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CORVIS
investigates reactor vessel failure during hypothetical core

melt accidents. Molten thermite is poured into a vessel with a
drain line. Melt-through occurs by 5.3 s; the line breaks off

and the melt is released. Temperatures are measured
by infrared thermography. A computer model of the

process allows transfer of the test results to real situations.



A PERSPECTIVE ON CURRENT AND FUTURE TRENDS

W. Kroger

Head, Nuclear Energy and Safety Research Department (F4)

Nuclear energy provides approximately 40% of the
Swiss domestic electricity supply. Nuclear energy
research in Switzerland is concentrated at PSI's
Department F4, whose primary mandate follows from
the need to ensure the continued safe and reliable
operation of the Swiss nuclear power plants (NPPs)
and to keep open the option of nuclear energy, which
are prerequisites to maintaining secure supplies of
electricity. A wider element to F4's role stems from
the interdependence of nuclear energy technology
across international boundaries and from global
environmental and general safety issues. Related to
this is its status as a centre of scientific excellence,
able to contribute significantly in international
programmes.

Department F4 with about 200 staff provides
specialised technical expertise, scientific knowledge
and innovations needed to meet these goals. About
40% of the funding is provided externally, primarily by
the Swiss utilities, the NAGRA, and the safety
authority HSK. Most of the balance is provided from
within the department. Part of the internal funding
follows an initiative by the department to foster
education through attractive research projects,
chosen to address underlying scientific questions
relevant to nuclear energy and to maintain the pool of
qualified professional staff. Doctoral students and
post-doc scientists constitute about 10% of F4's total
complement. The distribution of funding sources is
shown in the figure below.

Reg. Authority 14%
Fed. Offices 7%

NPPs 8%

NAGRA 23%

Others < 1 %

Utilities 48%

Sources of Funding

The nuclear research activities concentrate on three
main areas: safety issues and related problems of
operating plants, safety features of future reactor and
fuel cycle concepts, and waste management; a
smaller fraction of the total effort addresses global
aspects of energy, including non-nuclear. The
deployment on the various project areas is
summarised here:
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Safety 8.6%
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Accident

Analysis 4.4%

Waste Mana-
gement 20.3%

GaBE3.1%
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EDEN (PIE) 13.6%

Distribution of total F4 resources, without
infrastructure, into major research projects

Recent developments within Switzerland, and also
internationally, have prompted F4 to review the
emphasis that it places on serving short, mid and
long term research objectives, on the selection of
projects, and also the expected level of total effort on
nuclear research. These developments include the
slowing down of the growth in electricity demand and
the contraction of nuclear programmes throughout
much of the world. In particular, the Federal
Commission for Energy Research (CORE)
recommended a shift towards research on renewable
sources.

A focal point for PSI and for F4 was the "Energy
Audit" conducted at the end of 1994 by international
experts. Two series of outside visits were conducted
during 1995 which generated a multitude of insights
on current trends. The first series of visits, to
counterpart institutes \ highlighted the harsher
commercial climate in which research institutes are
now operating following changes in the manner of
funding from government sponsors and, in response,

1 ECN, Petten NL; VTT, Espoo FIN, AEA, Harwell UK;
IFE, Halden N.



the increasingly commercial outlook being adopted
by the institutes. A second series of visits, to Swiss
NPPs, demonstrated the importance that plant
operators place on those research activities which
address issues arising from day-to-day operation.
Examples concerned with material behaviour include
crack propagation, ageing, remaining lifetime and
high burnup; examples in the wider operational
context include the use of Probabilistic Safety
Assessment, in particular with respect to human
factors. It is evident that end-users place particular
value on the fruits of short rather than long term
research. These trends are not easy to recocile with
the Swiss policy of maintaining a nuclear option,
which requires a continuing long term research effort,
and with the desire of the NPP operators for PSI to
be more active in the public debate on nuclear
energy.

The approach of F4 is a balance between long term
objectives • future energy needs for Switzerland,
commitment to the furtherance of education and
science, and fulfilling its role in the international
scientific community - while at the same time seeking
closer orientation to the identified needs of the Swiss
nuclear community.

The work thus comprises three major categories.
First, "free" forward-oriented research consistent with
PSI's general scientific strategy and driven also by
the belief that nuclear energy will form part a long-
term and sustainable energy mix. To this domain
belong

* Safety characteristics of future reactor designs,
for example, SBWR;

* Technological and reactor physics concepts of
advanced fuel cycles, for example, increased
use/incineration of Pu;

* Phenomena and modelling of severe accidents,
for example, confinement of consequences within
site boundaries.

A second category of programmes addresses the
needs of the Swiss nuclear community, in particular
the continued safe and reliable opeation of the NPPs
for as long as possible, while also fulfilling accepted
research criteria. These include

* Material research to understand failure and
ageing phenomena, for example, prevention of
failure, life extension;

* Fuel cycle improvements, for example, high
burnup;

* Research on radioactive waste management, for
example, secure long term disposal.

A final category of activities covers tasks of a service
character, where justified by the skills and facilities
unique to PSI, for example, the hot laboratory.
Examples include

* The surveillance programme of the NPPs;

* Post-irradiation examinations, investigations of
faults and failures;

* Maintaining competence in selected fields for on-
call service.

The above examples provide an indication of the
range of research in F4. It will be apparent that
although the projects address quite distinct issues
and objectives, the research topics themselves
constitute a coherent portfolio. The following section
presents a synopsis of activities and achievements
during 1995, under the headings of short, medium
and long term goals. The main body of the present
report comprises a number of research papers on
selected key topics.
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MAIN ACTIVITIES

The main activities during the year covered by this
report are shortly described below. They include tasks
which were completed in this year, as well as certain
projects still in their early stage. The description is
ordered under the main headings of short, medium
and long term nature of the issues concerned. The
individual articles to follow are cited by [number].

Short-term needs

The contractual implementation of a service ("on-call")
component into trie STARS [Simulation models for
Transient Analysis of Reactors in Switzerland] project
represents a significant change. In this framework,
two tasks were completed during 1995: The analysis
of an inadvertent closure of the main steam isolation
valves without scram (ATWS) for the Leibstadt NPP
(KKL) supported the need for a backfit as requested
by the HSK (automatic trip of the feedwater pumps).
Under the assumption of this backfit, STARS analy-
ses demonstrated a sizeable time window for operator
actions to mitigate the consequences of the assumed
accident. Further, the consequences of reactivity ini-
tiated accidents under the new licensing criteria pro-
posed recently by the HSK were assessed through
the analysis of a rod drop accident for a Swiss BWR
[1].

For the first time, a direct contract from a Swiss utility
was awarded to the STARS project early in 1995. It
comprises the investigation of certain transients under
special emergency conditions which received recent
attention during the licensing process.

The spectrum of the STARS analyses was extended:
Within !:he framework of an ongoing safety review of a
Swiss PWR, HSK raised some questions with respect
to the plant response to extremely small breaks. This
task has been successfully completed with the con-
firmation of the calculations submitted by the plant
operator.

In response to the recommendation of the STARS
international Review Committee to reduce and ra-
tionalise the codes used within the project, it was de-
cided to base future transient analyses on the US
EPR! code package. The participation in the stability
benchmark of OECD/NEA's CSNI/NSC was com-
pleted by submitting the requested results for four
cycles of the Swedish Ringhals reactor demonstrating
the capability of STARS for this type of delicate
analysis.

To obtain an overview of the existing uncertainty
methodologies, several candidates were considered.

Of these, the German GRS statistical evaluation
method SUSA emerged as the most promising. A first
application of this method was carried out for a simpli-
fied analysis of a rod-drop accident.

The data management and retrieval system IRIS
foreseen for STARS could not be further developed
due lack of funding. However, based on the experi-
ence gained in the elaboration of its concept, a proto-
type of an object-oriented information system for the
PANDA [passive decay heat removal and depressuri-
zation test facility] test rig (PANDA-DINF) was deliv-
ered to the Laboratory for Thermo-Hydraulics (LTH).
While the coding was conducted by the database
vendor according to PSI specifications, the conceptual
development and the final implementation are being
performed by the STARS team.

Among the main topics considered within the frame-
work of an UAK/PSI contract on LWR-physics calcu-
lations, were the investigation of the fast fluence
distribution at the pressure vessel of the Gösgen NPP
(KKG) for different core loadings, several compact
steige pool studies and stationary reactor physics
analyses of the first nine cycles of KKL.

The effects of burnup on fuel behaviour under reactiv-
ity insertion accident conditions were investigated with
a theoretical model [2].

The understanding of the factors leading to improved
corrosion resistance of PWR cladding and, therefore,
allowing higher burnup is still a major research topic in
the framework of the EDEN (development, application
and evaluation of post-irradiation analyses) project.
The experimental project of the Nuclear Fuels Indus-
try Research Group (NFIR-phase II) was completed
with difficult to prepare transmission electron micro-
scope views of the metal oxide interface of highly
active Zircaloy samples. The detailed microstructural
study of this interface is expected to shed further light
into the mechanisms leading to the known improved
corrosion resistance for certain alloys. Within the
same project it was proven that enhanced lithium
uptake, which significantly deteriorates the cladding
corrosion resistance, is dominated by the prevalent
temperature and boiling conditions within the oxide
scale.

Damage analysis work was also performed together
with the Russian Institute RDIPE on a zirconium base
alloy [3]. It was demonstrated that a broken fuel
channel had experienced before break a temperature
excursion of 1300-1400 °C. Previous models esti-



mated the probable maximum temperature for such
events to lie below 900 °C.

Besides fuel integrity at high burnup, questions about
ageing of stainless steel structural components and
irradiation-influenced stress corrosion cracking are
important issues. As pressure build-up due to boron
carbide swelling is still lifetime limiting for control rods,
post-irradiation experiments were performed for a
third party testing a wide range of chemical and
physical forms of absorber materials. A research is in
progress to follow the irradiation induced lattice defect
pattern in stainless steels with fluence and to possibly
link the microstructural changes to the evolution of
metallographically visible slip planes on polished ten-
sile tested specimens.

As KKL experienced extremeiy high eddy current fuel
cladding oxide thickness measurements during sum-
mer 1995, two fuel rods were immediately sent to the
PSI hot laboratory for post irradiation examination.
Within 7 intensive working days it was convincingly
shown that the instrumental oxide measurements had
been affected by zinc implantation into the cladding
crud layer following zinc injection into the coolant, and
that the actual oxide thickness was within the normal
limits.

Medium term issues

In the domain of materials research, further devel-
opments in calculation methods for fracture mechan-
ics and improved damage models enabled a better
prediction of the various component failure mecha-
nisms. The new method was successfully applied to
simulate the emergency cooling of an aged pressure
vessel, whose material toughness was reduced by
neutron irradiation so far that the transition zone to the
brittle regime was reached [4].

The J-integral testing of material A 533 B1 using pre-
cracked CHARPY impact specimens at temperatures
between -65 and 235 °C was completed. The onset of
stable crack growth was conspicuous already at low
temperatures.

Component safety was examined in the event of a
steam explosion. The magnitude and time for the
pressure peak was estimated from an analysis of the
experimental results. The estimates were used in
conjunction with the fracture mechanics relations to
determine the safety margins.

Fracture mechanics specimens were subjected to
constant tensile loads in a hot water loop, designed to
provide a corrosive environment, in order to investi-
gate progression towards stress corrosion cracking.
The ferritic RPV steels (20 MnMoNi 5 5, A 508 Cl. 2)
examined in the hot water loops under quasi-stagnant

and simulated transient BWR coolant conditions
(beyond normal operation) show high crack growth
rates (3mm/a to 3 cm/a) down to oxygen concentra-
tions of 0.4 ppm and a specific conductivity of 0.5
uS/cm (mean impurity: Na2SO4). In the future, the
investigations will focus on normal operating condi-
tions, including extension to ferritic and austenitic
piping steels. The installation of a reversed DC poten-
tial drop device for the on-line crack growth meas-
urements in the autoclaves makes it now possible to
differentiate between the crack nucleation and the
crack growth period. Preliminary technical and admin-
istrative work was performed for a round robin test
(external partners: MPA Stuttgart, Siemens/KWU,
VTT Finland) expected to start in the beginning of
1996.

In the framework of the LWR-Contamination project,
several combinations of high temperatures and pres-
sures were used to model in the laboratory BWR wa-
ter circuit conditions (290 °C, 900 MPa, 400 ppb O2).
A loop system serves for integral tests under variation
of feedwater chemistry and flow rates. Stirred auto-
claves are used to study individual parameters which
influence circuit corrosion and activity build up. Under
controlled Couette flow conditions it was demon-
strated that the activity uptake on DIN 1.4970 stain-
less steel is independent of the water flow rate in a
regime of 0-2.5 m/s and nearly linearly increasing with
time up to two thousand hours. It was found that the
activity uptake of 68Co is reduced by addition of a
competing ion such as 59Co. Addition of small quanti-
ties of zinc also reduces the uptake [5]. Indeed, low
zinc addition, as applied at KKL, proved to be more
efficient than the tenfold greater concentration rec-
ommended by the reactor vendor. Varying surface
finish and pre-oxidation conditions also influence the
cobalt activity build-up within a factor of -10. A new
program, agreed upon with the HSK, aims at further
studies of pre-filming of new and used, freshly decon-
taminated component surfaces.

In the domain of severe accident research, a test
program to verify the containment venting filter, de-
veloped by SULZER, was finished successfully after
conducting 18 experiments. The experimental pro-
gram showed that the filter can remove aerosol parti-
cles from a simulated containment gas environment
with a decontamination factor between 50000 and
200000, for a variety of boundary conditions covering
a range of postulated BWR and PWR severe acci-
dents.

10 of the 12 tests planned for the first phase of the
POSEIDON [POol Scrubbing Effect of Iodine Decon-
taminatiON] experimental program were successfully
performed to date. The purpose of the tests is to pro-



vide integral pool scrubbing data needed to assess a
computer program developed jointly by PSI, AEA
Technology and GRS. The results of the experiments
will be transmitted to the POSEIDON task force
members for data and code validation.

The operator of KKG defined three severe accident
scenarios in order to understand and assess the re-
sponse of various systems and to envelope the time
range for the occurrence of significant events. The
scenarios postulate leaks of 5 and 2.5 cm diameter in
the cold leg, respectively, and a station blackout.
Several analyses performed for the 5 cm leak indi-
cated that, under the highly pessimistic assumptions
made, the reactor pressure vessel would fail between
14 to 18 h after start of the accident. The pressure in
the containment would reach the set point for initiation
of containment venting through the filter after about 6
days. The calculations indicated that the hydrogen
concentration may reach detonation threshold. Since
a large part of the airborne aerosol concentration in
the containment will be removed by natural processes
(gravity settling, etc.), thus reducing the concentration
by 3 to 4 orders of magnitude by the time of the vent-
ing, the released activity of the aerosol particles into
the environment will be in a range around 8 Ci. The
aerosol activity release into the environment is de-
termined by the efficiency of the containment venting
filter system. The release of noble gases, however,
will be close to 100%. Analyses of the other se-
quences are in progress.

The SCDAP/RELAP5 code, obtained via agreement
with the USNRC, provides a coupled treatment of the
system thermohydraulics and core damage behaviour.
Application to the LOCA sequences defined for Gös-
gen has yielded insights into the processes that esca-
late or ameliorate the accident, which suggest possi-
ble accident management measures. The analyses
are also helping to improve and validate the code.

A report on Chernobyl Source Term Reassessment
and an opinion paper were prepared for CSNI PWG4,
in collaboration with scientists from other international
organisations. This report shows that the source term,
especially for iodine and cesium, is higher by a factor
2.5 to 3 than the values stated in August 1986 by the
Soviet experts. The information provided is being
used by the OECD/NEA committee on Radiation
Protection and Public Health, who will provide an
authoritative collective statement on the situation at
Chernobyl regarding health impacts and remaining
problems.

The project CORVIS [Corium Reactor Vessel Interac-
tion Studies] comprises experiments and computa-
tions of RPV lower head failure. Core melt experi-
ments are performed with parts of RPV lower heads
both with and without reactor-typical tube penetra-

tions; an alumina - iron thermite melt serves as the
core melt substitute. The experiments are performed
at atmospheric pressure. A suite of finite-element
based computer codes was developed to predict
lower head failure under realistic accident conditions,
in particular at high system pressure. The experimen-
tal data were used to validate the models.

The experimental facility was improved during 1995
including in particular, an enhanced heating system.
The automatically controlled facility for retaining and
pouring either the aluminium oxide or the iron melt
produced from the thermite melt was successfully
tested. At the end of 1994, a large-scale test was
performed in order to investigate the behaviour of the
reactor drain line typical in BWRs of General Electric,
such as the Mühleberg NPP (KKM). The turbulent
flow of the superheated iron melt caused a strong
attack on all steel structures (vessel bottom and drain
line) by surface ablation. This led to a drain line failure
about 6 s after the first contact of the lower head
structure with the melt. The experiment showed that
about 200 kg of iron melt passing through the drain
line were sufficient to destroy it. Thus, during a core
melt accident under similar conditions the primary
system would open and, therefore, depressurise into
the containment. A different mode of lower head fail-
ure would occur, however, if a predominantly oxidic
melt were deposited, since flowing oxide melt causes
no ablation at the steel surfaces and can also solidify
and block the tube. The behaviour of the drain line
under these conditions will be investigated in the next
large scale experiment.

