though 
the large quantity of off gas will require a larger capacity off-gas system than the 
Reference Process. The increase in quantity appears to be due to the large quantities 
of urea employed; the urea appears to contribute 104 cfm to the off-gas stream. 

It is not possible to characterize the off-gas stream from textbook chemistry; thus, 
experimental work under conditions representing the process operation must be done. It 
is, for example, not completely certain that ammonia would be formed-- at least it 

appears doubtful that it would be formed quantitively from urea + water + HN03 in the 
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spray calciner, particularly in view of one observation that NH4N03 is not formed 
(Volume I, Section K.3.3.). 

The probable requirement for treating the argon off-gas stream presents another problem 
in handling the off gas. This must be considered, owing to the possibility of 
volatilizing radioactive materials during the sintering operation. Using it as the 
atomizing gas may be a reasonable solution. 

K.2.10 PRODUCT QUALITY 

HLLW should be free of entrained organic. 

Calcine should be free-flowing powder, without cakes or excessive residual nitrate. 
Sampling of the agglomerated calcine should be provided for. Experimental work to establish 
the permissible limits of residual nitrate in calcine should be done. 

Green billets should be free of cracks and surface discontinuities; they should be well 
consolidated and in the shape of undistorted right circular cylinders. 

Sintered billets should be free of cracks and surface discontinuities and be in the 
shape of right circular cylinders with minimal distortion or bowing. Diameter control is 
critical, due to the necessity of maintaining close tolerances in the billet OO-Canister ID 
clearance. 

Comment 

(a) Rather than recycling sintered billets not meeting dimensional and visual 
requirements, it would be preferable to employ special packaging for such billets. For 
example, billets displaying evidence of extensive cracking could be either doubly 
encapsulated, or placed in a larger container and encased in lead. Full-scale cold 
pilot-plant work will be required to establish extrusion and sintering parameters 
required to yield acceptable billets. Recycling of sintered billets would be quite 
troublesome with radioactive material, though not impossible. 
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K.3 DISCUSSION OF EVALUATION 

K.3.1 COMPLEXITY OF PROCESS 

The process is not highly complex in terms of the number or character of the process 
steps concerned. Equipment requirements are, however, likely to prove troublesome, and 
remote operation and control at the extrusion and sintering steps will present considera
ble problems in the proposed method of operation. The following paragraphs consider some 
details of the evaluation. 

K.3.1.1 Process Control 

(a) Calcination 

The feed will be batch-prepared, thus there should be minimal probability of variations 
in the preparation of reactants, and variations of feed rate to the calciner should be 
tolerable, within certain limits. Gross overfeeding of calciner will result in severe 
caking problems. 

(b) Agglomeration and Extrusion 

Careful control of the rate of water addition is required. Too low a rate of water 
addition will create problems in extrusion, and too much water is likely to create 
problems in the dimensional stability of the billet, as well as impeding the reduction. 

(c) Reduction and Sintering 

Hydrogen content of the furnace environment must be carefully controlled; too little 
hydrogen will slow the reduction rate. Too much hydrogen offers a remote possibility 
of an explosion hazard. 

(d) Remote Control/Operation 

Insufficient information is available on the process to fully assess the problems 
likely to be encountered in controlling the process or in remote handling of the 
intermediate products. Remote control and remote operation at the agglomeration and 
sintering stations are likely to present formidable design and installation problems; 
the extrusion station is likely to present difficult problems in dust and contamination 
control. 

K-12 



K.3.1.2 Material Handling 

(a) Waste Feed Streams 

Airlifts, steam jets or pumps are suitable. A pump, however, is required to deliver 
the fluid pressure necessary for atomization. 

(b) Calc; ne 

Calcine is assumed to free-flow into a diverter capable of directing the flow to one or 

the other of the agglomerators. 

Should the process alternative of reduction prior to agglomeration and extrusion be 
adopted, a continuous reduction device might be used in a process arrangement such as 
that in Figure K-2. This may be the only way to make this process workable on the 
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(c) Agglomerated Calcine 

Assumed to flow directly from agglomerator outlet to extruder feed hopper. Should cell 
height problems require lifting, either a mechanical elevator or pneumatic transfer 
would be required. 

(d) Green Extrusion 

Much work will be required to develop suitable means of handling the green extrusion in 
order to minimize damage to the billet and distortion of the shape. Any cradle support 
must not restrict access of the reducing gas to the billet surface in the furnace. 
Billet must be moved from extruder outlet to inspection table to furnace inlet airlock. 
Conventional conveyors modified for remote servicing and maintenance probably 

acceptable. 

Rejected extrusions lifted by crane into feed hopper of crushing system; mechanical 
elevator or pneumatic transfer for return of crushed recycle to agglomerator. 

(e) Furnace Transport 

Because of the requirement for fully remote operation, this becomes the most difficult 
operation to design. A walking beam furnace may prove acceptable, but is relatively 
complicated, and would be troublesome to maintain. A simple pusher at the feed end 
would be easier to maintain, but poses reliability problems in that furnace jam-ups, 
which would be extremely difficult to correct, can be expected with such a system. 
This may require considerable development work to obtain a suitable resolution. 

(f) Finished Billets 

The finished billets may conveniently be handled by a light crane with suitable 
slings. Loading of the canisters should be done in a horizontal position with air or 
hydraulic pusher, then tilted to vertical for movement to the capping and welding 
station, and to the leak test stand. 

Sealed canisters may be moved in the same way to storage. 
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K.3.l.3 Equipment Considerations 

(a) Feed Preparation 

It is proposed to preconcentrate the HLLW feed prior to addition of urea in order to 

conserve urea. A conventional batch evaporator is adequate for this purpose; either 

one or three would be required depending on the operational approach elected. 