Applied to this test, the computational model de-
scribes the initial build-up of an oxide crust in the drain
line, followed up by a re-melting of this crust and a
further ablation of the steel surface [6]. The measured
temperature histories and the place of drain line fail-
ure can be well predicted with this model. Such a
thermo-fluid-mechanical computation of a system with
moving interfaces between solid structures and melt is
extremely complex. The good agreement between
measurement and computation demonstrates a very
satisfying progress in the understanding of RPV lower
head structural failure.

The aims of the waste management activities are to
develop and test models, and to acquire selected data
in support of the performance assessments of Swiss
nuclear waste repositories. The work is concentrated
on further developing our understanding of safety
relevant mechanisms and processes governing the
release of radionuclides from waste matrices, their
transport through the engineered barrier system and
repository far-field. The knowledge gained is then
applied in safety assessments.



From the angle of timely realisation, a repository for
short-lived low and intermediate level wastes (SMA)
has first priority. Therefore, as in the past years, most
of our activities were focused on a cementitious re-
pository. Three broad fields were addressed: (i) the
temporal evolution of cement pore waters in a host
rock and the transport characteristics of raciionuclides,
(ii) the influence of organics in waste and concrete on
such characteristics and (iii) the generation and char-
acterisation of colloids in cement.

The work on cement degradation in groundwater was
completed. The degradation model developed earlier
was validated along broad lines by a large set of ex-
perimental data. Using a model coupling mass trans-
port and chemical reactions, it was quantitatively
shown how dissolution of cement by marl groundwater
increases the cement porosity. On the other hand
calcite precipitation in the nearby marl strongly de-
creases its porosity and reduces transport rates of
marl water constituents into the cement and of radi-
onuclides out of the repository.

The sorption of some elements in cement is still not
well understood: Batch sorption, through-diffusion and
out-diffusion experiments gave incompatible but re-
producible results for Nickel and Iodide, whereas
those for Caesium and Chloride were consistent. The
diffusion experiments came to an end and a next step
wili be analysis of the cement disks to get information
on the spatial distribution of radioelements.

Cellulose degradation products were expected to
strongly reduce nuclide sorption (e.g. for Americium)
and thus to increase the-source term for leakage from
the repository. In short-term experiments these expec-
tations were fulfilled. However, in long-term experi-
ments (a few months) we made a novel discovery:
sorption recovers appreciably [7]. The responsible
mechanism is not yet fully understood, but it is evident
that the effect is very beneficial in a safety assess-
ment. In cement pore water cellulose degrades slowly
and it was shown that the important degradation
product, isosaccharinic acid, sorbs on cement and
forms an insoluble calcium salt. All these factors con-
tribute positively to the repository safety

With a long-term Caesium experiment, the migration
experiment at the Grimsel Test Site came to an end.
A first evaluation shows good agreement between
experimental data and theory thus also corroborating
the sound modelling in past years. The work on
modelling mass transport in fracture systems was
continued, and the corresponding computer code
underwent first verification tests [8].

The work aimed at a mechanistic understanding of
sorption on complex minerals was ongoing. In pursuit
of modelling a broad range of data from conditioned
montmorillonite with great success, work has now

started to investigate metal sorption on more realistic
materials such as unconditioned montmorillonite and
illite.

Within the GaBE project {comprehensive assessment
of energy systems), the different options for the Swiss
energy supply are being analysed and characterised
by the associated impacts in terms of environmental
effects, accident risks and costs. Apart from F4 the
participants in the project include PSI's non-nuclear
Energy research Department (F5) as well as external
partners from ETHZ (Laboratory for Energy Systems,
LES; Centre for Economic Research, WIF; Centre of
Risk and Safety Sciences, KOVERS). The responsi-
bility for the co-ordination of GaBE lies within F4.

In the field of environmental inventories (F4, LES), a
study of selected, future electricity supply systems
was carried out using the method of Life Cycle Analy-
sis (LCA) [9]. The work was supported by the Swiss
Association of Producers and Distributors of Electricity
(VSE).

As regards risk/safety aspects, the accident database
of the PSI was extended and analysed; it contains
now 3312 energy-related accidents, thereof 1239
severe. Different types of accident consequences
were included, e.g. oil spills and economic losses. The
Swiss dams were examined with respect to the po-
tential of severe accidents. Generally, the prevailing
characteristics of the Swiss dams are favourable from
the risk point of view. Frequency-consequence curves
and updated normalised fatality curves were obtained
for the coal, oil, gas, and hydro energy chains. For the
nuclear chain a new survey of studies on external
costs of severe accidents was carried out implement-
ing some previous analyses. Full scope Level III
Probabilistic Safety Assessments as carried out at F4
are still rare.

in the domain of decision support aspects (KOVERS),
a small scale pilot study using commercial software
for multi-criteria analysis was carried out. The deci-
sion support framework will be linked to the results
produced by the GaBE project.

Further topics are dealt with by the GaBE partners,
e.g. environmental impacts of air pollution (F5), large-
scale energy-economy models (F5) and sector-
specific energy-economy studies (WIF).

Long-term goals

The highlights of the project Advanced Fuel Cycles
were presented at an International Workshop organ-
ised -?t PSI. The main purpose of the Workshop was
to lead to recommendations regarding the sustainabil-
ity of nuclear energy in Switzerland and the R&D con-
tributions to be expected from PSI in this context. The



contributed papers gave a comprehensive picture of
the achievements in the ongoing R&D-work in both
reactor physics and materials technology activities
with regard to plutonium incineration in today's LWR
and in advanced reactors, on one hand, and actinide
transmutation in accelerator based systems on the
other. Aspects of advanced reactor systems and of
the corresponding fuel cycles were also addressed.
The contribution and forward program of PSI were
strongly endorsed. In particular, our physics and ma-
terial technology are well placed to address the prob-
lems of safety and of the back-end of the nuclear fuel
cycle; these are the major issues for the sustainability
of nuclear energy.

Reactor physics studies have substantiated the fea-
sibility of plutonium incinerating LWR based on both
100% MOX loading and on uranium-free Pu-Er oxide
fuel in an inert ZrO2 matrix, reaching incineration rates
of 30% and 60%, respectively, of the initial plutonium
mass. It was shown that such cores could be de-
signed to feature operational and safety characteris-
tics quite similar to those of present LWR.

The main conclusion of the actinide transmutation
system studies to date is that transmutation schemes
based on optimised fast spectrum systems using the
uranium-plutonium cycle are the most promising. In
the context of the ATHENA experiments (ATHENA =
Actinide Transmutation Using High Energy Accelera-
tors), a significant milestone was reached with ifre
irradiation of thin UCX, and ThO2 targets in the 0.6 GeV
proton beam of PSI's accelerator. This task was ac-
complished successfully through a strong multidisci-
plinary effort. First results show that all planned
analysis techniques are applicable. Preliminary ICP-
MS measurements have indicated, however, signifi-
cant deviations from predictions.

As regards the materials, the technique to fabricate
(U, Zr) N pellets was established. The chemical and
physical properties of such ceramics, envisaged for
irradiation in the fast reactor Phenix were investi-
gated. In the field of advanced Pu consumption in
LWRs it was proven that (U, Pu) oxides produced by
the sol-gel process and sintered at low temperature
show improved dissolution characteristics under re-
processing conditions as compared to powder
blended fuel. With regard to uranium-free fuel, mate-
rials and reactor physics studies were performed to
demonstrate that (Pu, Np, Zr) O2 could be produced in
a phase ceramic with acceptable neutronics condi-
tions throughout the fuel cycle. Once unloaded, such
fuel would be directly disposed in a final repository,
having advantageous characteristics with respect to
leaching in comparison to vitrified waste.

Future reactor concepts aim to achieve a new
safety quality: The consequences even of extremely

improbable hypothetical accident scenarios should be
restricted to the plant itself. Short and long-term
emergency measures (sheltering, evacuation, reset-
tlement) should not be necessary any more. To this
purpose, passive systems and inherent safety
mechanisms, that intervene without the need for hu-
man action or external power supplies and bring the
reactor to a safe state, are most promising. A central
component of passive safety systems are, among
others, special condensers that transfer decay heat
from the containment to the environment. Their op-
eration relies only on physical laws.

Participation in the CAMP (Code Assessment and
Maintenance Program) of the US NRC is providing
access to the latest versions of the major transient
thermohydraulic systems codes used for LWR
(present-day operating reactors) and ALWR (future
designs) safety analysis. As part of the Swiss contri-
bution to CAMP, a significant improvement to the
RELAP5 code was achieved and has been endorsed
bytheNRC[10].

Within the framework of the ALPHA project, the
function of passive containment cooling systems for
advanced LWRs is investigated experimentally and
analytically. The test facility PANDA, that was planned
and built in the preceding years for experimental in-
vestigations as the central element of the project, was
commissioned. Facility characterization tests followed,
including pressure and leakage tests, heat loss meas-
urements and the investigation of the flow/pressure
drop characteristics of the piping [11]. These tests
confirmed the proper design and construction of the
facility in all respects.

Within the framework of smaller ALPHA [ALWR Pas-
sive Heat removal and Aerosol retention] sub-
projects, the LINX [Large scale Investigation of Natu-
ral circulation and mixing] experimental facility was
configured for the investigation of a finned contain-
ment condenser and commissioning tests were per-
formed. A thermohydraulic model was developed to
describe the condensation behaviour in the condenser
[12]. The first of seven tests planned for the AIDA
[Aerosol Impaction and Deposition Analysis] sub-
project was also conducted successfully. The test
showed significant aerosol deposition within the AIDA
condenser which affected somewhat the condensation
rate. Analytical work dealt primarily with blind pre-test
calculations for the American safety authority (US
NRC) and confirmatory calculations and analyses for
planned and performed experiments, respectively, as
well as with auxiliary calculations for detailed test
planning. The qualification of the computer pro-
grammes that are used for safety calculations is
thereby significantly advanced through the project.
Numerous studies, calculations and model develop-



ment furthered another goal of the project, namely the
investigation of large-scale mixing and natural circula-
tion phenomena.

The PROTEUS LEU-HTR experimental benchmark
programme progressed with the investigation of three
new core configurations [13]. In these cores, the ef-
fect of an accidental water ingress into the pebble bed
was investigated, providing important insights into the
physical effects involved.

This experimental LEU [Low Enriched Uranium] HTR
programme is being carried out in the framework of a
IAEA coordinated research programme (CRP) with
seven participating countries. With the recent comple-
tion of the PROTEUS system documentation, our
international partners are now able to begin validation
of their calculational methods against newer experi-
mental data, thus providing invaluable feedback on
the general status of calculational capabilities in this
field.

The main objective of the proposed LWR PROTEUS
experiments is to reduce the calculational uncertain-
ties in the power distribution predictions for BWR fuel
assemblies. These uncertainties are relatively large in
the new types of highly heterogeneous fuel assem-
blies proposed for use in the Swiss BWRs and have a
direct impact on the fuel cycle costs. A draft report
describing the proposed experimental programme
was presented to the Swiss utilities anticipated to
support this programme.

analysis and a tensile testing machine could be re-
placed.

For the first time, F4 organised its individual activities
related to the management of own radioactive waste
and liabilities from past research programmes into a
single project RAMP. The main achievements of the
project result from a streamlined and engaged dealing
with this issue. The conditioning of liquid a-waste in
the FIXBOX-1b facility is ongoing significantly ahead
of schedule. Several specifications for the intermedi-
ate and final storage of this waste were written. A
significant step was realised with remote encapsula-
tion and welding of fuel pin remnants after post irra-
diation examination for back transportation to the
power stations. Ail waste from the decommissioned
DIORIT reactor was conditioned and corresponding
nuclide analyses performed. Next year's efforts will
focus mainly on the transportation of the fuel from
past PROTEUS cores back to Germany and to the
resolution of final storage of remaining small amounts
of Pu still at PSI.

In parallel progress was made in the SAPHIR de-
commissioning: While most of the experimental
installations were dismantled in order to prepare the
building for its future use, a first batch of 33 spent fuel
elements was transported back to the USA. Unirradi-
ated fuel elements were delivered to the Austrian
Seibersdorf research centre, and neutron diffractome-
try hardware was offered to a Hungarian research
centre.

Infrastructure and Services

PSI's hot laboratory is equipped for the handling of
all types and quantities of the radionuclides built up
during fission and activation with reactor neutrons or
accelerator particle beams. Besides heavy biological
shielding and safety installations against radionuclide
intoxication, emission and theft, the laboratory is also
equipped with state-of-the-art remotely operated ana-
lytical instrumentation for solid state, surface, liquid,
trace element, radionuclide and mass spectrometric
analysis.

During 1995 several significant building improvements
were realised. Security was strengthened with new,
partly interlocked and computer controlled staff ac-
cess doors. An elevator was installed for heavy load
transfer in the hot cell area and a new storage facility
for active materials was organised. An important step
was made concerning the refurbishment of the ana-
lytical infrastructure by exchanging the old secondary
ion mass spectrometer (SIMS) with a new powerful
Atomica 4000 series system. In addition the computer-
ised process control for non-destructive fuel pin

The Reactor School is used for the theoretical basic
education of the NPP technical staff and for further
training of licensed operational staff. To this aim it
includes a federal technical school TS in the field of
nuclear plant technology. In April 1995 a course for
technicians of 59 week duration (six future reactor
operators) and a reactor engineering course of 27
weeks (four future duty engineers) went to end.
Meanwhile, the next 59-week course had started in
January (eight future reactor operators); this course
will last until April 1996. In addition, eleven refresher
courses took place in 1995, for a total of 91 licensed
reactor operators and shift supervisors of Swiss
NPPs. Since the foundation of the schools (1965),
410 persons have had their theoretical basic training
there, in 21 reactor operator courses, 6 technician
long-courses, 10 reactor engineer courses and 2
specialist courses, and 112 TS-diplomas were handed
out.

International co-operation

All research activities described above are embedded
in the framework of international co-operations by



means of bi- and multilateral agreements, with and
without financial obligations. The following table gives
an overview of the most important international part-
ners in those projects, in which the Department takes
a leading role.

The most significant achievement in the past year in
this direction was the admission of four Swiss pro-
posals from F4 as joint projects in the 4"1 European
Framework Programme "Fission Safety". Three of

these proposals emerged from within the ALPHA
project and ensure ongoing use of the ALPHA facili-
ties in the years to come. The fourth accepted pro-
posal puts the CORVIS project in a broader frame-
work. A smaller activity deals with the behaviour of
vitrified radioactive waste. Finally, an EU proposal to
provide deeper scientific insight in the aerosol-thermal
hydraulic coupling under steam condensation in the
presence of non-condensable species is in prepara-
tion.

International Collaboration

GaBE:

Advanced fuel cycles, fuels:

PROTEUS-experiments:

Past reactor safety:

ALPHA:

EDEN, reactor core materials:

Waste Management

Aerosol research, POSEIDON:

Components safety, stress-
corrosion cracking:

CORVIS:

within F4 projects

IAEA-Programme, OECD/NEA-Programme, COGEMA (F)

CEA (F), OECD/NSC, PNC (JPN), OECD/NEA-Halden (N), international
fuel programmes (GEMINI, FIGARO, ARIANE).

Delegated experimentators from USA, D, JPN, PRC, GUS within an
IAEA-CRP; additional French participation.

European Fast Reactor, CEA (F).

EPRI (USA), GE (USA), KEMA (NL), IEE (MEX), ENEL (I), EU.

ABB-Atom (S), EPRI/NFIR (USA), COGEMA (F), CEA (F)

Forschungszentrum Karlsruhe (D), EU

EPRI (USA), Framatome (F), AEA Technology (UK), GRS (D).

Forschungszentrum Karlsruhe (D), Siemens/KWU (D), IAEA, MPA
Stuttgart (D), VTT (FIN).

Contractual participation of 19 institutions from 10 countries in the fra-
mework of a Task-Force.

NEXT PA6E(S)
left BLANK



INVESTIGATIONS RELATED TO INCREASED SAFETY REQUIREMENTS FOR REACTIVITY
INITIATED ACCIDENTS

F. Holzgrewe, J.M. Kailfelz and M.A. Zimmermann

Laboratory for Reactor Physics and Systems Engineering

Abstract

The results of recently performed reactivity
initiated accident tests indicate that lower enthalpy
limits should be used for high burnup fuel. For this
reason the Swiss Federal Nuclear Safety Inspectorate
proposed provisional increased safety requirements,
including burnup dependent criteria for cladding fail-
ure. Some aspects of the impact of these increased
safety requirements on the analysis of reactivity initi-
ated accidents were investigated by the Paul Scherrer
Institut for a rod drop accident in a boiling water reac-
tor plant. This paper discusses the rod drop accident
analysis.