(b) Calcination 

The standard PNL spray calciner is required. Modification of spray nozzle may be 

required to handle the viscous slurry. If cold development work demonstrates 

postulated capacity, one unit is required. 

(c) Agglomeration 

A pin type agglomerator is assumed; two are required. One will be in the process cycle 

while the other is transferring feed to the extruder. Must handle ,.,120 L calcine per 

batch. Must be equipped for remote removal, internal decontamination, and must provide 

means to introduce water spray. 

Sampling of agglomerate between this equipment and extruder must be provided, or 

alternatively, an in-cell water analyzer must be developed. Agglomerators must be 

provided with means of retaining material in the shell while calcine is being 

processed. Some means of pre-cooling calcine prior to introduction of water needs to 

be developed -- either as a separate piece of equipment, or as an added feature on the 

agglomerator itself. 

(d) Extrusion 

Horizontal press extruder is assumed. If it is necessary to transport the agglomerated 

calcine (rather than dropping directly into extruder chamber) because of process 

restraints, a vertical extruder could be considered, but the design might prove 

difficult. 

Absent any data on extrusion characteristics of the material, it is assumed that an 

approximate 1.7 reduction factor on diameter will be required. Thus an l8-in.-dia 

chamber is specified; length of closed chamber required to contain the charge is 

estimated to be ",26 in., including an allowance of 25% additional length for sealing. 

At an extrusion pressure of 4500 psi [see Volume I, Appendix K; ORNL says 3000 psi for a 

small wax-bound compact (Aaron, 1978a)] and with an 18-inch-diameter piston, a press of 

approximately 600 tons force capacity is required (note that Volume I report calls for 

a 100 ton press). 
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Press must be equipped for remote die change, remote replacement of piston seals, and 
internal chamber decontamination. Means for collecting decontamination solutions must 
be provided, as well as means for returning these to the HLLW feed preparation system. 

Cut off provision must be made, with capability for remote servicing of cut-off unit 
and remote replacement of cut-off blade (or equivalent). Positioning means for billet 
and cut-off device will be required. Mechanism for transferring green billet to the 
sintering furnace is required together with suitable supporting cradles for the billet. 

It should be noted that this is a massive piece of equipment whose space requirements 
will surely far exceed the 3 m x o.s m x O.S m specified in Volume I, Table K-S. 

(e) Sintering Furnace 

The sintering furnace is a horizontal, resistance-heated, four zone furnace with a 
continuous muffle (or retort) of high-temperature alloy (Inconel or equivalent), 
equipped with airlocks at each end, and means for moving the billets through the 

furnace. 

Comment 
(a) See comments (a) and (b), K.2.7 

(b) Careful control of the temperature profile in the furnace is essential, hence the 
selection of a four-zone heating regime. Initial heatup must permit the initial 
water to escape at a rate which does not disrupt the billet structure, which 
requires a relatively low temperature in the first zone. A higher temperature in 
the second zone is required, but must not be so high as to cause sintering at the 
outside surface before the reduction is complete. Third zone is the sintering 
zone, and the fourth zone is a cooling zone, with low heat input. As noted 
earlier, there may be considerable difficulty in maintaining a proper temperature 
profi le in a furnace only 12 ft in length, and with the large cross-section 
required to accommodate the inlets crosswise in the muffle. Final cooling of the 
billet is in the exit air lock. 

(f) Other Equipment 

Recycle Equipment 

Provisions must be incorporated to permit recycle of green billets, if the extrusion 
process fails to produce acceptable billet structure. A hammermill has been suggested 
(Volume I), but it seems likely that preliminary crushing of the billet will also be 
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required to reduce the billet to a size suitable as feed to the hammermill, otherwise 
the hammermill would have to be of a rather larger size than would be convenient. 

A mechanical elevator is suggested in Volume I to transport the comminuted 
material back to the recycle feed bin; pneumatic transport, using the compressed argon 
atomizing gas may be preferable in terms of mechanical complication and maintenance 
probl ems. 

Off Gas 

The standard reference off-gas system would be used, with provision for dealing with 
the ammonia present. See Comment 9 in Paragraph K.2.9. 

Recovery of the argon from the off gas might be considered; a cost-benefit analysis of 
the recovery operation vs. once through argon would have to be made. 

Remote Welding 

This is well developed equipment, and should be available virtually off the shelf. 

Inspection Equipment 

Remote closed circuit television would be used to inspect billets before and after 
sintering. The remote kinescopes may require some shielding to minimize circuit 
degradation in the radioactive environment. 

Helium leak-testing equipment, as developed for the Reference Process,will be required. 

Remote Handling Equipment 

Cranes, power manipulators, master-slave manipulators, and conveying equipment will be 
required. 

K.3.1.4 Special Features Required 

All equipment must be provided with means for internal decontamination, in the form of 
spray nozzles or rings, and means of heating the decontamination solution, if not already a 
process requirement. Drains for the decontamination fluid, with provision to transfer it 
back to the HLLW feed preparation system are required. This requirement will undoubtedly 
require redesign of some pieces of equipment which might otherwise be available virtually 
off-the-shelf. 

Vessels which cannot be contacted with decontamination spray on all internal surfaces 
must be provided with means of completely filling the vessel and of sparging the contents. 
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All equipment except for the extrusion press and the sintering furnace must be designed 
for remote removal and replacement, with remote disconnects on all process and utility 
lines. Layout of the removable equipment in the cells must take into account the necessity 
of having access to all the connectors and the necessity of removing the equipment item. 

The press must be remotely serviceable for limited maintenance [see K.3.1.3(d)], and 
must be capable of thorough decontamination for contact maintenance. The sintering furnace 
should be designed for remote removal and replacement of heating elements, and for 
decontamination of the muffle (retort, tunnel) and airlocks. Remote removal of the muffle 
may be desirable, but is probably not necessary. 

The press and furnace should be provided with means for remote inspection, and should 
be isolated by some shielding from other equipment in the cell. A separate cell for each 
would be desirable, but may not be necessary. 

The crushing equipment for preparation of reject green billets will be particularly 
difficult to decontaminate, and must be designed to minimize this difficulty. Removal to a 
decuntamination cell is likely to be required in the event maintenance or repair of the 
crusher is necessary. 

K.3.2 STATE OF DEVELOPMENT 

Only a limited amount of small-scale laboratory work has been done. Spray calcination 
in a four-inch-diameter heated-wall calciner has been tested, and small samples of cermets 
prepared from hi gh 1 eve 1 wastes -- but. not current power reactor waste -- have been made in hot 
cell facilities at ORNL. Insufficient details concerning the process have been published to 

assess the large-scale feasibility, or to evaluate the basis on which confidence in the 
practicability of the process rests. 

Neither process nor equipment development have progressed beyond the conceptual stage, 
as far as production application of the process is concerned. 

K.3.3 SAFETY 

There does not appear to be any unusual safety problem associated with this process. 
All operations with radioactive material are conducted at atmospheric or subatmospheric 

pressure, with the exception of the extrusion and sintering processes. Slightly above 
atmospheric pressures will prevail in the sintering furnace. Two potential problems can be 

seen in the HLLW and spray calcining operations: 
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• presence of an excess of TBP or TBP decomposition products in the incoming feed could 
lead to promotion of "red oil" in the evaporator. This is a well recognized safety 
problem and means have been developed to preclude its development. 

• presence of large quantities of ammonia in the off gas might, under some circumstances, 
result in the formation of ammonium nitrate. ORNL has reported no tendency to generate 
ammonium nitrate in the process. Although a low probability occurrence, the presence 
of ammonium nitrate on the off-gas filters could lead to severe plugging of the filters 
due to melting of the nitrate; result could be pressurization of the calciner and 
release of radioactive particulate to the cell. 

Criticality problems are virtually incredible and could only develop if a severe 
process upset occurred in the separations plant and went undetected at both the separations 
plant and the solidification unit for an extended period of time. A more detailed process 
analysis and criticality evaluation would be required to assess the possibility of a 
criticality problem developing if substantial quantities of uranium and plutonium were 
received with the waste. 

Release of radioactive particulate to the cell ventilation air can be a source of 
contamination in the plant, and could result in off-site release in event of filter failure. 
This is a routine safety problem, and methods for dealing with it are well developed. The 
unusual problems with this in the cermet process are in the green billet recycle system, 
where dusting will be somewhat more difficult to control, and in the handling of the 
agglomerated calcine mix. Dusting may also be a problem here, and the possibility of caking 
due to overheating can also be forseen. Maintenance work can lead to radiation exposures 
from material trapped at equipment interfaces, which may prove difficult to decontaminate. 

Careful control of hydrogen concentration in the sintering furnace is required, and 
good ventilation in the cold makeup area will also be required to avoid buildup of hydrogen. 

K.3.4 PROCESS REQUIREMENTS 

K.3.4.1 Process Latitude 

Insufficient information is available to be precise on the effects of variations in 

feed composition on the quality of the product. A similar situation prevails with respect 
to process variables. 
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Some inferences can be drawn, however. 

(a) Based on the HLLW composition given in Volume I, the most likely variations in actual 
feed streams will be in the iron content and the sodium content. High iron wastes will 
require less added iron. High sodium wastes will require more than normal additions of 
aluminum and silicon. Both of these are easily accomplished. 

(b) The effects of maloperation of the calciner will most likely be reflected in higher 
than normal residual nitrogen in the calcine. The effects of this must be determined. 

(c) Higher burnup of fuel wi 11 lead to higher concentrations of fission products in the 
products and higher heat loadings. The composition of the cermet would appear capable 
of tolerating some variations without significant effect; the 1 imits should be 
established experimentally. 

(d) Effects of temperature and hydrogen flow during sintering are critical. Inadequate 
reduction or incomplete sintering will produce unacceptable finished billets. 
Resintering is an acceptable means of correcting this. Rather than rerunning the 
billets through the production furnace, however, the resintering should be 
accomplished in a separate batch sintering furnace which should be provided in the 
process layout. This assumes, of course, that the reduction can be done at all under 
the postulated conditions. 

(e) Improper extrusion conditions, (i.e., too little or too much water in the calcine 
feed) are likely to result in unacceptable green billets. The problem would be cor
rected by recycling the green billets through a crushing or milling step. 

The permissible latitudes must be established in full-scale pilot-plant work on cold 
materials. 

K.3.4.2 Process Additives 

The 1 arge qu ant it i es . of argon gas requ ired for th is proces s as proposed raises 
considerable question as to its practicability as a production process. The large quantity 
of urea required ( > O.8MT/MTHM) also constitutes a minor penalty. 
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K.3.4.3 Secondary Wastes and Off Gas 

As noted elsewhere, the off gas has not been characteri zed, but its vo 1 ume is 
significantly greater than that of the Reference Process, and is likely to contain species 
which will present operating problems. 