1 Introduction

The results of recent reactivity initiated accident
(RIA) tests performed in France and in Japan with
pellet-average burnups between 50 and 63 MWd/kgU
indicate that lower enthalpy limits should be used for
high burnup fuel. Therefore, the Swiss Federal
Nuclear Safety Inspectorate (HSK) requested plant-
and cycle-specific analyses of the rod ejection
accident or the rod drop accident (RDA), taking into
account the recent high burnup RIA test results and
the actual burnup distributions in the plant. Pending
further experimental and analysis results, HSK
proposed new provisional licensing criteria for RiAs.

Some aspects of the impact of these increased
safety requirements on the analysis of RIAs were
investigated by the Paul Scherrer Institut (PSI) for a
beyond-design-basis RDA in the Leibstadt boiling
water reactor (BWR) plant. For hot zero power and
end of cycle conditions in this reactor, RDA cases for
different "dropped" rods were calculated with a tran-
sient code using 3D neutronics.

While this study considered a specific reactor, it
is not a safety analysis, but is rather an investigation
of methods and trends which are significant for a
consideration of nodal dependent enthalpies instead
of just the peak enthalpy in the core. A systematic
analysis to determine the uncertainties which should
be applied to the calculated results was not per-
formed; the best-estimate values for space-dependent
enthalpies resulting from the analysis were compared
with the new safety criteria. Since this is an initial
study for a specific case, the general conclusions
which can be drawn are limited.

This paper is based on reference [1], to which
the reader is referred for more detail. In particular, in

[1] the provisional RIA licensing criteria are discussed,
and the methods and assumptions for our analyses
are described in more detail than herein. In the
present paper, results for static and transient
calculations are presented and discussed in sections
2 and 3, respectively, and conclusions are contained
in section 4.

2 Methods and models

2.1 Criterion investigated

Based on the recent RIA test results HSK pro-
posed the following provisional licensing criteria for
RIAs (see section 1):

1. Severe core damage or severe pressure pulses in
the reactor coolant system can be excluded,
(a) if a cladding failure (see point 2 below) does not

occur for any rod in the core, or
(b) if fuel melting in the entire pellet, including the

fuel rim region, is avoided.

2. For the radiological consequence analysis a clad-
ding failure has to be assumed if the radially-aver-
aged pellet enthalpy increase during the RIA (AE
given in cal/gUO2) as a function of pellet-average

burnup B (given in MWd/kgU) is larger than the
following provisional criterion:

AE = 125-1.6 B.
This study conerns the impact of this criterion on

the analysis of RIAs.

2.2 Calculational tools and cross-section data

The main tool for the RDA analysis was
RAMONA-3B [2, 3] a 3D transient code which has
been successfully applied for RDA transients [4, 5].
The static nodal reactor analysis code SIMULATE [6]
was used to validate the RAMONA core model and
the cross-section data, as described in [1].

The cross-section data for both RAMONA and
SIMULATE were generated with CASMO-3 [7], a
transport theory lattice physics code which has been
intensively benchmarked [8].

2.3 Models

The 3138 MWth Leibstadt BWR/6 plant has a
core of 648 fuel assemblies; the core of cycle 9
(1992/93), which was analyzed in this study, contains
440 GE and 208 SVEA-96 assemblies. A full core



RAMONA model was developed with one hydraulic
channel per neutronic channel and 25 axial nodes. A
series of static calculations were performed to qualify
this RAMONA model against experiments and
SIMULATE results. Details of the validation of this
model are given in [1].

2.4 Initial and boundary conditions

The RDA is the result of a postulated event in
which a control rod with a high "worth" (a measure of
the effect of the rod on the core effective multiplication
constant) drops from the fully inserted position in the
core. The rod becomes decoupled from its drive
mechanism and is assumed to be stuck in place. After
the mechanism has been withdrawn, the control rod
becomes unstuck and falls until it reaches the control
rod drive position. This results in a large reactivity
addition and a power excursion.

Protection against the RDA is provided by the
constraints of the banked position withdrawal
sequence (BPWS) [9,10], which restricts the possible
control rod patterns and the "dropping distance", and
thus limits the worth of the dropped rod. Fig. 1 indi-
cates the numbering of the control rods and control
rod groups. The initial control rod configuration for this
analysis is either the "black and white" control rod
pattern (control rod groups 1 to 4 withdrawn) accord-
ing to withdrawal sequence A [10], or with rod groups
1 to 5 withdrawn.
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Fig. 1: Numbering of control rods and control rod
groups for the Leibstadt BWR/6 core

For this analysis end of cycle (EOC) conditions
were chosen, to obtain pellet-average burnups greater
than 50 MWd/kgU. The analysis starts with the initial

conditions for a start-up at hot zero power (HZP)
conditions used in the RDA analysis of the plant
safety analysis report [9].

Initial condition:
Initial flow rate:
Inlet subcooling:
System pressure:
Xenon distribution:
Rod drop velocity:

HZP (3kW)
3456 kg/s
2.5 K
72.3 bar
NoXe
1.5 m/s

2.5 Beyond-design-basis case analyzed

As discussed in [1] for the EOC9 configuration no
control rod worths above $1 could be identified when
proper credit was given to the BPWS, and the corre-
sponding enthalpy increases for design-basis RDAs
were found to be negligible. In order to investigate the
appropriate means of analyzing RIAs considering the
increased safety requirements, it was deemed impor-
tant to analyze cases for which significant enthalpy
increase results. An obvious way to accomplish this is
by considering super-prompt;critical cases. For this
reason, the dropping distance restrictions of the
BPWS were neglected, and it was assumed that con-
trol rods dropped their total insertable length, 48
notches, with the associated group fully inserted. It is
important to note that, because of this assumption,
the transient calculations discussed in the remainder
of this article are for beyond-design-basis conditions.

2.6 Power and Burnup Peaking Factors

Local power peaking factors as derived by the
assembly code CASMO are factored into the nodal
enthalpies calculated by RAMONA to obtain the radi-
ally-averaged (over the pin) maximum enthalpy in-
crease (henceforth termed "enthalpy increase") in the
nodes.

Peaking of the local burnup distribution within the
assembly is not accounted for in RAMONA. Hence a
local burnup peaking factor described in [1] is applied
to the nodal burnup values during post-processing, to
obtain the maximum pellet-average burnup
(henceforth called "pellet-average burnup") in the
nodes. Since detailed information about the location of
burnup and enthalpy peaks was not available in this
analysis, the conservative assumption was made that
these peaks occur in the same pin (which is not in
general to be expected).

3 Static calculations

A series of steady-state RAMONA calculations
were performed to determine static rod worth. Due to
the quarter core rotational symmetry, only one quarter
of the core needed to be considered. Most of the
possible rod drops considering the BPWS limitations
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were calculated, and some of the results are given in
[1] for "Design-basis conditions".

Table 1 shows the static rod worths as calculated
for the beyond-design-basis conditions. This table
contains all the necessary information to describe a
rod drop. The rod which drops is specified in the
column "Control rod" and its core position can be seen
in Fig. 1 (in this article control rods and assemblies
are designated cr, where c is the column number and
r is the row number indicated in Fig. 1). The dropped
control rod belongs to the "Control rod group" given in
Table 1 which is "Banked at" the specified number of
withdrawn notches. The stuck rod "Drops from [a] to
[b]", where a always specifies the fully inserted
position (0 notches withdrawn) and b the fully
withdrawn position (48 notches withdrawn). (Notch is
defined in Table 1.) The position of the other control
rod groups can be seen in the column "Withdrawn
groups". The control rod groups specified here are
fully withdrawn, while all other groups are fully
inserted. Finally the calculated rod worths are given in
the last two columns. "Ak" is the difference in keff

between control rod position a and b, while "Ap" gives
the corresponding reactivity in $ for a delayed neutron
fraction ßeff of 0.0054 at EOC9.

All the Table 1 cases are super-prompt-critical,
with rod worths well above $1. The worth of rod 3055,
which was the only one of these cases checked by
SIMULATE, shows good agreement with the
RAMONA result.

4 Transient calculations

4.1 Overview of results

The beyond-design-basis RDA cases B1 - B4 of
Table 1 have been considered in the transient calcu-
lations. The core analyzed has a low-leakage loading
pattern with high-burnup fuel assemblies at the core

periphery. At BOC, the 20% fresh assemblies are put
into positions between assemblies with more burnup.
Therefore, assemblies with relatively elevated burnup
are found throughout the core. In addition, the control
rod with the highest rod worth for the conditions at hot
zero power with five groups of control rods removed,
case B3 of Table 1, is located close to the core
periphery.

Since the provisional licensing criteria proposed
by the HSK are dependent on burnup, a careful
evaluation of the RIA results with respect to burnup is
mandatory. Therefore, all (648*25=16200) nodes
representing the fuel in the computational model of
the core are evaluated.

It should be noted that the results reported herein
are for basically best-estimate calculations, and a
systematic uncertainty analysis of the results was not
performed. Thus uncertainties are not indicated for
the plotted results, and the following discussion is
based on the best-estimate values.

Based on various reports concerning the
uncertainty of the Doppler coefficient, [11, 12] and the
fact that it varies with the fuel temperature TF

approximately as TF'% a "positive-side" uncertainty for
the peak enthalpy values of the order of +25% does
not seem unreasonable. Another source of
uncertainty is the use in RAMONA of fuel material
properties which are not burnup-dependent. Obviously
the enthalpy uncertainty should be considered in any
safety analysis for a specific plant.

The following discussion will concentrate on the
analysis of the case with the highest worth of the
dropped control rod for the cases in Table 1. For this
RDA case, B3, Fig. 2 and 3 show the relative core
power and peak total enthalpy, respectively. The
control rod starts dropping at 0.1 s and is fully out of
the core at 2.5 s. The resulting power excursion
reaches its maximum around 0.5 s (Fig. 2), at which
time the control rod has only moved about 15% of the
total dropping distance of 48 notches.

Case

B1
B2
B3

B4

Code

RAM
RAM
RAM
SIM
RAM

Withdrawn
groups
1 to 4
1 toS
1 to 5
1 to 5
1 to 4

Control rod
group

7
7
10
10
10

Banked
at [n]i

0
0
0
0
0

Control
rod

4243
3451
3055
3055
3847

Drops from
[a] to [bV
0 -> 48
0 - * 48
0 -> 48
0 -> 48
0 -> 48

A L*
AK

0.01219
0.01146
0.02011
0.02015
0.01157

Ap
r$i2

2.21
2.08
3.61
3.68
2.10

RAM: RAMONA
SIM: SIMULATE

1 [n]: notch position (1 notch = 0.25ft = 7.62cm)
2 ßeff for EOC9 = 0.054

Table 1 : Static Rod Worths for the Leibstadt BWR/6 Reactor at HZP and EOC9, for beyond-design-basis
conditions.
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Fig. 2: Case B3 of Table 1: Relative core power
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Fig. 3: Case B3 of Table 1: Hot spot total enthalpy

Fig. 4 shows the enthalpy increase for the
uncontrolled nodes, plotted against pellet-average
burnup at the transient time when the maximum
enthalpy in the core of 121.6 cal/g was reached. It is
evident that even the best-estimate vaiues for sev-
eral assemblies exceed the proposed licensing crite-
rion. Also, one assembly with bumup above 40
MWd/kgU received enough thermal loading to
exceed the criterion for this beyond-design-basis
accident, even though its enthalpy value is well below
the core maximum.

It is shown in [1] that for the same conditions as
in Fig. 4, "controlled" nodes (those for which a control
rod is present) carry a low thermal loading compared
to the "uncontrolled" nodes, and a maximum
enthalpy increase of 49 cal/g (at around 20
MWd/kgU) is found for the former. For the controlled
nodes none of the enthalpy increase values exceed
the provisional licensing criterion.

For the results in Fig. 4, the enthalpy values for
quite a few nodes are very close to exceeding the
criterion. If an appropriate enthalpy adder for uncer-
tainty would be used (as discussed above), more
bundles would exceed the criterion. For the other
cases analyzed (B1, B2 and B4 of Table 1), none of

the best-estimate values for the uncontrolled or con-
trolled nodes exceeded the criterion.

For case B3, the four assemblies surrounding
the dropped control rod 3055 (row 1) carry a high
thermal load, as shown in Fig. 5. Although the
enthalpy values of the two assemblies with the
elevated • burnup are lower than those of the other
two assemblies, the values for all the assemblies
exceed the criterion. The peak enthalpy is found near
the core top for all of these assemblies, indicating a
very "top-peaked" axial power distribution.
, ,«0

10 20 30 40 SO

Peltet-overoge Burnup [MWd/kgU]

Fig. 4: Case B3 of Table 1: Radially-averaged peak
fuel enthalpy increase during the transient
versus pellet-average burnup for the
uncontrolled nodes.
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Pellet-overage Burnup [MWd/kgU]

Fig. 5: Case B3 of Table 1: Radially-averaged peak
fuel enthalpy increase during the transient
versus pellet-average burnup for the row 1
assemblies.

The 12 assemblies surrounding row 1 are des-
ignated as row 2. When evaluating the enthalpy
increase for the four row 2 assemblies nearest to the
centre of the core, it was found that for the assembly
with the highest burnup (3152), several points are
above the criterion [1J. As discussed in [1], for a
particular assembly the peak node value might not
exceed the criterion although the value for another
node might be above the criterion. This indicates that
the evaluation of just the assembly peak values for
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the fuel enthalpy increase is not adequate for the
evaluation of RDA results (for super-prompt-critical
transients) against the burnup-dependent provisional
licensing criterion.

4.2 Dependence of fuel enthalpy on burnup

For the case with the highest worth of the
dropped control rod, case B3 of Table 1, the
dependence of the enthalpy increase on burnup is
stronger than for the others [1]. For the case B3 the
least-square-fit line is almost parallel to the line rep-
resenting the provisional licensing criterion. This is a
favourable situation; for the more severe case (B3)
relatively less enthalpy is stored in the fuel at high
burnup nodes while for cases with a control rod of
lower worth (B1, B2, B4) the enthalpy is distributed
more evenly as a function of burnup, but at a much
lower level.

4.3 Dependence of fuel enthalpy on distance
from the dropped rod

For the four cases B1 - B4 of Table 1 the
dependence of the radially-averaged enthalpy
increase on the distance from the dropped rod was
determined. The enthalpy increase dependence on
the distance from the dropped rod was the strongest
for the case with the highest rod worth [1 ].

5 Summary and Conclusions

This analysis investigated the impact of
increased safety requirements on the analysis of
RDAs. A systematic uncertainty analysis was not
included in this study, and in the following state-
ments, conclusions regarding cases which exceed
the cladding failure criterion are for basically best-
estimate results.

For design-basis RDAs, in which the control rod
pattern and dropping distance restrictions of the
banked position withdrawal sequence (BPWS) are
effective, static control rod worths up to Ak = 0.0027
were calculated, and the corresponding fuel enthalpy
increases during these RDAs were found to be
negligible.

For beyond-design-basis RDAs, in which the
dropping distance restrictions of the BPWS were
neglected and the rods were dropped their total
insertable length, three RDA cases with static control
rod worths around Ak = 0.012 and one case with Ak
= 0.020 were investigated. Only in the latter case did
the calculated enthalpy values exceed the proposed
provisonal fuel failure criterion in some assemblies.

Controlled nodes carry a low thermal load. None
of the enthalpy increase values for such nodes
exceeded the provisional licensing criterion.

The provisional licensing criterion might be
exceeded for nodes other than that which has the

maximum assembly enthalpy increase, even though
for the fatter the criterion is not exceeded. This indi-
cates that the evaluation of all nodes can be nec-
essary.

The dependence of the enthalpy increase on
burnup was stronger for the case with the highest
worth of the dropped control rod than for the other
cases. This is a favourable situation; for the more
severe case relatively less enthalpy was stored at
high burnup nodes.

It should be pointed out that the "trends"
described above were derived from the analysis of a
limited number of cases at the end of a single cycle.
Analysis of more cases and of other cycles are
necessary for deriving general trends. In addition, an
identification of the relevant physical phenomena is
deemed necessary.
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EVALUATION OF A CRITICAL FUEL ROD ENTHALPY VERSUS BURNUP UNDER
REACTIVITY INSERTION ACCIDENT CONDITIONS

C. Ott and H. K. Kohl

Laboratory for Materials and Nuclear Processes

Abstract

With the trend to increase the burnup of LWR fuel
rods, the actual RIA safety criteria might have to be
reformulated due to possible changes in the fuel-
cladding properties which seem to lead to a decrease
of the critical fuel enthalpy with increasing burnup.
Based on the assumption that the critical fuel
enthalpy is reached if the fuel temperature is so-
mewhere near the melting point (also off-centre),
calculations were carried out using the
TRANSURANUS/PSI integral fuel code in order to
assess the response of a reference pressurized water
reactor MOX fuel rod in terms of critical fuel enthalpy
versus burnup. The influences of the presence of a
"rim zone" in the fuel pellet, the width (time at half
maximum) and the shape of the power excursion we-
re also investigated.

reference Pressurized Water Reactor (PWR) MOX
fuel rod under RIA conditions.