K.3.4.4 Quality Control 

For the most part, the success of the process in meeting the principal objective is 
determined by the composition of the feed to the spray calciner. Thus, it is necessary to 
sample the feed stream to verify that it has been properly prepared. Sampling and analysis 
of the incoming HLLW stream is necessary in order to establish the quantities of the 
respective additives to be incorporated; accurate analyses for sodium and cesium in 
particular are required. 

Moisture content of the agglomerated calcine is an important process variable, and it 
would be desirable to have an in-line capability for moisture determination. This will 
require some equipment development work to adapt an existing moisture analyzer to the 
process environment. Remote calibration procedure must also be developed. 

Quality of the green and sintered billets would be determined by visual inspection. It 
could prove advantageous to develop a method of remote preparation of a small green billet, 
under standardized and carefully controlled conditions, for determination of the crush 
strength of the material after consolidation. It is not clear that this will be necessary, 
but if persistent difficulties are encountered in full-scale hot development work, such a 
procedure might minimize the recycle of green billets. It would be hoped that the operating 
parameters would be sufficiently well developed during the hot development work that the 
production facility would not require such a complication. An unknown factor in the success 
of this process in meeting the product objectives is the question of whether it will be 
possible to obtain uniform reduction and sintering across the diameter of the large green 
billets during the furnace treatment. Numerous corings through sintered billets will be 
required during the full-scale hot development work to establish the reliability and 
reproducibility of the sintering operation. If the sintering operation proves to be 
feasible, it would be expected that the results of the hot development work will point the 
way to suitable operating conditions which will avoid the necessity of routine analysis of 
the production billets. Periodic analysis of the production billets may still be required 
(i.e., every 75-100 production billets) until the process reliability has been clearly 
established in the production equipment. 
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K.3.5 DEVELOPMENT WORK REQUIRED 

K.3.5.1 Process 

A substantial process development effort appears to be necessary to develop data and 
information of value to the engineering of a production installation. Of primary importance 
are definition of the basic process chemistry, characterization of the off-gas stream, and 
determination of the feasibility of the large-scale reduction-sintering operation. 

K.3.5.2 Equipment 

With the exception of the spray calciner and the associated feed equipment, none of the 
specialized equipment required for this process has been used in remote radioactive service 
on a production basis. Sintering furnaces have been operated in a semi-remote fashion (in 
glove-boxes). Heavy-duty extrusion processes have been designed for remote operation in the 
explosives industry, as also have curing ovens, mixers and mills; in these cases, the 
operation is not fully automatic, in the sense that the set-up may be done with the operators 
in attendance, and maintenance is unrestricted. Further design modifications wi 11 be 
required to provide for fully remote feeding and product handling and for limited 
maintenance and equipment servicing. 

Some further considerations on these points are: 

(a) Agglomerator. The pin type agglomerator is required to provide dense flowable mate
rial in the desired size range. 

Problems most likely to be encountered are excessive wear at the shaft bearings due 
to the abrasive material being handled, and caking in the shell due to too much water 
(or to overheating in the presence of insufficient water). Design of the device must 
be such as to permit remote replacement of the shaft and bearings, preferably as a 
unit. Easy access to the interior of the shell will also facilitate dealing with 
caking problems. 

The outlet of the agglomerator must be equipped with a remotely operable and service
able closure to retain the contents during the mixing operation; hold up of material 
in this closure must be minimal otherwise caking will be a constant problem. Equip
ment development work will be required. 

K-22 



With proper protection of the bearings fran the abrasive calcine, bearing failure 
should be infrequent, and replacement relatively easy, if proper design features are 
incorporated. 

(b) Extrusion Press. The requirement for evacuation of the extrusion chamber after loading 
with the agglomerated calcine creates a requirement for positive sealing of the 
hydraulic piston and the extrusion chamber; this in turn dictates a relatively soft 
seal, which will be subject to abrasion and wear. Replacement of the seals remotely 
must be provided for in the design of the press and its accessories. 

The die will also be subject to abrasive wear on the inlet contour, and must be capable 
of remote replacement. 

Design of the press installation should provide for all hydraulics, including the 
extrusion ram drive piston, outside the hot area of the cell; it would be preferably 
located in a continuous access area, but may, if more convenient, be in a limited access 
area. 

The relatively light-duty cycles on this press (less than 5 extrusions/day) suggests 
that this should not be a frequent cause for shutdown for servicing. Some development 
work on appropriate seal material is required. Die wear can be minimized by coating 
the inlet section and the throat with a highly abrasion-resistant material. 

(c) Recycle Crushing. Considerable development work will be required to fix the design of 
this equipment, as the physical properties of the green billets will determine the type 
and size of the equipment required. If, for example, the material is relatively 
friable, a roll crusher may prove adequate; if the wet calcine behaves like cement, 
however, more drastic means will be required. Roll or jaw crushing, followed by a 
hammermill may be necessary. 