The main goal of these calculations is the evaluation
of the dependence of the critical fuel enthalpy on
burnup due to rapid insertion of reactivity. It is assu-
med that the critical average radial fuel enthalpy value
is reached when melting is nearly attained somewhere
in the fuel (also off-centre). In the evaluation of the
"critical enthalpy curve" i.e. the critical average ra-
dial fuel enthalpy graph versus average burnup, the
presence, at high burnup, of a porous zone in the
outer surface of the fuel rod was taken into account. A
sensitivity analysis was performed to study the influ-
ences of the width (time at half maximum) and the
shape (asymmetry) of the power pulse on the radial
temperature distribution and critical fuel enthalpy du-
ring the transient.

1 Introduction

The world-wide trend to increase the burnup of Light
Water Reactor (LWR) fuel assemblies which today
can reach more than 60 GWd/tHM is driven by fuel
cycle and fuel management economics. A large num-
ber of international programmes has demonstrated
that uranium dioxide and Mixed OXide (MOX) fuel
rods behave adequately under steady state operation
and operational transients. Nevertheless, the recent
French CABRI test results [1] show that more experi-
mental data are needed to describe the behavior of
high burnup fuel under accident conditions like, for
instance, the case of Reactivity Insertion Accident
(RIA) caused by a hypothetical control rod ejection or
withdrawal. The insertion of a large excess of reactivi-
ty causes a rapid overheating of the fuel rods; this
could lead to a failure, possibly with fuel dispersion.

Most of the actual RIA safety criteria (according to
the countries) are burnup independent and would
have to be reformulated by the Safety Authorities
following possible changes in fuel-cladding proper-
ties occurring at high burnup. These changes seem to
lead to a decrease of the critical fuel enthalpy with
increasing burnup.

Following a brief description of the main fuel rod
transformations taking place at high burnup, the
present paper describes the calculations carried out
with the TRANSURANUS-PSI integral fuel behaviour
computer code (TU/PSI) to assess the response of a

2 Cladding and Fuel alterations at high
burnup

It has been suggested from the experience accumula-
ted so far, which includes the US-SPERT-CDC and
PBF, the French CABRI, the Japanese NSRR and, to
some extent, the IGR Russian tests (hollow pellets)
that the response of high burnup fuel under RIA con-
ditions might be different from that of low or interme-
diate burnup fuel and consequently might affect the
safety criteria.

Fig. 1 shows a compilation of the most relevant expe-
rimental results; the filled symbols correspond to rod
failure with or without fuel dispersion.

The material property changes due to high exposure
can modify the behaviour of the fuel rod under such a
fast transient in a completely different manner than
during steady state operation.

Three effects can significantly modify the fuel rod
behaviour clad corrosion and hydriding, fission
gas retention and the so-called "r im" effect.

2.1 Cladding corrosion and hydriding

The in-reactor cladding corrosion process of Zirca-
loy-4 is the major life time limiting factor for nominal
fuel operation. A large amount of experimental corro-
sion data [2-3] indicates an acceleration of the corro-
sion process at burnup levels greater than 50
GWd/tHM. In the upper part of the fuel rod, at high
burn-up, oxide layers of more than 100 u.m thickness
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may be observed. The hydride levels in the cladding
increase proportionally and could be larger than 600
ppm wt.
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Fig. 1 : Compilation of experimental RIA test results
(filled symbols mean rod failure with or without
dispersion)

This corrosion is accompanied by radiation har-
dening due to high fast (> 1 MeV) neutron fluences
and to the potential action of aggressive fission pro-
ducts on the inner surface of the fuel cladding.

Both phenomena, i.e. cladding hydriding and radiation
hardening, seem to cause the decrease in Zircaloy-4
cladding ductility at extended burnup levels. Therefo-
re, the cladding cannot withstand the same loads at
high fluences and burnups as at lower burnup levels.

2.2 Fission gas retention

At high burnup, the noble gases produced, mainly
Xenon and Krypton, are stored within the matrix and
fine bubbles. Besides fuel thermal expansion, these
fission gas atoms are probably an additional source
of cladding loading under transient conditions.

In the case of slow power excursions (minutes to
hours) the loading on the cladding is produced by fuel
swelling due to gas atom bubble growth and diffusion,
whereas during fast transients (in the order of mil-
liseconds) the diffusion process becomes less im-
portant. Under rapid heating the loading on the clad-
ding is most likely due to the release of the gas inven-
tory (completely and instantaneously at melting). This
process produces a high internal pressurisation of
the fuel and the transient fuel swelling before the
escape of the gas into the free volumes of the fuel
rod.

2.3 Rim effect

The formation of a "rim" zone at the outer surface of
the fuel pellet at high burnup (rod average burnup of
about 45 GWd/tHM) is the product of the thermal flux
gradient in the pellet and of resonance captures close
to the fuel surface. It is characterized [4-7] by 1) a
very high burnup (more than 2 times the cross-
sectional average), 2) a high concentration of plu-
tonium, which modifies significantly the radial power
distribution, 3) a fine subgrain structure (< 1 u.m)
resulting in the presence of a large amount of gas
bubbles at the grain boundaries, and 4) a high poro-
sity (around 30 %) which lowers the thermal con-
ductivity. The thickness of the rim zone can reach 200
u.m.

The combination of a higher power density and a lo-
wer thermal conductivity produces higher fuel tempe-
ratures in the outer surface of the fuel. This effect is
greater at higher burnups than lower burnups
(assuming the same neutron flux).

During a rapid power excursion the rim zone probably
plays an important role because the already peaking
fission density in homogeneous fuel is amplified by
the high Pu content and the increased gas content is
boosted by the local high fuel temperatures. In the
case of fuel rod failure, this peripheral zone may be
finely fragmented and dispersed into the coolant
channel together with fission gas retained in the fuel [1].

3 Overview of the reference rod test case

3.1 Fuel rod characteristics

A MOX fuel rod, irradiated in a PWR for 5 cycles plus
a sixth, simulated cycle has been taken as reference
to perform the calculations. The main characteristics
of the unirradiated fuel rod are summarized in Table
1. The initial fuel enrichment of fissile plutonium is
about 4.20%.

Rod characteristics

cladding material

clad outer diameter (mm)

clad inner diameter (mm)

fuel column length (m)

initial diametral cold gap (u.m)

helium prepressurization (bar)

Zr4 CWSR

10.72

9.48

3.0

190
23

Table 1: Initial main characteristics of the selected
test fuel rod

3.2 Power history

During the 6 cycles irradiation period, the fuel pin was
taken to an average burnup of 54.3 GWd/tHM. Fig. 2
shows a schematic representation of the linear heat
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generation rate versus rod burnup. A typical PWR
cycle averaged axial power distribution was assumed,
in which the maximum fuel burnup (60.3 GWd/tHM) is
attained in slice 7 (914.4 to 1066.8 mm from the bot-
tom). The average fast neutron (> 1.0 MeV) fluence is
in the order of .235x1021 n/cm2 .
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Fig. 2: Schematic view of the fuel rod power history

4 Calculation procedure
Axially, the fuel stack consists of 20 discrete slices (or
sections) and radially the fuel cross-section was divi-
ded in four coarse zones where the outer fuel region
(about 400 microns) includes 8 fine mesh points.

The hypothetical control rod ejection (at zero power
in hot condition) was simulated by a reactor power
pulse of 50 ms at half maximum and applied at four
different burnups, i.e. at zero burnup and at the end of
the second, fifth and sixth cycle respectively; the cor-
responding burnup values at peak power node
(section 7) are 0, 14.6, 46.8 and 60.3 GWd/tHM. At
each burnup the level of the power excursion was
adjusted so as to avoid melting somewhere in the fuel
while being as close as possible to the melting point.
The corresponding average radial fuel enthalpy values
define the so-called "critical enthalpy curve to
melt".

The same procedure was applied (at the end of the
fifth cycle) to study the influences of the power pulse
width and shape, in terms of fuel radial temperature
distribution and critical fuel enthalpy. The effect of the
power pulse width was studied by applying a symme-
trical power excursion of 10 and 250 ms (at half ma-
ximum). Since the control rod ejection mechanism
(ramp up) and the Doppler effect (ramp down) are two
different phenomena, an asymmetry of the power
pulse should be expected. Therefore, additional
calculations were performed, assuming an asymme-
trical pulse characterized by a rise in power of 25 ms

(half maximum) and a coming down step in 100 ms
(half maximum).

The calculations of the radially averaged fuel enthalpy
during the rapid insertion of reactivity were carried out
for the whole rod but only the axial peak power node,
i.e. section 7, is discussed.

5 Calculation models
The TRANSURANUS code [8], developed at the Eu-
ropean Institute for Transuranium Elements, was de-
signed for describing the thermal and the mechanical
behaviour of fuel rods in all types of reactors. All rele-
vant physical models are included but only the most
important models or correlations used for the determi-
nation of the "critical enthalpy curve to melt" are
hereafter briefly described.

5.1 Radial power density distribution

The prediction of fuel rod behaviour in LWR at high
burnup is difficult because the thermal and mechani-
cal analyses depends strongly on the complex mate-
rial behaviour that changes with burnup. In particular,
the radial power density distribution in the fuel rod is
non-uniform and is a function of burnup. At the be-
ginning of irradiation, i.e. at low burnup, the concen-
tration of fissile material is constant which means that
the radial power exhibits a relatively small variation
across the fuel radius. At high burnup there is a varia-
tion in this concentration with a marked increase in
the Pu-239 concentration near the fuel surface. The
variation can be explained by the high absorption
cross-section of epithermal neutrons in the resonan-
ces of U-238. In a recent paper [9], the buildup of
Plutonium in high burnup UO2 fuels was recognized
and incorporated into the fuel performance code
TRANSURANUS. This is an extension of the well
known RADAR (RAting Depression Analysis Routine)
which does not perform so well at high burnup becau-
se the build-up of higher Pu isotopes is not taken into
account. Recently, this new model the TUBRNP routi-
ne (TransUranus BuRNuP model) was extended to
include MOX fuels [10]. It was modified in order to
include the buildup of Pu-241 near the edge of the fuel
due to resonance capture in Pu-240, as observed
from the radial plutonium distributions obtained by
EPMA and SIMS measurements performed at PSI.

The set of cross-sections used within the differential
equations for the determination of the local uranium
and plutonium concentrations was taken from the
ORIGEN2.1 library [11].

5.2 Fuel thermal conductivity

Thermal conductivity is not an intrinsic property of
nuclear fuel. This property is usually determined in an
indirect way by measuring thermal diffusivity using the
laser flash method and then by multiplying it by the
specific heat capacity and density. Based on a compi-
lation of all measurements of diffusivity available in
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the literature, Philipponneau [12] re-calculated the
conductivity of MOX fuel by using up-to-date recom-
mendations for heat capacity and density leading to a
reduced scattering of the results.

Conductivity values were analysed in order to
establish a recommendation taking into account the
effects of the deviation from stoichiometry and plu-
tonium content, as well as the influence of porosity
and burnup.

Burnup induces a great modification of fuel parame-
ters which changes the conductivity. A burnup cor-
rection term of 0.0044 mK/W per at% is recommen-
ded, but this is clearly a domain where knowledge is
sorely lacking because of the small number of re-
sults.

According to the specific characteristics of the "rim"
zone, as described above, an additional correction
was applied in order to take into account the suppo-
sed lower thermal conductivity of this region [13]. A
degradation of the thermal conductivity was applied in
the rim zone which is assumed to appear when the
local fuel burnup exceeds 7 at%,

where

cl = 9/7

c2 = 8

ß = local burnup in at%

This correction assumes a decrease of the fuel ther-
mal conductivity by a factor of 10 at a local burnup of
14 at%. Fig. 3 shows the fuel thermal conductivity
degradation versus local burnup.

Fig. 3:

8 9 10 11 12 13 14

Local bumup (at%)

Assumed degradation of the fuel thermal
conductivity in the rim zone

5.3 Fuel enthalpy

The local fuel enthalpy is the integral of the specific

heat at constant pressure i.e. H=\Cp dT over the

local fuel temperature range (Fig. 4b). The analytic
form of the local specific heat at constant pressure
considered is given by the following correlation [14]
(Fig. 4a)

C sol =12.54 + Tk(0.017 + 7^ (-0.1 IX10" 4 +

Tkx 0.307 xlO~8))

C = C x 15.4894/(3.6 x lO + 6 )p p,o

where % is the liquid fraction

X = 0 solid, % -1 liquid

T, = fuel temperature (K)

5.4 Solidus and liquidus fuel melting
temperatures

The MAPLIB-handbook [14] correlation was taken as
reference in the determination of the local fuel melting
temperature value. The solidus, and liquidus fuel mel-
ting temperatures are given by

T =T
m,liq m,sol

where

T = local fuel temperature [K]

CPu = local Pu mass fraction [-]

AT^ = bumup correction = 32 x W4 x bu

bu = local burnup [MWd / tU]

No correction for the influence of the oxygen-to-metal
ratio (stoichiometry) was considered.
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6 Calculation results

The calculation results given hereafter emphasize,
mainly, the influences of a) the fuel rod burnup b) the
"rim" correction c) the width and d) the shape of the
power excursion in terms of critical fuel enthalpy.

6.1 Transient power and fuel enthalpy

The level of the power excursion was choosen accor-
ding to the procedure described paragraph 4. Fig. 5a
shows the linear power for section 7 (peak power) at
the different burnups. At each burnup, the transient
lasted 100 ms with a power increase during 50 ms
and a decrease also during 50 ms i.e. the time interval
of half maximum power was 50 ms. As the figure
shows, the transient power levels at low (0 and 14.6
GWd/tHM) and intermediate (46.8 GWd/tHM) burnups
are not very different. In this burnup range, the diffe-
rences of the critical power level are due to the de-
crease of the fuel melting temperature as well as to
the degradation of the fuel thermal conductivity. At

intermediate burnup (46.8 GWd/tHM) the influence of
the outer porous fuel zone (about 50 microns) in
terms of critical energy deposition remains low. At a
high average burnup (60.3 GWd/tHM) the burnup in
the outer fuel zone (see below) increases very much
and decreases therefore both the melting temperature
and the fuel thermal conductivity in the rim zone
(about 200 microns). The consequence is a drastically
decreased transient power so that in the outer fuel
zone the fuel temperature is on the verge of melting.
For instance, an increase of the transient rod power
from 2800 to 2850 kW/m will already cause fuel mel-
ting in the outer fuel zone.
With lower transient power and lower fuel temperature
the fuel enthalpy also decreases, Fig. 5b. As the tem-
perature increases during 50 to 100 ms, the fuel ent-
halpy also increases during this time interval and be-
gins slowly to decrease after this time.
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6.2 Radial temperature and burnup
distribution

The fuel rod is cooled'outside and therefore the tem-
perature usually decreases from the centre to the
outside. During transients, this situation can be chan-
ged during short time periods and a different radial
temperature distribution can be established, as shown
Fig. 6. In Fig. 6a the radial temperature distribution is
plotted for different burnups after a time of 100 ms. At
higher burnups, temperature maxima in the outer fuel
zone appear there and the temperature slowly de-
creases towards the fuel centre.

The discontinuity in the temperature distribution is a
consequence of the radial discretisation used for the
calculation. A higher number (8) of mesh points was
used in the outer coarse fuel zone than in the inner
coarse zones (3) in order to avoid large computational
running time.

Fig. 6b shows the radial temperature distribution du-
ring a transient with the average burnup of 46.8
GWd/tHM after 50, 100 and 1000 ms. As can be
seen, after about 1 s the temperature distribution
looks more or less as expected.

In Fig. 6c the radial burnup distribution is plotted for
different average burnups. The burnup increases in
the outer fuel regions due to the time integrated power
distribution. Higher power and lower thermal con-
ductivity produce the temperature distribution during
transient as shown above.

6.3 Fuel enthalpy for different burnups

In Table 2 the calculated radially averaged fuel ent-
halpy values are listed against the radially averaged
burnup. The fuel enthalpy decreases with burnup due
to the decreasing fuel melting temperature and to
some extent the burnup dependency of the fuel ther-
mal conductivity. Below 50 GWd/tHM the influence of
the rim correction remains minor. The reason for the
sharp decrease at high burnup {above about 50
GWd/tHM) is due to the assumed thermal conductivity
degradation in the rim zone. If no fuel conductivity
degradation in the rim zone is taken into account, the
calculation shows only a small enthalpy decrease.

Table 2 also gives an overview of further calculation
results: radial gap size, outer cladding corrosion layer
thickness before the transient and cladding hoop
strain before and after the transient. The occurence of
a cladding failure due to the choice of a Stress Corro-
sion Cracking model (SCC) is also noticed.
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Pellet burnup

(radially averaged}

[GWd/tHM]

0.0

14.6

46.8

60.3'

Peak linear power

[kW/mJ

13825

13445

11277

3036*

Fuel peak

temperature

IK]

3072.8

3022.2

2906.1

1412.0*

Crit. fuel enthalpy

(radially averaged)

[cal/g]

238.6

228.8

194.7

67.5

Radial gap size

(before transient)

[um]

85.9

34.1

6.2

10.3

Outer cladding

corrosion layer

Dim]

0.3

6.5

19.7

25.7

Cladding hoop
strain

(before/at transient)

t%]

0.07/2.68

(no failure)

-0.29/2.79

(no failure)

•0.25/2.93

(clad failure)

0.05/0.53

(clad failure)

(*) A power increase of about 2% gives a fuel peak temperature of 2974 K and a fuel enthalpy of 71.3 cal/g.