Crushing equipment for use with radioactive materials was under development for a 
number of years, but to date has not been tested on a radioactively hot basis. The 
equipment was intended for use in processing HTGR fuels and was being developed by 
General Atomic; work on the equipment slowed down considerably about three years ago. 
Meeting design objectives for minimum dispersal of contamination while still providing 
for remote maintenance and material handling into and out of this equipment will be 
very difficult, although GA bel ieves it could design a suitable system based on 
available data. Hot testing would be required. (See AEC, 1974; Baxter, 1974a.; Baxter 
1974b). 
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(d) Sintering. Principal problems likely to be encountered with the sintering furnace are 
those associated with the transport equipment for moving billets through the furnace 
and with replacement of heating elements. The latter appears to be a straightforward 
design problem, but the former will require considerable equipment development work. 
To minimize maintenance problems, the equipment must be simple, but it is essential 
that it be designed to avoid the possibility of jams in the furnace. The s"implest 
approach is a hydraulic pusher which simply pushes the string of carriers, or pallets 
through the furnace. This leads frequently to overriding of the pallets and jams, 
which present very difficult problems in the thermally and radioactively hot 

environment. The required air locks at the inlet and outlet ends of the furnace, and 
the requirement of containing the hydrogen-argon mixture employed as the furnace 
atmosphere further complicate this problem. The sintering furnace, because of the 

above considerations, is likely to be a source of considerable downtime for 
maintenance. 

(e) Automatic Remote Welding. This equipment should present no unusual problems. 

(f) Helium Leak Test. This equipment should present no unusual problems. 

(g) Pneumatic Transfer Equipment. Except for "fine tuning" the design and operational 
parameters to each type of material to be transported, this equipment should present no 
unusual problems. Both nonradioactive and radioactive test work will be required to 
establish these parameters. 

K.3.6 FACILITY REQUIREMENTS 

Except for the extrusion press, the reduction/sintering furnace, and the billet 
crushing/recycle equipment, which for maintenance reasons should be located in separate 
shielded cubicles, the facility requirements for the cermet process compare favorably with 
the Reference Process. Depending on the radioactive contamination levels in the argon gas 
(furnace atmosphere) it may be necessary to provide shielded facilities for the argon and 
compressor and the argon surge vessel. If shielded space is required for these, it would 
further increase the radioactive facility requirements. 
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K.4 WASTE SOLIDIFICATION PROCESS EVALUATION -- CERMET PROCESS 

The detailed evaluation is presented in Table K-5. 
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TABLE K-5 Waste Solidification Process Evaluation--Cement Process 

Criter i a 
1. Complexity of process 

(a) Number of process steps 
(b) Process control 
(c) Material handling 

(d) Adaptability of equipment to 
remote operation 

(e) Maintenance requirements-
equipment reliability 

(f) Internal recycle 
(g) Assessment of feasibility. 

for production use 

2. State of development 
(a) Process 
(b) Equipment 

3. Safety 
(a) Dispersion driving forces 

(chemi ca 1, mechan ica 1 ) 
(b) Personnel exposures (routine, 

accident, maintenance) 
Ie) Hazardous materials required 

4. Process requirements 
(a) Final waste volume 
(h) Process additives and 

auxiliary materials 
(c) Secondary wastes and off-gas 

quantities 
(d) Process lltitudes 

(e) QU31ity assurance 

S. Development work required 
(a) Type of development 
(b) Scale of development programs 
(c) Time required 

(from initiation of program) 
6. Facility requirements 

(a) R ad i oact i ve f ac i 1 it i es 

(b) Nonradioactive facilities 

TOTAL RATING 

Factor Weighting 
Subtotal Total 

10 
5 
5 

10 

10 

5 
15 

10 
10 

20 

15 

5 

? 
3 

5 

5 

10 

15 
10 
10 

15 

5 

60 

20 

40 

25 

35 

20 

Rating Assigned 
Subtotal Total Comments on Rating 

255 
7 Reducing and sintering counted as one step. 
7 
5 Recycle material; also possibility of having to 

handle agglomerated material and fines. 
5 Extrusion press and sintering furnace not remotely 

maintainable, limited servicing possible. 
3 Sources of problems: mixer, extrusion press, 

recycle reducer, feeder and sintering furnace. 
6 
1 Process chemistry incomprehensible; low probability of 

reducing and sinterinq 10+in.-dia billet under stated 
conditions, potential"hazards in large-scale operation. 

1 
3 

5 

5 

Q 

10 
1 

5 

7 

3 

2 
;> 
3 

4 

8 

40 

220 

113 

80 

100 

808 

Limited process data reported. 
Doubtful that commercially available eguipment can be 
adapted to sintering oven requirements; no commercially 
available equipment for mix/agglomerate function, other 
equipment too remote. 

Urea addition likely to result in exothermic reaction. 
Some potential for hydrogen explosion. 
Probable frequent problems with agglomerator and recycle 
feeder will result in particulate contamination. 
Urea a possible source of problems. 

197 Lid 
(opper and nickpl required; very large quantities of arqon 
required; large quantities of hydrogen. Argon may be a 
problem. 

Feed concentration, percent water in agglomerated material 
likely to be problem areas. 
Moisture content of agglomerated calcine may be correlata
ble with green billet integrity, but final product quality 
is established at last step. 

Extrusion press and reduction/sintering furnace installa
tions will prove troublesome and space consuminq. 
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APPENDIX L 

PROCESS RATING GUIDE 

This Process Rating Guide is intended to provide a uniform basis for rating the eleven 
alternative processes. Table L-l is a tabulation of the rating criteria, with the weighting 
assigned to each. An evaluation form was prepared for each process under consideration. 