Without "rim" correction

60.3 10843 2833.8 184.6 5.1 25.7

-0.07/2.93

(clad failure)

Table 2: Overview of TU/PSI calculation results. Power excursion width (at half max.) 50 ms.

Power excursion

width (half maxi-
mum)

[ms]

10

50

250

125

Power excursion

(SorA)*

[-1

s

s

s

A

Peak linear power

[kW/m]

43372

11277

2711

5204

Fuel peak

temperature

[K]

2897.4

2906.1

2926.8

2918.3

Crit. fuel enthalpy

(radially averaged)

[cal/g]

159.9

194.7

212.0

211.3

Cladding hoop
strain

(before/at transient)

l%]

-0.25/2.21

(clad failure)

-0.25/2.93

(clad failure)

-0.25/2.09

(clad failure)

-0.25/1.95

(clad failure)

(*) S: symmetrical power excursion shape, A: asymmetrical shape

Table 3: Overview of TU/PSI calculation results. Influences of the power excursion width and sha
pe. Av. burnup: 46.8 GWd/tHM.
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Fig. 7: a) Symmetrical power pulses
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c) Fuel enthalpies versus time (section 7)

6.4 Influences of the power width and shape

The influences of the power excursion width and
shape in terms of fuel radial temperature and critical
fuel enthalpy were analysed at the end of the fifth
cycle (46.8 GWd/tHM) using respectively a short
symmetrical pulse of 10 ms, a large symmetrical pulse
of 250 ms and an asymmetrical (power increase in 50
ms, power decrease in 200 ms) power excursion of
125 ms (half maxixmum).

Fig. 7a shows the symmetrical power pulses applied
at 10, 50 (already discussed above) and 250 ms at
half maximum respectively according to the selected
procedure. The corresponding radial fuel temperature
distributions at the end of the reactivity insertion are
shown Fig. 7b. As expected, the faster the power
excursion the more pronounced is the difference bet-
ween the fuel centreline and the rim zone tempera-
ture. The temperature gradient in the rim zone increa-
ses with decreasing pulse width. At the end of the
longer pulse (500 ms) the fuel temperature peak in
the rim zone has already disappeared.
Consequently, the critical fuel enthalpy decreases:
Fig. 7c shows the fuel enthalpy versus time for the
three reactivity insertions. For the 10 ms pulse, the
critical fuel enthalpy value is about 18% lower than for
the 50 ms pulse which is itself about 9% lower than
the 250 ms.

The calculation results show that the asymmetry of
the power pulse does not influence the fuel response
in terms of radial temperature distribution and critical
fuel enthalpy. Table 3 gives an overview of TU/PSI
calculation results. The comparison between the criti-
cal fuel enthalpy value for the 250 and 125 ms, re-
spectively 212.0 and 211.3, demonstrates clearly that
above 125 ms no considerable change can be ex-
pected (at this burnup). In other words, at 46.8
GWd/tHM with a rim zone of about 50 microns, the
critical fuel enthalpy value becomes more or less
constant for a pulse width above 125 ms. An extensi-
on of this pulse width limit can be expected at higher
burnup.

7 Discussion
A fuel melting threshold was taken as criteria for the
determination of the critical fuel enthalpy curve (to
melting) under fast reactivity insertion. As mentioned
in [13], the larger (factor 10 for a burnup of 14 at%)
fuel thermal conductivity degradation in the so-called
"rim" zone (above 7 at%) which acts as a thermal
barrier was considered.

The calculation results show a high sensitivity of the
critical fuel enthalpy value with the radial fuel burnup
profile. A comparison between calculated and measu-
red fuel rod burnup profiles would be necessary in
order to validate the parameters used in the form
function describing the non-linear part of the local
uranium and plutontum concentrations, as already
recognized in [10].
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Some of the models selected to assess the fuel rod
behaviour are not specific to fast reactivity insertion
simulations. For instance:

• the fuel swelling model (described in detail in [3])
depends on the burnup increment which is low during
the fast transient;

- the SCC model has been calibrated only for normal
reactor operation conditions;

- the nonslip option of the pellet-cladding mechanical
interaction model suffers from severe limitations and

cannot account for a correct treatment if the fuel
sticks to the cladding.

All the calculation results are plotted versus rod bur-
nup in Fig. 8 with the set of relevant experimental
data. The main objective of this figure is only to
position the critical enthalpy curve in the frame-
work of the existing experimental data but not to
make a direct comparison between calculated and
measured results.
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8 Summary

The TRANSURANUS/PSI integral fuel behaviour
computer code has been used to assess the fuel re-
sponse under RIA conditions in terms of critical aver-
age radial fuel enthalpy versus burnup. A critical fuel

enthalpy value (for melting) is assumed to be reached
when melting is nearly attained somewhere in the
fuel.The calculations were performed based on the
characteristics of a reference MOX fuel rod irradiated
during 6 cycles in a pressurized water reactor re-
aching an end of life burnup of 60.3 GWd/tHM. In
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order to simulate the expected lower thermal con-
ductivity of the "rim" zone (local burnup higher than 7
at%) in the fuel, an additional burnup degradation
increment was introduced in the thermal conductivity
correlation of Philipponneau.

The RIA conditions were simulated by a power pulse
of 50 ms at half maximum. The level of the power
excursion was adjusted in order to avoid melting any-
where in the fuel but to be as close as possible at the
melting point. Calculations were carried out at four
different burnups.

A gradual decrease of the average radial critical fuel
enthalpy is observed as the bumup increases to 47
GWd/tHM due to the decrease of the melting tempe-
rature and the fuel thermal conductivity. At this burnup
the rim zone is quite small (about 50 microns) and,
consequently, does not significantly influence the
critical fuel enthalpy value. At higher burnup, the
calculation results show a drastic decrease of the
critical fuel rod enthalpy due to the influence of the
degradation of the thermal conductivity in the "rim"
zone.

Due to the high sensitivity of the critical fuel enthalpy
value to the radial fuel burnup profile, further investi-
gations are needed, and a comparison between
calculated and measured fuel rod burnup profiles
would be necessary in order to confirm the validity of
the fitting parameters included in the form function
used for the determination of the local uranium and
Plutonium concentrations, i.e. the radial power profile.

The influences of the power pulse width and shape
were studied at a constant burnup of 46.8 GWd/tHM
using respectively a short symmetrical pulse of 10 ms,
a large symmetrical pulse of 250 ms and an asymme-
trical (50 ms up, 200 ms down) power excursion of
125 ms (half maximum). The calculation results show
that the critical fuel enthalpy decreases with decrea-
sing power witdth (time). Above 125 ms the critical
fuel enthalpy value remains quite constant. This limit
can be expected to be larger for higher fuel burnup.

The calculation results show that the asymmetry of
the power pulse does not influence significantly the
fuel rod response in terms of radial fuel temperature
and critical fuel enthalpy.

We have shown that, if the fuel has been irradiated at
high burnup levels, the fuel pellet rim temperature can
increase up to melting point in the event of even a
minor rapid power excursion and if thermal conductivi-
ty degradation is relevant.
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Abstract

During March 1992 a fuel pressure tube of a reactor
channel of the Leningrad Nuclear Power Plant
underwent a temperature excursion after a coolant
flow blockage and was destroyed. In the following,
within the Swiss Eastern European aid program a
collaboration was set up for a project between the
Moscow Research and Development Institute of
Power Engineering, the designer of the RBMK-
reactors, and the Paul Scherrer Institute. An intensive
failure analysis program was started, based on
modern equipment available at PSI for analysis of
highly radioactive material and on the experience of
both institutes in investigating failures of reactor
structure materials, with the goal of establishing the
accident temperature evolution in time. This report
presents the results of studies undertaken in order to
determine the parameters which govern the events
during the accident obtained from an analysis of the
tube failure material together with evaluations of the
apparent phase and structure changes. Our analysis
of experimental data for oxygen distribution and the
diffusion coefficient calculations showed that the
temperatures exceeded 1300°C, which is much higher
than results from previous studies performed in
standard failure post-irradiation examination. The
results obtained are important in that they have
allowed to revise the previous assessments of the
initial thermal conditions of the accident progression.
In particular, they already served as a basis for
determining the efficiency of the RBMK safety
improvement measures carried out in response to the
accident.

Accident analysis as a Swiss-Russian
cooperation

The experimental determination of the characteristic
data of nuclear reactor materials and of their
modification during an accident is an essential part of
a post-accident analysis. It is especially important for
the investigation of damage to reactor structural
components, such as pressure tubes, fuel element

assemblies and fuel pin cladding, which enclose and
hermetically seal the highly radioactive fuel.

The process describing the individual real damages
allows one to judge the stability of the reactor
construction material under accident conditions and to
improve the operation, or even the construction of
reactors.

After the Tschernobyl accident, the improvement of
the safety of the Russian RBMK nuclear power
reactors has been the main content of international
research programs.

The joint Swiss-Russian project "Pressure tube failure
investigation" of a recent reactor accident is a
contribution to this research field. The accident,
involving a fue! channel pressure tube rupture due to
coolant flow reduction, took place at the third block of
the RBMK-Leningrad Nuclear Power Plant (LNPP,
situated near the Russian town of St.Petersburg) on
24. March, 1992. The fuel channel broke close to the
top of the upper fuel element before the reactor
scrammed.

Within the Swiss Department for Foreign Affairs
(SDFA) Eastern European aid program, a
collaboration was set up for a project between the
designer of the RBMK-reactors, the Moscow
Research and Development institute of Power
Engineering (RDIPE), and the Paul Scherrer Institute
to

- intensify the damage analysis program of this
accident with the complementary analytical equipment
available at the two hot laboratories of PSI and
RDIPE,

- reach a thorough understanding of the damage
sequence based on the experimental results and on
the understanding of the materials behaviour, as well
as on the engineering knowledge of both parties,

- provide to both institutes the possibility for a visit
exchange to get to know their respective analytical
capabilities and limits, which in the future could lead to
further fruitful co-operation in emergency cases.
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fuel channel
pressure tube

(1S93X)

Fig. 1: Schematic of the RBMK Nuclear Power Plant
(Fig. 1) and the fuel assembly (Fig.2)

Object of investigation

The main object of the joint studies was to determine
the temperature behaviour of the fuel assembly
central tube and fuel channel pressure tube during the
accident.

This report presents the results obtained on the basis
of evaluations of apparent, evident tube material
structure and phase changes as well as of the results
of the determination of concentration profiles of solid-
solution oxygen in the tube wall.

The sequence of the accident events started with a
blockage (reduction) of water flow rate, caused by a
damaged valve, followed by drying out of the fuel
channel. The ensuing heat excursion of the fuel
assembly led to plastic deformation of the pressure
tube, failure of the graphite bricks in the reactor cell
and rupture of the fuel channel tube (Figs. 2 and 3).
With the beginning of the pressure rise in the reactor
cavity the emergency shutdown became effective.

All these events occurred within an interval of less
than 42 s.

An attempt to discharge the damaged reactor cell
(altogether a RBMK-reactor contains 1693 of these
cells) with the help of a refuelling machine allowed to
remove only the upper part of the fuel assembly. The
lower part, including the fuel elements, was disposed
of in the NPP's storage area. Pieces of the central

centrat tube

failure location
(break off)

pressure tube

fuel elements

Fig. 2: Schematic of the RBMK fuel assembly with
the failure location (break off)

tube and of the fuel channel pressure tube up to the
break-off were cut out to perform studies in the hot
cells of the Sverdlovsk Branch of the Moscow
Research and Development Institute of Power
Engineering in Zarechny (Ural Region, Russia). Some
specimens (Fig. 3) were subsequently sent to the
Paul Scherrer Institute in Switzerland for special
damage analysis.

This was the first time that a highly radioactive sample
of a damaged Russian reactor was transferred to a
foreign country for failure investigations. This work -
very important also for future joint work on
comprehensive analysis of reactor accidents - took
about one year, most of the time was necessary for
the organisation, contract formalities and official
authorisations of the transport. The central tube and
the fuel channel pressure tube samples subjected to
studies are composed of zirconium alloy with 2.5 %wt
niobium in annealed state.
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Fig. 3: Schematic of the demaged fuel assembly
(A: central tube; B: fuel channel pressure tube;
1-6: locations of sampling for determination of
oxygen profiles in tube metal)

Standard failure post-irradiation
examination

Immediately after the accident, an extensive material
testing programme, consisting of the standard tests of
fractography, metallographic investigations, electron
microscopy, microradiographic y-spectrum analysis
and X-ray diffraction analysis, was performed at the
Sverdlovsk branch of the RDIPE to study the
condition of the zirconium alloy tubes and fuel
assemblies.
At the end of this work it was possible to reconstruct
the general evolution of the accident.

The results of these first investigations were published
in the same year [1].

A general description of the failure was presented and
the evaluation of likely temperature distribution over
core height was given. Indeed, it was the principal
objective of the standard failure post-irradiation
studies to determine the pressure tube temperature
behaviour during the accident.

The temperature history can be determined in several
ways, but in all of them only indirectly.

The first, purely computational way, is to perform
nuclear-physical as well as thermo-physical
calculations of the process, taking into account the
actual complicated geometry, the convection
processes, the radiation heating and the exothermic
reaction of tube material oxidation in high pressure

superheated steam. However, results of computations
at such a level of sophistication must be carefully
examined with sound judgment because of the
insufficient knowledge of the parameters values and
of the complicated interaction of the various
processes taking place.

The second way is a part of standard failure post-
irradiation. It is an empirical structure and phase
analysis, using the results of metallography, electron
microscopy and X-ray phase analysis.

The experimental data of failure post-irradiation
examination at the Sverdlovsk Branch of the RDIPE
allowed to find that a crystal structure characteristic
for fast cooling from the upper part of the ß-Zr-area
that corresponds to temperatures about 1000-1200°C
was produced on the pressure tube material near the
fracture location.

For more precise temperature determination by
comparing the accident failure material morphology
and structure with high temperature laboratory results
the currently available data basis is still too small.
Such systematic laboratory experiments should lead
to an atlas of zirconium alloy structures (or of other
material of interest) reached as a function of thermal
cycling times and temperature gradients.

Such a data bank would be a useful tool for a first fast
accident evaluation and it should be an element of the
tasks of a future co-operation.

Determination of oxygen distribution over
the central tube wall thickness.

In order to describe more precisely the material
behaviour at the damage locations in the pressure
tube, the post-accident material condition, the
concentration and distribution of oxygen as well as the
temperature reached during the progression of the
accident are of particular importance [2,3].

Oxygen diffusion concentration profiles through ZrO2

into the zirconium matrix were measured at PSI within
the remainder of the broken fuel element central and
pressure tube wall by electron probe microanalysis.

The Electron Probe MicroAnalysis (EPMA) is a
powerful tool for studying diffusion effects, surface
coatings, identifying segregation at grain boundaries,
and analysing fine precipitates. It combines the
techniques of electron microscopy (recently also of
scanning electron microscopy) with X-ray
spectroscopy, allowing one to perform highly localised
measurements of the chemical composition of a
specimen. Very small quantities of material are
detectable. Heavy metal shielding is used to protect
the operator from radiation exposure and to decrease
the intensity of radiation entering the spectrometers.

27



In order to respect the strong local safety regulations
concerning the handling of radioactive materials and
to keep a high level of operational flexibility, it was

decided to set up the microanalyser in a box as well.
The hotcell line for electron probe microanalysis is
shown in Fig. 4.

Fig. 4: Hotcell line for preparations and measurements of radioactive samples by EPMA

Analysis of oxygen, niobium and zirconium
distribution was performed with the PSI - EPMA-
system CAMECA CAMEBAX SX/R/5C. equipped
with a synthetic TAP/PC1 crystal, which allows to
determine the content of elements having atomic
number greater than 3.

The sample volume, excited by electron beam,
varied in the analysis within 0.5-2.0u.m3

Microsection specimens were cut out from the fuel
channel pressure tube and from the central tube at
various distances from the break location and were
analysed (Fig. 3). The prepared samples were
loaded into the specimen holder and coated with a
carbon layer.

The scanned specimens from the pressure channel
were sampled from its inner surface, whereas the
specimens from the central tube were taken from the
outer surface, i.e. from the coolant side. The
scanning pitch was 2-5u.m.

The concentrations of zirconium, niobium (Fig. 5)
and oxygen (Fig. 6) in dependence of the distance
from the metal/oxide interface show very clearly the
structure changes and the oxygen solid solution
penetration in the metal (compare also Fig.7).
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Oxygen profiles were detected across the pressure
tube and central guidance tube wall and the profiles
showed clearly1 a drop in oxygen concentration when
moving away from the fracture position towards the
cooler upper parts. Figure 6 shows as an example
the oxygen profile in the rupture region.
Owing to these results, the EPMA efforts were
intensified and the analysis at PSI was finalised with
a flanking scanning electron microscope analysis of
the fracture front.