TABLE L-l Waste Solidification Process Evaluation 

Process 

Total Rating _______ _ 

1. Complexity of Process 
(a) Number of Process Steps 
(b) Process Control 
(c) Material Handling 
(d) Adaptability of Equipment to Remote Operation 
(e) Maintenance Requirements - Equipment Reliability 
(f) Internal Recycle 
(g) Assessment of Feasibility for Production Use 

2. State of Development 
(a) Process 
(b) Equipment 

3. Safety 
(a) Dispersion Driving Forces (chemical, mechanical) 
(b) Personnel Exposures (routine', accident, maintenance) 
(cl Hazardous Materials Required 

4. Process Requirements 
(al Final Waste Volume 
(b) Process Additives & Auxiliary Materials 
(c) Secondary Wastes and Off-gas Quantities 
(d) Process Latitudes 
(e) Quality Assurance 

5. Development Work Required 
(a) Type of Development 
(b) Scale of Development Programs 
(c) Time Required (From initiation of program) 

6. Facility Requirements 
(a) Radioactive Facilities 
(b) Nonradioactive Facilities 

L-l 

Basis of Evaluation; References _______ _ 

Factor weightin~ 
Sub Tota 

Rating Assigned 
Sub Total 

Comments on Rating 

60 
10 
5 

5 

10 
10 
5 

15 

20 
10 
10 

40 
20 
15 

5 

25 

2 

3 

5 

5 
10 

35 

15 
10 
10 

20 

15 

5 



L.1 RANKING 

Each criterion was assigned a ranking from 1 to 10, which was based on an assessment of 
the overall process with respect to that criterion. High numerical value of the ranking in 
each case indicates high merit attributed to the process in respect to that criterion. For 
the attribute of process complexity, the least complex process was accorded the highest 
merit. 

For each criterion, a series of descriptive statements is presented which identify 
levels of merit for that criterion. The ranking assigned was based on the rating of that 
critical step in the process which shows the lowest level of merit in respect to that 
criterion. 

L.1.1 RATING OF THE PROCESS 

The rating for each process is the summation of the products of criterion weight and 
ranking for all criteria. The lowest rating possible was 200 and the highest was 2000. 

Where necessary to explain the basis of the ranking, appropriate comments were entered 

on the rating form. 

L.1.2 DESCRIPTIVE STATEMENTS 

1. Complexity of Process 

( a) 

(a) Rating = 12 - number of process steps between feed preparation and canister seal. 

(b) Process 
10 

8 

6 

4 

control 
Minimal controls on material flow quantities and processing conditions. 
Process can accommodate some variation in operating parameters 
Extensive but straightforward controls on processing conditions. Process 
can accommodate some variation in operating parameters 
Complex control required. Close control of process is essential 
Complex controls required. Process entails the use of high temperature 
and/or pressure which must be closely monitored 
Complex controls required. Failure of control system apt to lead to 
serious upset condition 

(c) Materials handling and in process transfer(a) 

10 -- Requires limited handling of material outside of process system 

Includes interstage material transfers, material handling outside of enclosed (primary) 
process systems, and all recycle material handling. 
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8 Requires moderate handling of consolidated items outside of process 
system 

5 Requires moderate handling of unconsolidated material outside of process 
equipment 

4 Requires substantial handling of consolidated material outside of process 
equipment 
Requires substantial handling of unconsolidated material outside of 
process equipment 

(d) Adaptability of equipment to remote operation 
10 Equipment has been used in radioactive production operations 
9 Equipment has been used in radioactive pilot-plant operations, performed 

sati sfactorily 
8 Equipment has been used in radioactive pilot-plant operations, requires 

redesign 
6 Equipment has been designed for remote operation but only tested in 

simulated remote operation 
4 Equipment operable on remote basis; equipment relatively uncomplicated. 
2 Equipment operable on remote basis; equipment is complex. 
1 Questionable that equipment could be designed for remote operation or 

maintenance 

(e) Maintenance requirements -- Equipment reliability 

(f) 

10 Equipment is simp1ei no rotating equipment 
9 Equipment employs few valves, which are remotely replaceable 
8 Equipment employs rotating equipment, but power units are located outside 

cell 
6-7 Equipment employs pumps, motors, and other moving equipment which are 

remotely replaceable 
5 Equipment requires complex mechanical controls in-cell 
4 Equipment employs rotating elements operating in abrasive environment 
3 Equipment requires frequent adjustment and/or lubrication 
2 Equipment may require frequent maintenance, but is easily removable 
1 Equipment must be decontaminated and maintained in place 

Internal recyc 1 e 
10 Possible, but not likely to be required 
9 Possible, likely to be required at one process step 
8 Possible, likely to be required at more than one step 
6 Difficult, likely to be required at one process step 
5 Difficult, likely to be required at more than one step 
4 Recycle at one or more intermediate steps routinely required 

3 Recycle not feasible at any step. off-specification product unlikely 
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2 Recycle not feasible at any step; off-specification product 1 ikely; 
product recyclable with difficulty 
Recycle not feasible at any step; off-specification material must be 
continued through rest of process; recycle of product not feasible. 

(g) Assessment of feasibility for production use(a) 
10 

8 

6 

4 -

2 -

1 

Process and equipment are relatively simple; adaptation to large-scale 
use is clearly possible. 
Process and equipment are relatively simple but include one or more steps 
for which long-term continuous operation may be difficult. 
Process and equipment are moderately complex and include one or more steps 
for which long-term continuous operation may be difficult. 
Process includes one or more steps about which there is some doubt that 
scale-up to production operation will be practicable. 
Available information does not permit an assessment of feasibility for 
production use. 
Available information indicates that the process may not be feasible for 
production use. 

2. State of Development 
(a) Process 

10 Demonstrated technology, routinely used in production-scale radiochemical 
operations (e.g. solvent extraction) 

g Demonstrated technology, production-scale operating experience with 
materials other than those involved in proposed application, or extensive 
hot pilot-plant work on same types of materials 

8 Demonstrated technology, extensive hot pilot-plant work on other (but 
similar) materials than those intended for proposed process 

7 Extensive cold pilot-scale work with simulated wastes 
6 Pilot-plant work, radioactive, on elements of process 
5 Adaptation of commerci al process on simil ar materi al s; no radioactive 

experience and limited amount of integrated nonradioactive pilot-scale 
work 

3-4 Small pilot-scale work on individual process operations (hot cell or non
radioactive) 

2 Laboratory work; integrated process studies 
1 Limited laboratory work 

(a)In effect, this is an assessment of the level of doubt as to the probability of success of 
a development program of reasonable and prudent scale. 
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(b) State of development of equipment 

10 - Equipment already demonstrated in remote production operation 
9 - Equipment already demonstrated in hot pilot-plant operation 
8 - Equipment has been demonstrated in simulated remote operation, non

radioactive 
7 - Equipment has been demonstrated in nonradioactive experimental work in 

essentially the same design configuration and reasonable scale 
5 - Equipment of standard commercial (nonradioactive use) design has been 

tested in simulated process; satisfactory performance 
4 - Equipment of standard commerci al design must be modified to sati sfy 

special requirements of process 
2 - No commercial equipment is available which will perform required function 

No experimental equipment is avail able which would serve the required 
purpose 

3. Safety Considerations 

(a) Dispersion driving forces 
10 Process operates at moderate temperatures 
9 Process operates at subatmospheric pressures and at high temperatures(a); 

generates dust 
7 Process operates at high temperature(a) with gas pressures above 

atmospheric, generates dust 
5 Process includes step with exothermic chemical reaction, generating gases 
2 Process includes step employing high pressure and high temperature(a) 

(gas pressure) 
Process includes step with potential for chemical explosion 

(b) Personnel exposures 
10 No unusual personnel exposures which are not protected by standard 

radiation protection design 

5 No unusual sources of routine exposure, but moderate probability of 
accidental releases or occasional maintenance resulting in exposure 
Probable maintenance requirements will lead to higher than normal 
exposures 

(c) Hazardous materials(b) 

10 No inherently hazardous materials required 
7 Materials of moderate toxic hazard employed 
4 Materials of moderate explosive hazard employed 
1 Materials of high toxicity or explosive hazard employed 

(a)High temperatures mean anything in excess of 8000 C. 
(b)Other than the HLLW. 
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4. Process Requirement 

(a) Final waste volume (Based on external canister dimensions) 
10 Less than 500 L/d 
8 500-750 L/d 
5 750-1000 L/d 
4 1000-1500 L/d 
3 1500-2000 L/d 

More than 2000 L/d 

(b) Process additives and auxiliary materials 
10 Requires minimum additives of moderate cost 

7 Requires large quantities, moderate cost 
4 Requires limited quantities, high cost 

1 Requires large quantities, high cost 

(c) Secondary waste and off-gas quantities 
10 Evolution of waste and off-gases not materially different from Reference 

Process. 
5 Evolution of waste and off-gases somewhat greater than Reference Process. 
1 Evolution of waste and off-gases Significantly greater than Reference 

Process. 

(d) Process latitudes 
10 

8 

6 

4 

3 

1 

(e) Quality 
10 

8 

6 

5 

4 

3 

Process capable of accepting substantial variations in feed composition 
and process conditions 
Process moderately susceptible to effects of variations in feed 
compos it i on 
Process requires moderately tight control of process conditions 
Process requires tailoring of reactants/additives for each batch of HLLW 
feed 
Process requires very tight control of process conditions 
Process may not be capable of being controlled so as to produce a product 
which consistently meets product standards 

assurance 
Simple process; minimum quality control problems 
Product quality can be controlled by evaluation of intermediate products, 
sampling and evaluation simple 
Product quality can be controlled by evaluation of intermediate products, 
but sampling is difficult 
Product quality controlled through control of input materials quantity 
and composition. 

Product quality can be controlled by evaluation of inteA~ediate products, 
but evaluation of the intermediate would be difficult t ) 

Product quality is not significantly affected by condition of 
intermediate materials (but is affected by final processing condition) 

Product quality can be determined only by evaluation of finished product 

(a)Factors relating the condition of intermediate products to the quality of the final 
product are unknown, or are not well understood. 
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5. Development Work Required 

(a) Type of development required(a) 

(b) 

10 Process requires only cold shakedown of full-scale facility i.e., 

9 

7 

6 

5 

4 
3 

2 

1 

Scale of 
10 

8 
6 

5 

3 

2 

available data would permit design of production-scale hot facility 
Limited hot pilot work required to confirm process latitudes 
Extensive hot pilot-plant work required to confirm process and equipment 
design data 
Hot (radioactive) equipment development 
Pilot-scale process development to establish equipment and process 
scaleup factors 
Nonradioactive equipment development 
Process and equipment materials development 
Hot cell process development; small scale 
Nonradioactive laboratory process development 

development program required(a) 

Equipment already developed, facilities available for radioactive 
development work 
Minimal radioactive facilities required to gather necessary design data 
Extensive hot pilot-plant facilities required; minimum complexity 
Extensive hot pilot-plant facilities required; complex process. 
Equipment design data available, scale-up information needed 
Equipment and process data require hot cell verification 
Considerable complex equipment to be designed and proved on non-
radioactive basis 
No equipment design data available 

(c) Time required (from initiation of program) 
10 0-1 yr 
9 - 1--2 yr 
8 - 2-3 yr 
5 4-5 yr 
3 - 5--7 yr 
2 - 7-10 yr 

more than 10 yr 

(a)The development scale is sequential from 1 to 10 i.e., a process rated at 4 implies that 
development stages 1--3 have been completed and 4--10 remain to be accomplished. In some 
cases, e.g., where the process is reasonably simple, the equipment is uncomplicated, or 
there is extensive data on non--nuclear applications of the process and/or equipment, one or 
more of the identified development stages may be skipped. 
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6. Facility Requirements(a) 