Data analysis and diffusion coefficients
calculations

An analysis of data on oxygen diffusion in metal and
formation of oxygen-solid solution was carried out on
the basis of knowledge acquired from a
mathematical model and allowed to get more
accurate estimates of the "effective" accident metal
temperature. This "effective" temperature T depends
on the "effective" oxygen diffusion time t during the
accident (Fig.7). The diffusion coefficients, and
consequently the derived T-values, were calculated
for a conventional time t = 10 s [4]. The task to
mathematically describe the diffusion process was
performed at RDIPE Moscow. To this end, most of
the reliable literature data relating to oxygen diffusion
in alpha-zirconium for a wide range of temperatures
400-1200°C was reviewed.

The model of the process of oxygen solution
formation and oxygen diffusion was relatively simple
in principle, but in practice it still turned out to be
complex since three crystallographic phases had to
be distinguished (Fig.7).

"Effective" Temperature for
different "effective" lime

a t % Oxygen

19001700150013001100 900 20 40 60 80 100120 urn
Temperature, °C Distance from oxyde-metal boundary

Fig. 7: Relation between the oxygen-zirconium phase diagram and the oxygen solid solution penetration [4].

The values of the oxygen diffusion coefficients for the
different phase regimes were taken from the literature;
the resulting temperatures for a given profile were
found to be consistent. The oxygen diffusion process
leading to the solid solution of oxygen in a-zirconium

was computationally modelled taking into account the
effect of the temperature dependence of the phase
transformation on the moving interface boundaries.
Oxygen diffusion coefficients were calculated based
on the estimated dryout excursion times for both the

29



a- and p-phase regions of the diffusion profiles of all
analysed samples (Fig.7). For the whole temperature
range, the nonlinear dependence of the diffusion
coefficient in a-zirconium on temperature was
obtained in the form of a sum of three exponential
terms.

Results of measurements and of computations are
summarised in fitere 8, which shows the maximum
temperature distribution in the central tube as a
function of the distance from the rupture location.

At PSI, however, the results of the electron probe
microanalysis of the pressure and central tube were
evaluated together and the oxygen profiles
interpreted. The outcome of this comprehensive
analysis was that the profiles reveal higher upper
accident temperature limits than previously estimated
based on meial'ographic analyses only. The
"effective" temperature of the pressure tube was
estimated to lie in the range of 1300°C <T<1500°C by
analysing distributions of solid solution oxygen.
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Fig. 8: Calculated maximum temperature distribution
in fuel channel central tube by oxygen
diffusion evaluation

The profiles reveal upper accident temperature limits
higher than those previously estimated from the
standard failure post-irradiation examination.

Maximum accident temperature

Considering thermomechanical, physical and chemical
aspects, the maximum temperature that might have
occurred during fuel channel dryout had previously
been estimated to be less than 900°C.

It was assumed that the zirconium 2.5%Nb pressure
tube would fail in the temperature range 800-850°C.
Steam from the drum separator would then have
prevented a further increase in temperature.

The detailed post-irradiation examination at the
Sverdlovsk branch of the RDIPE, however, resulted in
the finding that the fuel channel central tube close to
the fracture had experienced a temperature in the
range of 1000-1200°C before rupture and cooling; a
temperature value below the lower limit could be
excluded.

Conclusions

The temperature which the central tube of the fuel
assembly actually reached was thus much higher than
was previously believed to be possible. The present
finding is also at variance with the results of the
previous theoretical assessments based on the heat
balance, in which allowance was made for the heat
release in fuel rods and for the convective and
radiative heat transfer. This fact called into question
the previous evaluation of the time and temperature
prior to the exothermic, high temperature zirconium-
steam reaction. To assess the role of this reaction
mechanism itself, more accurate experimental data
about the reaction processes and the maximum
temperature values of the accident would be needed.

Consequently, the next stage of the co-operation
between the PSI and RDIPE will be to evaluate in
more detail and with higher accurracy the effect of the
time-temperature profile on diffusion processes and
on the condition of the material.

The results of the oxygen electron probe
microanalysis performed at the Hot Laboratory of PSI
made it feasible to set up an improved model to
describe the damage sequence. Apart from the
simulation of this past accident, such a model, being
derived from extensive and detailed measurements
from a real NPP accident, provides grounds for
confidence in the application to detecting the onset of
a similar excursion. It would then be possible to take
the appropriate measures at a sufficiently early time to
prevent, or at least to reduce, any damage.

The results obtained are of great importance in terms
of revising the initial thermal conditions of the accident
progression. They have served as a basis for
assessing the efficiency of the RBMK safety
improvement measures carried out in response to the
accident in question.
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COMPARISON OF TWO CRACK GROWTH CRITERIA IN THE BRITTLE-TO-DUCTILE
TRANSITION ZONE
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Abstract

With the finite element method we calculate the crack
behaviour in the Brittle-to-Ductile Transition (BDT) zone
of a thick-walled cylinder under internal pressure, ax-
ial tension and thermal shock loading; the results are
compared with experimental findings. A local approach
that is usually valid only for brittle fracture turned out
to perform better than the JR approach intended for
ductile fracture.

1 Introduction
The safety margin against crack growth of present-day
reactor components is mainly guaranteed by the use
of high toughness material. However, during an emer-
gency cooling of a structurally flawed component the
temperature at the crack tip may fall below the high-
toughness region, especially if the component has suf-
fered neutron embrittlement.

At MPA Stuttgart this important safety issue was
investigated with large-scale experiments. In the test
NKS-6 (Stumpfrock et al. 1993 [1]) a thick-walled cylin-
der with a circumferential inner surface crack was sub-
jected to internal pressure, axial tension and thermal
shock loading. A low-toughness material with a BDT
zone around an unusually high temperature was cho-
sen in order to simulate end of life conditions. The
crack length made a jump by cleavage followed by ar-
rest and by a second, ductile extension.

We present the results of our analysis based on the
finite element calculation which we performed at PS I,
within the OECD/CSNI project FALS1RE1. The crack
growth is simulated with the node shift/release tech-
nique based on two tentatively chosen crack growth
control criteria: first with the so called JR approach
(see section 4) commonly used to investigate tough
crack growth, and secondly with a local approach suit-
able for brittle fracture.

2 The NKS-6 experiment
The NKS-6 test specimen (Figure 1) is a 1.1 m long
cylinder with outer diameter of 0.8 m and wall thickness
t = 0.2 m. It consists of three different parts, a pre-
cracked ring of the low-toughness steel KS222 which
is embedded in a high-toughness ring3 shaped by weld
build-up. The latter acts as an interface to the carrier
part material 20MnMoNi5 5. The initial depth a of the
circumferential surface crack at the inner cylinder wall
was 34 mm {a/t = 0.17). The entire configuration is
axisymmetric.

1 Fracture Analyses of Large-Scale International Reference Experiments
2 17MoV84, Upper Shelf Energy = 30J, BDT zon« around 250°C
3 S 3 N i M o l , USE = 220J, BDT zone around -30°C

20MnMoNi5 5

Fig. 1: NKS-6 test specimen.

Initial temperatures were 320°C/280°C at the
outer/inner surface, initial pressure 13MPa; in addition
the constant tension Fa = 25 MN was applied. The total
initial loading was just below the crack growth initiation
load.

The thermal shock was generated by squirting
30 °C cold water from an axial tube with perforated
walls onto the inner surface of the test cylinder, thereby
achieving a temperature distribution constant in the ax-
ial direction, but varying in time. The temporal variation
of the wall temperature follows the local water tem-
perature shown in Figure 2a. The outer temperature
To remained about constant. The pressure was main-
tained by a remote pump; Figure 3 shows the pressure
measured near the wall.
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Fig. 2: Water temperature Tw
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The mechanically and thermally induced stresses
caused the intended crack growth, which was moni-
tored by acoustic emission. After the experiment, two
crack growth phases were observed by fractography.
First there was a crack jump of 20 mm which occurred
at 35 s. Then, after a standstill of 17 s, the crack mode
changed from cleavage fracture into a completely duc-
tile fracture mode and the crack grew continuously fur-
ther 41 mm to its final length of 95 mm, where it was
stopped by the tough welded material at time 76 s.

3 Computational model and global speci-
men behaviour
We analyse the experiment with the finite element pro-
gram ADINA. The axisymmetric model consists of 621
8-node isoparametric elements with square elements
(side length = 2.2 mm) in the ligament. The calculation
is performed in two steps:

First we calculate the transient temperature field in
the cylinder wall (Figure 4) with temperature-dependent
heat conduction and heat capacity. It shows the typical
thermal shock behaviour with high temperature gradi-
ents near the cooled surface. The calculated temper-
atures are in an excellent agreement with the experi-
mental values.
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Fig. 4: Temperature distribution.

In the second step, we determine the mechanical re-
sponse of the cylinder under the combined load of cal-

culated temperatures, applied static axial tension and
measured transient pressure. The plastic material be-
haviour is taken into account by a multilinear stress-
strain curve. All material properties are temperature
dependent.

At every time step of the transient event, the crack
length in the finite element mesh has to be increased
by the increment obtained from the crack growth con-
trol criterion used which is described in detail below.

The crack tip (which is always at an element cor-
ner node) is shifted into the ligament; the elements
are deformed accordingly (Figure 5). If the given crack
growth increment is larger than the element edge, both
the old crack tip node and the element midside node
are released in crack opening direction and the crack
growth modelling is continued by shifting the next ele-
ment corner node which now represents the crack tip.

crack plane

o initial crack tip node location
A shifted and released nodes
o this node not shifted, because

the crack grew past it in one
time increment

ligament

current crack tip
unreleased nodes

Fig. 5: Node shift/release technique.

Figure 6 compares the measured and calculated
mechanical transient part of the strains at point D3,
located 184 mm from the crack plane (Figure 1).

100 150 200

Time / s

Fig. 6: Strains at point D3.

The difference between calculated and measured
strains in the most interesting time interval (until 100 s)
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is somewhat larger than expected. In order to under-
stand the discrepancy we tried different crack growth
time histories, but they all yielded about the same re-
sult. Actually, there are already differences even be-
fore the crack starts growing. We should also bear
in mind that the temperature gradient is large near
the measurement point during the first 100s, and the
thermally induced contribution to the strain is therefore
significant and difficult to compensate in the measure-
ment. We note that the agreement is good towards
the end of the experiment when the thermal strains
are smaller. Therefore we should not attribute the dis-
crepancy to calculation inaccuracy.

4 Crack assessment with the JR approach
The J integral, which is a measure for the stress inten-
sity at the crack tip, is evaluated by the virtual crack
extension method; the crack growth increment is then
obtained from the so-called crack resistance curve (JR
curve) which was measured from a CT25 test speci-
men.
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Fig. 7: Crack resistance curve.

Due to the 'brittle' material behaviour in the BDT
zone, it was not possible to obtain a JR curve ac-
cording to standard test procedures for the required
range of the crack tip temperature which, in the ex-
periment, varied between 275 and 300 °C. The lowest
temperature at which a valid JR curve was evaluated
is 350 °C. Thus, the temperature dependency of the
JR curve cannot be taken into account in our calcula-
tions. The crack initiation value J,- determined with the
method developed by Roos (1982 [2]) was 46 N/mm
(forT = 350°C).

Since standard test procedures for JR curves give
only crack growth up to about 2.5 mm, we extrapolate
the JR curve up to the total crack elongation of 61 mm
(Figure 7) observed in experiment NKS-6. We choose
the two extreme extrapolations N1 and N2 to ooverthe
range from brittle to ductile material behaviour.

We use these curves as if they were valid for the ac-

tual crack tip temperature. A restriction of our FE code
prevents crossing of material interfaces; therefore, we
modify the ends of the JR curves in such a way that
the crack naturally stops there (actually, it passed only
by very little).
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Fig. 8: Crack growth.

In Figure 8 the calculated cr.= ck growth Aa is plotted
together with the experimental data. When the J intgral
exceeds the crack growth initiation value J,-, the crack
starts to grow continuously according to the given JR
curve. No matter how we extrapolate the JR curve, the
predicted crack growth deviates significantly from the
experiment. The calculation strongly underestimates
the crack growth. The too slow crack growth shows up
also in the crack mouth opening displacement (CMOD,
Figure 9).

Actually, the deviation is not surprising. To begin
with, the use of the JR approach with the purpose of
investigating the possibility to extend its use to the BDT
zone was only tentative. Furthermore we note that the
crack growth initiation value refers to a different tem-
perature than prevails in the experiment.

However, even in the high-toughness zone, the JR
approach has to be applied with care; for instance, the
transferability of the JR curve from small-scale speci-
men to real components is still under investigation and
requires, at least, additional consideration of the mul-
tiaxiality of the stress state (Clausmeyer et al. 1991
[3]). Furthermore, the measurement of JR in the BDT
zone is problematic ind the far-reaching extrapolation
is largely arbitrary.

The situation that arose in test NKS-6, namely
that the JR curve was available only for temperatures
higher than the test conditions, is probably typical for
crack propagation in the BDT range. The application
to the BDT range is generally likely to require some
extrapolation of the JR data. Therefore, the results
do not allow a definite answer regarding the extension
of the JR applicability per se. Unfortunately, all these
problems are practically unavoidable, in particular for
materials as the one considered here. It appears from
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the present results that the JH approach is unreliable
in the BDT zone.

5 Local approach
We concluded that the (global) Jn approach which de-
scribes tough crack behaviour is inadequate to predict
the unstable crack growth in the BDT zone. Therefore,
in a subroutine to our FE program we implemented a
local approach in which the crack growth is controlled
by the stress state at the crack tip. We chose a sim-
ple failure criterion based only on the stress a- normal
to the crack plane. As soon as <r at the evaluation point
in the ligament nearest to the crack tip is higher than
a critical value ae, the crack starts to grow. The crack
tip node is released without a foregoing shift, and the
next node on the ligament becomes the n3W crack tip
node.

Once the crack has started to grow it runs until <x
falls below an arrest value aa (< <TC ). Then the FE
calculation is continued for the next time step, the stiff-
ness matrix is computed anew and the stresses are
calculated with the new load array. The limiting values
ac and ffa are directly set to be the stresses acting in
the experiment at the first crack growth initiation and
arrest. This avoids scaling problems that would arise if
data obtained from small scale specimens were trans-
ferred to the present situation.

Figures 8 and 9 show that both the calculated crack
growth and the CMOD are much closer to the exper-
iment than they were with the JR approach over the
whole range of the crack extension. This was not ex-
pected, since our local approach was originally thought
to be valid only in the brittle range. The material ap-
pears to exhibit both tough and brittle characteristics;
in respect of crack behaviour the latter dominates.
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6 Conclusions
We calculated the crack growth - as previously mea-
sured in a large-scale experiment - in a thick-walled
cylinder under pressurized thermal shock and axial ten-
sion in the Brittle-to-Ductile Transition (BDT) zone. We
compared results obtained using two different crack
growth criteria, the JR approach and a local stress cri-
terion, suitable for tough and brittle crack growth be-
haviour respectively,

• Calculated and measured temperatures are al-
most identical; thus the input for the stress cal-
culation is correct.

• The calculated strain field appears to be in rea-
sonably good agreement with the experiment;
however, results could be compared at one point
only.

• The prediction using the JR approach failed alto-
gether. In hindsight we can say that our attempt
at far-flung extrapolation of a JR curve, valid at
a temperature about 70 °C higher than the actual
crack tip temperature, was overly optimistic.

• The simple local approach, which considers the
normal stress to be responsible for crack exten-
sion, performed much better.

• As regards the material in the BDT zone, it ap-
pears to be rather brittle. This would be in line
with the success of the local approach.
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EXPERIMENTS WITH COUETTE AUTOCLAVES FOR THE INVESTIGATION
OF ACTIVITY UPTAKE IN THE OXIDE LAYER OF STAINLESS STEEL UNDER BOILING
WATER REACTOR CONDITIONS

A. Hiltpold

Laboratory of Materials and Nuclear Processes (LWR)

Abstract

The purpose of this work is to determine, quantify and
validate experimentally the principal parameters of the
activity uptake by stainless steel samples under
Boiling Water Reactor conditions. The final goal of this
investigation is a set of procedures to minimise the
activity uptake by means of a special water-
management and/or a pre-treatment of the stainless
steel surface. In experiments with Couette autoclaves
the activity uptake on stainless steel samples was
measured, the assumed influence of different flow
regimes tested, the interaction of corrosion and
activity uptake investigated and the dependence of
the activity uptake Wider different water chemistries
was established.

1 Introduction

The deposition of activated corrosion products in the
recirculation system of a Boiling Water Reactor
produces increased radiation levels that lead to a
corresponding increase in personnel radiation dose
during shut down and maintenance. The major part of
this dose is -due to Co-60. In the past 25 years the
radiation field of nuclear power plant loops outside the
core zone has been the object of investigations in
many countries. At PSI the facilities of a Light Water
Reactor contamination loop and several autoclaves
have been used to investigate the complex
phenomena of activity deposition from the primary
water. From the literature [1] empirical data is
available, but the understanding of the physical and
chemical processes and of the important parameters
which control the activity build-up is deficient. We
performed experiments which enabled the detection
and quantification of parameters determining the
activity build-up, and finally modelled these
processes on a semi-empirical scale [2], The principal
interest is to examine the influence of the flow regime
on the activity build-up. For this purpose Couette
autoclaves were designed which allow flow control
over a wide range of Reynolds numbers. In our
investigation we have two processes: corrosion of the
stainless steel and the activity uptake due to the
presence of activated nuclides in the water. In
practice both these phenomena occur simultaneously
and operate to a certain degree in mutual interaction.
However, as will be shown, the corrosion rate and the
activity uptake are not strictly correlated.

2 Flow regime in a Couette autoclave

2.1 Couette flow

Couette flow occurs in a fluid between two concentric
cylinders if one or both rotate. In the Couette
autoclave at PSI only the inner cylinder is rotated and
the outer cylindrical boundary comprises of three
ringlike samples of stainless steel (Fig. 2). The
Reynolds number of the flow depends among other
things on the angular velocity of the rotating cylinder.
The incompressible flow is described analytically by
the continuity and Navier-Stokes equations:

V-«=0

pj ~f-

p: density [kg/m3], u: dynamic viscosity [Pa-s],
IT. velocity-vector [m/s], p. pressure [N/ms],
/: time [s], F: Forces per volume [N/m3].

We seek solutions expressed in terms of cylindrical
co-ordinates (r,O,z). The following conditions for
Couette flow need to be fulfilled:

1. Steady state flow;
2. The axial and radial flow velocities are zero:

u2=u=0;
3. The viscosity is constant;
4. Bulk forces F are negligible;
5. The no-slip assumption is valid. This

boundary condition on the inner and outer
cylinder implies:

fl,: inner radius [m]; Ro: outer radius [m];

Q: angular velocity [rad/s].

We seek a solution of the form
u = {ur,M«,MZ} = {0,»4,0}, where u~u<t>= u(r) is

independent of <&, z.

The solution for the velocity is:
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The angular velocity of the rotating cylinder is a
convenient parameter for experimental determination
of the Reynolds number in the autoclave. Details
concerning Couette flow can be found in [3], [4]. For
Couette flow the Reynolds number is defined as:

R ^ R.,(R0 -

2.2 Eddies and instabilities

The simple Couette flow (A) is only stable if the Re <
200. With increasing Reynolds number the flow
becomes by stages less symmetric and more chaotic
as Fig. 1 shows. The Taylor flow pattern (B) arises if
Re < 500, the wavy flow (C) if Re < 2000 and for
higher Reynolds numbers we observe even chaotic
flow behaviour (D).

The experimental set-up of a Couette apparatus has
some influence on the flow regimes and their range of
Reynolds numbers. Especially the surface roughness
and geometrical unsymmetries at the bottom and top
of the autoclave may have some effect on the
different flow regimes, therefore the Reynolds
numbers mentioned above have to be understood
more as estimates.
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Fig. 1: Different flow patterns and eddies in a
Couette autoclave as a function of the
Reynolds number [12].

A Couette apparatus with both cylinders rotating
additionally provides a daunting number of flow
regimes [3], [6]. For our purpose, the regimes up to
the wavy flow are appropriate because the dominant
role of the circular velocity is preserved and additional
mixing in the fluid along the z-axis helps to stabilise
the homogeneity of the fluid. To provide concrete
data, experimental tests with injected ink in the water
flow in a transparent model of the Couette autoclave
were performed [7].

3 Experimental set-up
A rotating cylinder in the middle of the autoclave
represents the inner boundary and opposite three
samples fixed in a sample holder provide the outer

boundary of the flow. The experiments are performed
under BWR conditions (290°C, 90 bar, 400 ppb
oxygen, and conductivity of the water: 0.1-0.5|iS/cm).
The autoclave works as a plug-through reactor and to
the pure water flow of 1 l/h small amounts of Co-58
and/or Zn-65 as radioactive tracers are injected, as
will eventually other chemical species. The
instrumentation of the experiments measures in-line:
temperature and pressure, at-line: pH, conductivity
and the concentrations of oxygen and hydrogen at the
inlet and outlet of the autoclave.

The experimental Couette autoclave is shown in
Fig. 2.

ink* outlet

toftonuol

autoclave
sample

sompMicfcm

Fig. 2: Sectional drawing of the Couette autoclave
with a gap of 2 mm for the flow medium bet-
ween samples and rotating cylinder.

4 Results
4.1 Activity build-up on stainless steel samples

In long term experiments the activity uptake of the
oxide layer of originally electropolished samples was
investigated. The mechanism of corrosion under
BWR-conditions is only partly understood [8] and the
formation of spinels at the sites where activated ions
are incorporated within the oxide is also a field of
active research [9]. The concentration of all tracers
lies in the range from 1500 up to 1700 Bq/I. In Fig. 3
(lower) the active Co-58 uptake in untreated reactor
water over a period of more than 4000 hours is
presented. This time period is necessary to see the
characteristic of the time dependence. The level of
inactive cobalt in this water is lower than the detection
limit with atomic absorption spectroscopy (<1 ppb)
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and we assume a concentration level of a few ppt.
The important hypothesis concerning the saturation
level for cobalt in the spinel phase in the oxide layer
as postulated in [1] and [2] can not be properly
verified with this level of inactive cobalt concentration.
In the upper part of Fig. 3 the activity build-up under
the same conditions but with addition of inactive
cobalt with concentrations from 10 up to 200 ppb is
displayed.
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Fig. 3: lower: Activity uptake under unmodified BWR-
conditions and Co-58 Tracer (1600 Bq/I)
upper: Activity uptake with addition of inactive
cobalt

It is evident that different saturation levels are reached
depending on the inactive cobalt addition. The
increasing concentration of inactive ions shortens the
time of the activity uptake significantly and the total
activity uptake decreases likewise. The model
function is the solution of an inhomogeneous, linear
ordinary differential equation of first order as proposed
in [2]

A: activity uptake[cps/cm2], Plnd0I: parameters.

This delivers a good approximation for the data as
shown in Fig.3. Up to now the set of parameters P, is
not completely determined, but it comprises of the
concentrations of cations in the reactor water, the
average flow velocity of the fluid and some bulk
properties of the samples. For the time being the
expressions IIP, in the model function play the role of
fit parameters. The results in Fig. 3 demonstrate that
by appropriate water chemistry management the
activity uptake in the oxide can be lowered. The
replacement of inactive cobalt by suitable other ions
like zinc will be investigated in the next series of
experiments.

4.2 Influence of the flow regime and corrosion

From the literature on corrosion [10], [11] it is evident
that the corrosion rate is correlated with the flow
regime. Higher flow velocity means higher corrosion
rate. In the model approach [2] a dependence of the

activity uptake with the flow velocity has been
postulated. Against this frequently adopted
assumption, that the flow velocity shows a clear effect
on the activity uptake, our data measured by y-
spectrometry exhibit a clear independence of the
activity uptake of the stainless steel samples for flow
regimes with Reynolds number from 100 to 21000,
see Fig. 4 .
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Fig. 4: The influence of the fluid velocity on the
activity uptake is not significant.

Fig. 5 shows for the first cycle of operation (120
hours) the oxygen concentration at the in- and outlet
of the Couette autoclave and the temperature inside.
From this and other data we can calculate a time
range of 150 up to 300 hours of significant but
decreasing corrosion rate of the stainless steel
samples. After this, time the corrosion rate is
practically negligible but the activity uptake still goes
on as presented in Fig. 3 (lower). The time to reach
the saturation level for the activity in the oxide layer is
one to two orders of magnitude greater than the build-
up of the primary corrosion layer.
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Fig. 5: Measurement of the oxygen concentration in
the inlet and outlet of the Couette autoclave.
The difference between input and output
concentration representsthe consumption of
oxygen due to the corrosion of stainless steel
samples.
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From the total oxygen consumption in the first and
second cycle (240 hours totally) the final corrosion
layer can be approximated. This corrosion layer
comprises many different types of oxides, mixed
oxides of all kinds of different phases are collected in
a single corrosion product Fe2O3 (hematite), as the
main corrosion product. By calculation we obtain
O.Smg/cm2 of hematite equivalent to a corrosion layer
thickness of approximately 1u.m. These results should
be interpreted as upper limits for the corrosion of the
samples as the total oxygen consumption is confined
to the samples. During the first two hours of the start-
up procedure of an exposition cycle of the stainless
steel samples in a Couette autoclave the
concentration of oxygen is too high in the outlet due to
the heating up of the water and some air trapped in
the system Fig.5. This systematic error in the
measurement has no significant influence, but
explains the peaks at the beginning of Fig. 6.
Nevertheless the results are in good agreement with
other methods for determining layer thickness like
gravimetric measurement [13] and determination with
Sputtered Neutral Mass Spectrometry (SNMS) [8].
With our equipment and experimental set-up a
corrosion rate of less than 1.6'tO"3 mmol hematite/h is
not detectable and is assumed to be negligible.
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Fig. 6: Calculation of the oxygen consumption rate
and the total consumption of oxygen in the
first cycle of 120 hours.

4.3 Effect of electrochemical potential on the
activity uptake

In a gold-plated Couette autoclave the same
experiment with electropolished stainless steel
samples was performed. The intention of this
experiment was to obtain a balance of the oxygen
consumption for the samples alone, which was with
the other preoxidised stainless steel autoclave only
approximate. With this experimental set up the
stainless steel samples act as anode and the gold
plated surfaces as cathode. Fig. 7 displays, similar to
Fig. 5, the oxygen consumption in the gold-plated
autoclave. According to the electrochemical action we
have a constant oxidation of the stainless steel

samples and therefore a constant corrosion rate over
the first and all following cycles. In fact at the cathode,
the gold plated surfaces, even reduction of 2H* to Ha

occurs. A small change in the corrosion rate can be
quantified by the change of the hydrogen production
at the cathode, which decreases by stages in the
following cycles. This effect results from passivation
of the stainless steal samples during operation, which
lowers the difference of the electrochemical potential
between the samples and the gold-plated surfaces.
Complete oxygen consumption is continuously
observed, while the production of hydrogen stabilises
later at a very low level of a few ppb. Thereby the type
of water chemistry changes from oxidising (Ntormal
Water Chemistry) to reducing (Hydrogen Water
Chemistry). The activity uptake of Zn-65 and Co-58
can now be measured at a reducing electrochemical
potential in the range of HWC. Fig. 8 shows the
comparison of the activity uptake on stainless steel
samples under NWC and HWC.
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autoclave.

—A—Zn-65; 50 ppb Co-59 in reducing water in a gold-autoclave
—O— Co-58; SO ppb Co-59 in reducing water in a gold-autoclave
—•— Co-58; 45 ppb Co-59 in oxidising water in a stainless steel-autoclave

35k-

30k-

320k-

2 15k-

1 10k-
o
" 5k-

o -

0 100 200 300 400 500 600 700 800 900 1000

time [hours]

Fig. 8: Activity uptake Zn-65 and Co-58 in reducing
water compared to the activity uptake under
oxidising BWR conditions.

40



The results can be summarised in the following way:

1. The activity uptake in the oxide layer is significantly
reduced under hydrogen water chemistry (HWC)
and therefore the electrochemical potential is an
important parameter for modelling the activity
build-up.

2. The corrosion rate is definitely not correlated with
the activity uptake. A constant corrosion rate does
not imply a constant activity uptake.

3. The Zn-65 and Co-58 activity build-up happen
proportionally to each other.

4. Finally, the model function for the activity uptake
under BWR-conditions seems to fit also for
reducing water chemistry with the restriction that
the final saturation level of activity build-up is
lower.

5 Conclusions
Couette autoclaves are a powerful tool to investigate
activity uptake under different flow regimes, with
different water chemistries and varying flow rates. Up
to now the following results have been obtained:

• For a constant activity in the input water the
activity uptake by electropolished stainless steel
samples reaches a saturation level.

• The activity saturation level and the time to attain it
depend on the water chemistry and can be
approximated by a simple exponential function. By
an appropriate water management the uptake of
activity can be reduced.

• Local changes in the electrochemical potential as it
happens in practice effect the activity build-up. The
activity uptake in the oxide layer is reduced if the
potential changes from oxidising to reducing. The
electrochemical potential is an important
parameter for a model approximating the activity
uptake on stainless steel under reactor conditions.

• The finish and the pre-treatments, mostly
passivation procedures, of the surfaces of the
stainless steel samples is of utmost importance,
but needs further investigation for quantification.

• Contrary to the commonly proposed assumption
that the flow regime (Reynolds number) which
influences corrosion processes, and therefore
implicitly the activity uptake, we have
demonstrated that the activity uptake in the
relevant range of Reynolds numbers, 100 up to
21000, is not significantly changed. In a first
approximation the corrosion process is not
correlated with the activity uptake of the stainless
steel samples.
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COMPUTATION OF FLOWS IN EXPERIMENTAL SIMULATIONS OF
REACTOR CORE MELTING.

G. Duijvestijn, K. Reichlin, R. Rösel

Laboratory for Safety and Accident Research (LSU)

Abstract

We describe a numerical computation, based on the
finite element method, of an experiment simulating a
particular failure of a Reactor Pressure Vessel, a core
melt accident in which the vessel melts. We investigate
this melt-through as it occurs in a steel crucible. We
found that a crucial parameter in the definition of the
failure sequence is the build-up of heat-driven flows. To
characterize the expected natural convection flow pat-
terns, a number of additional, small-scale experiments
were performed. We present results from calculations
on both these sets of experiments and compare them
with the presently available measurements.

1 Introduction
In the CORVIS project, the Laboratory for Safety and
Accident Research (LSU) at the Paul Scherrer Insti-
tute investigates the failure of a nuclear Reactor Pres-
sure Vessel (RPV) when, following a severe accident
caused, for example, by a loss of coolant, the core is
molten to a multi-component fluid fcorium"). CORVIS
includes both a series of experiments [1], in which the
bottom plate of a crucible carrying penetrations as in
typical nuclear power plants in Switzerland is attacked
by a thermite melt, and the development of a com-
putational model [2] in order to numerically simulate
the failure process. The computational model must be
sufficiently trustworthy that it can reliably be used to
predict the failure process under high pressure, which
cannot be verified experimentally.

In the first phase of the experimental programme we
found that the heat-driven flows within the melt can
play a decisive role in the failure process. These flows
influence the behaviour of the RPV so strongly that we
found it necessary to investigate them in detail. At the
Kernforschungszentrum Karlsruhe (KfK) a number of
small-scale experiments with water as fluid [3,4] were
performed to investigate the natural convection in a
rectangular vessel, but with a geometry otherwise sim-
ilar to the one of the CORVIS tests.

In this paper we present the finite element compu-
tations relating to the heat-driven flows and to the in-
herent thermal problem. FE techniques have not been
applied in thermal hydraulics for as long a time as in
solid mechanics; in flow problems, usually Finite Vol-
ume or Finite Difference techniques were used.

In section 1 we present the calculations on the sim-
plified natural convection problem and compare them
with KfK's experimental results. In sections 2 and 3
we show the calculations of the transient flow with high
temperature gradients of the meit, as it occurs in the

CORVIS experimental crucible. In section 2, there is
no additional heating, which is introduced in section 3.

The advance of the temperature front is described,
and a method to simulate the arrest of the flow due to
solidification is presented. Measurements in CORVIS
were of course very difficult; as many comparisons as
possible with the computations were made, the ones
relevant to the problem treated here are shown.

2 Water natural convection experiments
2.1 Description of the experiments

At KfK, a rectangular tank (Fig. 1) was chosen instead
of the cylindrical geometry in CORVIS, because this fa-
cilitated the measurements [4]. The experiments were

ISOLATION (STYRODUR)

PLEXIGLAS

WATER ISOLATION
(TEFLON)

! HEATER PLATE
| (COPPER)

TANK

CROSS SECTION A-A

Fig. 1; KfK natural convection tests.

performed with water at room temperature. A detailed
description of the experimental setup is in [3]. The side
walls and the fluid top surface were thermally insulated.
A submerged copper plate was used as heater. Tests
were run with different heating power, here only those
with 400 W input are presented. Also the height h of
the heater plate above the bottom of the tank was var-
ied, but here only the results for h=90mm are shown.
At the beginning, the whole system is at 17°C, and
the water is at rest. At time t=Os the heater is turned
on until the end of the test at t=5400 s. The purpose
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was to study the transient behaviour during heat in-
put. Temperature was measured with several thermo-
couples, and Laser-Doppler Anemometry was used to
construct instantaneous velocity field pictures.

2.2 Computational method

The central tool in our computational model is the FE
program package ADINA, (Automatic Dynamic Incre-
mental Nonlinear Analysis), incorporating several main
programs and a set of pre- and post-processors. In
this report we present results obtained with the fluid-
flow module ADINA-F, version 6.1.3. In some calcu-
lations we reference also results previously obtained
with the temperature field calculation module ADINA-
T. The problem was considered to be essentially 2-
dimensional.

We regard water as incompressible; the governing
equations can be found in [5].