(a) Radioactive Facilities 
10 Facility requirements not materially different from the Reference Process 
8 Shielded cell requirements higher than for Reference Process; no complex 

install ations 
4 Shielded cell requirements greater than for Reference Process; some 

complex installations required. 
Significantly greater shielded space requirements; much complex equipment 
installations required 

(b) Nonradioactive Facilities 
10 Facility requirements not materially different from the Reference Process 
5 Faci 1 ity requirements significantly greater than for Reference Process 

but of a commonly used industrial character 
Extensive facilities for material storage and preparation required 
outside of process cells. High temperature or possibly toxic materials 
must be provided to process. 

(a)Includes structures (evaluated as volume), equipment (evaluated as number of items and 
complexity of installation), special maintenance facilities, and process auxiliaries 
(evaluated as number of items and complexity of installation). 
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APPENDIX M 

PROCESS EVALUATION CHECKLIST 

This Appendix sets forth the checklist used in the evaluation of each of the 
processes; the available input information from Volume I of this report and other sources 
were examined to establish, to the extent possible, the characteristics and requirements of 
each process at each of these check points. 

1. Identify and layout the process steps involved • 

2. Establish stoichiometry, based on processing waste from 6.7 MTU spent fuel/d. 

3. Establish total volume of product produced. (external dimensions of final package) 

4. Identify reagents, process additives, and other process-related supplies required for 
the conduct of the process operations as described (e.g. argon for hot-isostatic pressing), 
and determine for each: 

(a) the quantities required, stated in terms of unit quantities per metric ton of 
uranium in the fuel processed 

(b) the quantities required per day. 

5. Identify process/reaction conditions at each step (i.e., temperature, pressure, excess 
reagent required, if appropriate). 

6. Identify time required to complete each step. 

7. Determine process latitudes, i.e., effect of variations in feed on: 

(a) composition of process additives 
(b) quality of product 
(c) reaction conditions required. 

8. Determine probable effects of process upsets on reaction, i.e., what are the effects on 
product quality of: 
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(a) feed rate variations 
(b) interruptions in flow of process additives 
(c) temperature variations, up and down 
(d) pressure variations, up and down 
(e) cycle time variations, up and down. 

9. Identify equipment required at each process step. Determine size and/or number of 
process units at each step. 

10. Identify each material handling operation in the process; determine method of 
accomplishing each in-process transfer of radioactive material. 

11. Identify each mechanical operation required in the process not included in (10) above. 
This would include such operations as the following: 

(a) movements of glass melting furnaces to replace glass containers 
(b) disc pelletizing 
(c) movement of pellets through sintering furnace 
(d) operation of compressors 
(e) grinding, crushing of product for recycle 
(f) operation of pumps, blowers, valves, etc. 

12. Identify, for each of the operations identified in (10) and (11) above, the method by 
which the operation can be conducted and controlled remotely. (Only those operations 
involving radioactive material need to be remotely operated and controlled). 

13. Identify, for the equipment identified in (10) and (11) above, the special features 
required for decontamination, for confinement of radioactive material. and for removal of 
the equipment. 

14. With respect to the equipment identified in (10) and (11) above, evaluate the present 
state of development of equipment in terms of: 

(a) extent of experience in using the item in remote, radioactive service 
(b) the adaptability (for equipment on which no prior remote operational experience is 

available) of the equipment and its accessories to remote operation 
(c) the development time and effort likely to be required to bring such items as are 

identified in 14(b) to a state of development comparable to that of equipment in 
the reference process. 
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15. For each item of equipment involved in the operations identified in (10) and (ll), 

estimate the probable performance in terms of: 

(a) frequency of routine maintenance required 
(b) nature of routine maintenance required. 
(c) reliability (or likely mean time between failures) 
(d) type of failures most likely to be encountered 
(e) most likely corrective action (i.e., remove and replace with new item, 

decontaminate and repair in place, decontaminate, remove repair, and replace, 
etc.) 

(f) time required to perform routine maintenance 
(g) time required to decontaminate 
(h) time required to remove and replace. 

Indicate where development will be required or may be helpful in improving performance 
of the equipment. 

16. Identify necessary or desirable in-process sampling for purposes of increasing 
confidence in the suitability of the final waste product; indicate sampling procedures which 
may be used. 

17. Evaluate capability of process to handle recycle of: 

(a) intermediate products 
(b) final product. 

Indicate added equipment likely to be required to accomplish such recycle, and evaluate 
as in (14) and (15) above. Indicate feasible alternatives, if any, to recycling. 

18. Evaluate overall safety considerations pertinent to the process and equipment used, 
considering: 

(a) routine releases of radioactive materials 
(b) potential for elevated releases during process upsets 
(c) potential for catastrophic releases due to process or equipment malfunction 
(d) effects of process conditions (e.g., temperature and pressure) on confinement of 

radioactive materials 
(e) hazardous materials required in process (other than the HLLW) 
(f) explosive or potentially explosive materials required in process 
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(g) likely problems with dusting due to handling and transfers of radioactive powders. 

19. Evaluate overall facility requirements for the radioactive process operations and 
supporting equipment and services, considering: 

(a) total shielded cell space required 
(b) supporting facilities required 
(c) complexity of mechanical operations required 
(d) estimated equipment redundancy required to meet scheduled throughputs. 

Compare to Reference Process. 
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