We neglected dissipative effects, since a parametric
study showed no significant difference to the solution of
this problem. The symmetry of the model was used to
model only half of the experimental tank with planar el-
ements. We chose the fine mesh (Fig. 2) to satisfy the
need for accuracy in regions with higher gradients, in
particular, in the area underneath the heater plate and
in the area where the rising plume is expected. Para-
meter studies showed that the velocity field was pre-
dicted accurately with a coarse mesh (3491 degrees
of freedom (d.o.f.)), whereas temperature prediction is
particularly sensitive to the discretisation. Results pre-
sented in this paper were obtained with a mesh with
13925 d.o.f. We modeled the heat input as a heat
flux line load, with a power density corresponding to
the heating power in the test. At the symmetry axis
there is no horizontal velocity. A no-slip condition and
adiabatic behaviour are imposed at tank and heater
walls, the top surface is adiabatic but allows horizontal
velocity.

Based on the average velocity in the plume, the
length of the plug and the temperature difference be-
tween the plume and the colder stratification layer, the
characteristic Reynolds number for this problem lies
around 1500, the Rayleigh number is around 5-109.
Therefore we only considered laminar flow. Taking
turbulence into consideration might have improved re-
sults, but was found to be unstable for Reynolds num-
bers less than 10000.

The ADINA-F package has a choice of 4-node tri-
angular elements and 9-node quadrilateral elements;
but for high Reynolds and Peclet numbers flows, the
triangular elements should be used. To solve the equi-
librium equations we used the direct solver COLSOL,
for time integrations we used the 'Full-Newton' method
without line search. Time step size varied from 0.5 s
during the startup phase to 20 s in the quasi-steady
phase.

2.3 Results

During the startup phase, a circulation pattern slowly
develops with the rising flow along the plug wall. The

q=o, vy =

vx = vy = o,
q=17.7kW/m2

q=0,
vx = vy = 0

Fig. 2: Mesh with boundary conditions

upward plume starts to separate itself from the plug af-
ter about 60s and begins to form a second convection
cell (Fig. 3). After about 200 s the convection cells have
reached the top of the tank forcing decay of the sec-
ondary cells; in the experiment this quasi-steady state
was observed already after about 150 s. Fig. 4 shows
the velocity distribution at 600s. Afterthis steady state
is reached, the temperature prediction agrees well with
the measurements in the zone where the convection
cell has developed (Fig. 5). In the experiment a delay
in the temperature rise was found which did not ap-
pear in the numerical results. We interpret this delay
to be due to inertia effects in the fluid. The hot plume
rises slowly and separates from the wall, pressing only
slowly into the colder fluid on top. In the calculation this
inertia effect appears to be smaller than in the test; in-
stead, we found a stronger sideways movement which
conveys heat in the undisturbed layer close to the out-
side wall already at earlier times. In the experiment no
heated fluid reaches the outer part of the upper leg be-
fore the plume has developed all the way to the top of
the tank. We found a significant heating up of the strat-
ification layer underneath the heater plate after about
3000 s. A similar phenomenon was identified in [6] as
a consequence of the over-prediction of the free shear
layer between the upward and the downward stream,
when operating with a standard k-e turbulence model.
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Fig. 3: Velocity field at 150 s. Fig. 4: Velocity field at 600 s.

However, in the case of a laminar model, this effect
was not proven, and a number of other reasons are
also suspected to cause this effect. With an overpre-
diction of the boundary layer thickness the mass flow
of hotter fluid up to the top of the tank is overestimated,
therefore the relatively cold portion of the fluid outside
of the region of the mounting plume is forced down
too quickly causing a too strong heating up of the still
colder parts below the heater plate.

Secondly, if the meshing and time-stepping is not fine
enough some numerical diffusion can take place: the
numerical heat transfer may be larger than the physical
heat transport.

The boundary layer (the region of the mounting
plume) behaviour is calculated satisfactorily, although
a certain instability in the boundary layer was observed
in the experiment which we did not find reproduced in
the results, which were based on laminar flow. (Tur-
bulent velocity fluctuations would not show up anyway,
only macroscopic effects.) The thermocouples closest
to the wall of the plug show a number of tempera-
ture "collapses", where colder water from regions fur-
ther away from the plug runs down the plug wall and
mixes with the upward stream. This is an indication
for the transition towards turbulent flow. Velocity pro-
files (Fig. 6) show a growing boundary layer towards
the top of the plume. In the experiment, it is hard
to determine a boundary layer thickness based on the
velocities. Particle pictures show a width of around

8 mm. Based on the results obtained from the horizon-
tally mounted thermocouples, the temperature bound-
ary layer thickness is about 3 mm, whereas in the cal-
culation it is around 5 mm. The calculated gradient
across this boundary layer is very low compared to the
measured one. In the early stages the calculated value
is around 0,4K/mm, later it drops to 0.2K/mm.

The vertical temperature profiles (Fig. 7) show three
zones. Above the heater plate at y=90 mm, tempera-
ture rises uniformly with time at the same rate across
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the entire height. Below the heater plate, the rate of
temperature increase with time suddenly drops sharply.
This is the region almost at rest according to Figs. 3
and 4. Close to the bottom plate, temperatures remain
close to the initial value for times up to 2000 s. Be-
tween these two zones one observes a transition area
which is influenced by the heater plate. When the dis-
tance between the heater plate and the bottom of the
tank is decreased, the lowest zone disappears and the
transition zone stretches out to the bottom of the tank.

A remark concerning computational efficiency: The
discretisation of the mesh must be somewhat finer than
in the Finite Volume method FLUTAN, as used in [3], to
come to a reasonable accuracy. With the FE method
we found a better agreement for the velocity fields, but
an overprediction of the heat deposited in the stratifica-
tion layer. In the hot part (above the level of the heater
plate) both codes show good agreement (Fig. 5) with
the experiment. A comparison on CPU performance
is difficult to make, because of the different level of
vectorisation of the two codes.

10 20 30 40 SO 60

Temperature ("C]

Fig. 7: Temperature development along the vertical.

3 CORVIS experiments without heating
3.1 Introduction

The CORVIS O-Series experiments were performed as
pilot tests to design the main experiments. In the '0'
tests, a cylindrical steel vessel with insulated walls is
filled with thermite powder (a mixture of iron oxide and
aluminium). When this mixture is ignited it produces a
two component melt (Fe and AI2O3) at 2200 °C. It must
be noted that the reaction is so violent that a number of
unwanted effects influence the progress of the experi-
ment. The experimental setup is described in detail in
[1], Both the thermal and the structural behaviour were
computed [2]. For the latter, a solid elements con-
duction model in combination with a thermo-mechanic
model was used. In the experiments, a significant con-
vective movement was observed. To increase the ac-
curacy of the temperature calculation, we modeled the
fluid flow behaviour in the melt with ADINA-F version
6.1.3.

The average Reynolds number for this problem lies
around 104, the Rayleigh number around 1011, based
on the total fluid height, mean velocity and density and
the temperature difference between the melt and the
crucible.

3.2 Computational method

We used an axisymmetric mesh of 11 077 triangular
elements with 14725 d.o.f.

Initial temperature was 32 "C for the crucible, and
(following ignition) 2200°C for the melt. The density
ratio between liquid Fe and AI2O3 is 3, so we can
neglect mixing of the two melt components. We consi-
dered free convection and radiation at all the free sur-
faces. To this end, the model includes special bound-
ary condition elements. For the free convection a con-
stant value of 50 W/m2 was chosen, which is about
the maximum heat loss to air by free convection. The
radiation elements use the Stefan-Boltzmann law with
a temperature-dependent emissivity (Fig. 8).

In order to simulate the ablation and melting pro-
cesses in the vessel and the solidification of portions of
the melt, we introduced a discontinuity in the viscosity
of the materials around their melting point in the order
of about 108 between the viscosity at room tempera-
ture and at a temperature above the melting point.

ADINA-F has also the possibility to use boundary
conditions to model a solid within the calculations. If
one deletes the velocity degrees of freedom, only heat
transfer by conduction is considered. We compared
both methods to model solid structures in ADINA-F.

The ADINA-T module incorporates an algorithm to
model the latent heat of phase change, for ADINA-F
we had to model this by a peak in the heat capacity.
The algorithm to model latent heat of phase changes
proposed in [7] shows that, if one uses a value of latent
heat equal to the integral of the heat capacity, the same
amount of heat is absorbed or set free. A problem
which arises with this method is that, due to the large
peaks in the material parameter sets, a certain numer-
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ical instability develops, so that fine time-stepping and
meshing is required. A similar algorithm as incorpo-
rated in ADINA-T will be included in a future version
of ADINA-F. A topic which needs attention in natural
convection problems is the hydrostatic pressure. To
solve the governing equations, one must use the dy-
namic pressure p = p - pgtxi; thus the body force
term pg{ must be excluded, and this involves taking
the difference between two very large, almost equal
numbers, with the consequent loss of leading digits.
We found it necessary to use this option for both prob-
lems in section 2 and 3.

Again, the direct solver was used, together with the
'Full-Newton' method with line search. The time steps
varied from 0.1 s to 2 s.

3.3 Results

The velocity vector plots show a strong initial convec-
tive movement in the melt, which settled after around
30 seconds, when the temperature difference between
crucible and melt decreases. In the first 20 seconds
the downward movement is concentrated at the bot-
tom corner of the crucible. This suggests that a ring
shaped hot area was formed, as was observed in the
experiment. In the course of the calculation both parts
of the melt remain liquid, the time elapsed is too short
for solidification. A slight discontinuity of the velocity
profile can be seen on the interface of the iron part
and the oxidic part of the melt. However, only little
mixing is expected, given a density ratio of 3. Calcu-
lated velocities are around 30 mm/s.

We were not able to observe any significant wash-out
of the bottom plate in the calculations. However, the

corner region of the bottom plate showed a slight move-
ment which indicates a somewhat larger heat transport
into the bottom plate in that region (Fig. 9). The heat
conveyed there turned out to be lower when the struc-
ture was modeled by fixing the velocities. The rest
of the bottom plate shows an even heating up over
the entire diameter. Without this downward convec-
tion the hottest area of the bottom plate would be the
center. The corner area of the melt between wall and
bottom plate tends to keep its temperature for a longer
time than in the calculations with ADINA-T. At around
170 s, the center point (Fig. 10) has reached a tempe-
rature of 1200°C which was indicated in [2] to be the
temperature of failure.

3.4 Comparison of fluid flow and temperature field
calculation

The corner cooling effects predicted with ADINA-F
were smaller than those predicted with ADINA-T. When
we consider a flow model with natural convection in-
duced only by cooling, and use a solid elements con-
duction model for the structure, only a small difference
in the temperature distribution can be seen.

When we introduce a discontinuity around the melt-
ing point in the temperature dependent viscosity for
the solid structures, we found better agreement with
the experimental results. We surmise that the natural
convection of a hot fluid being cooled within a much
colder vessel provides a mechanism which accounts
for only marginally larger thermal attack on the con-
taining structure than could be expected in a pure heat
conduction case when no convection is assumed.

The experiment showed, however, a failure pattern
of the bottom plate in an annulus ("toroidal mode"),
which leads to believe in a strong, thermally driven con-
vection. This phenomenon could be explained with a
number of reasons. The thermite load was ignited in
the crucible, and the violent reaction might have gen-
erated temporary convection cells. The observation of
two similar experiments, where the only experimental
parameter changed was the dry-out time of the insula-
tion layer prior to the experiment, showed a difference
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Fig. 10: Temperature history at the center point of the
bottom plate. (CORVIS 0/3)

in failure times. This material contains water as pro-
cessing medium, the explosive evaporation might have
driven a strong flow. In the temperature history of the
center point, an acceleration of the heat-up was ob-
served around 40 s; this would indicate initiation of a
forced convection of the melt. A possible further mod-
eling step could be to introduce such an outer driving
force in the numerical calculation.

4 CORVIS experiments with heating
4.1 Introduction

Opposed to the pilot experiment as described in section
2, in the main CORVIS test the burning of the thermite
was effected in a separate crucible, whence after com-
pletion of the reaction the melt is tapped off and poured
into the main test crucible. This was done in order to
avoid the effects due to the violent reactions during the
combustion. Since the volume of the thermite powder
is far greater than that of the resulting melt, in this way
it is possible to produce greater amounts of melt. In
these tests, 300 kg of thermite were burnt, compared to
the 100 kg in the previously described ones. The height
of the melt in the test crucible cannot be observed,
due to the overly intense glare; it was calculated with
the respective densities of ferritic and aluminium-oxydic
components and the displacement of the submerged
electrode. However, the pouring process would again
exert a strong scouring action by the jet impingement
on the bottom plate. To reduce this effect, a deflector
plate is mounted some 30 mm above the bottom; we
expect it to melt eventually, when the pouring is done.
Furthermore, to compensate for the heat loss during
this operation — and, indeed, to simulate the continu-
ous decay heat generation in the reactor corium — the
fluid is heated. The way of heating which was found
to be least interfering with the experiment itself is sub-
merged electric arc heating. To this end, two cylindri-
cal, concentric graphite electrodes are introduced into
the crucible. They are separated by an insulating gap;
the arc should burn at the lower end, forming a plasma

between the center and the outer electrode. The arc is
driven by 124 kW d.c. mean electric power, resulting in
about 100 kW heat input to the fluid; some 10% of the
power is already lost by the internal resistance of the
graphite. The initial temperature of the crucible was
120 "C. Also this experimental setup is fully described
in [1],

The results presented here refer to a 'shakedown'
experiment, performed with a crucible with a smaller
inner diameter of 500 mm, leaving a gap of only 70 mm
between outer electrode and crucible wall. Hence less
convective movement developed.

Even with all these precautions, the experiment re-
mains intrinsically unstable, as far as the detailed evo-
lution of the process is concerned. Therefore, detailed
comparisons are of no significance, and only the global
results can be verified; fortunately, only these are of
physical interest. Actually, the main point of interest is
the heat-up behaviour of the containing crucible and its
eventual structural failure. Thus we have to consider-
ably widen the scope of the calculations.

4.2 Computations

The axisymmetric mesh consisted of 10712 triangular
elements with 14177 d.o.f. The method is roughly the
same as before, but with the addition of the heat in-
put flux. We introduced a distributed heat flux loading
applied to a line with the length equal to the outer elec-
trode radius. We neglected the heat capacity effects of
the electrodes. At the contact surface we imposed no
slip, adiabatic boundary conditions. Therefore a num-
ber of loss factors must be considered. A certain loss
occurs due to evaporation, abrasion and heating up of
the electrode material. The deflector plate was simply
modeled by appropriately prescribing the initial tempe-
rature.

We did not apply the method described above to
model the latent heat of phase change in this case,
because of the occurring instabilities, but we made an
estimate of the error with help of the ADINA-T code.
This heat can however influence the developed fluid
state, especially together with the contribution of solid-
ifying material, and hence also the heat transfer.

Time steps varied from 0.01 s in the starting phase
and in the phase of solidification close to the heat
source up to 5 s after the upper part of the melt has
solidified.

4.3 Results

A first observation from the velocity plots is that the
melt solidifies almost immediately close to the crucible
walls, opposed to the experiment described in section
2. The narrow gap between the submerged electrode
and crucible wall does not allow for strong convection.
The contact temperature of the hot melt and the cold
bottom plate lies below the melting temperature of the
iron melt. The velocity plots show a quick solidification
of the melt on the bottom plate. This is an indication
that a crust is being formed.

The metallurgic analysis after the experiment [9]
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confirmed that the inner surface of the bottom ptate
reached about 1400°C. Fig. 11 is a schematic repre-
sentation of the solidification progress, as read off from
the velocity plots; in a quantitatively correct figure the
lines are confusingly close. The solidification tempe-
rature of the aluminium oxide is much higher, there-
fore most of the oxidic portion is solidified already af-
ter 120 s. This also occured in the experiment as de-
duced from the fact that the outer electrode could not
be moved up and down after having been submerged
into the meit. However, it remained possible to burn
an arc and convey heat into the ferritic melt even after
the freezing-in of the electrode.

bottom plata

Fig. 11: Schematic of solidification progress
in the originally fluid material.

In the further course of the calculation, movement
was observed only in the ferritic portion of the melt,
since the temperature of the oxydic part dropped be-
low its freezing point. Of course, also the mentioned
deflector plate induces a disturbance in the flow de-
velopement, resulting in a significant delay in the heat
transfer. In the course of the experiment [9] this plate
must have sunk to the bottom of the vessel, allowing
more convective movement in the melt. Calculations
without the plate show a larger portion of the iron melt
remaining liquid for a longer time.

The stratification effect below the heater surface is
lower than in the preliminary experiments described in
section 1. However, we expect to see similar results
when a larger crucible will be used, since the upper
portion of the melt will stay liquid for a longer time. The
initial temperature difference between melt and vessel
wall induces a downward flow which extends into the
zone below the heater. Once initiated, this circulation
lasts for a relatively long time throughout the calcu-
lation. On the other hand, studies on volumetrically
heated pools [10] suggest a significant downward heat
flux. We conclude that the heating method used must
be considered with great care.

4.4 Comparison

A comparison of velocities is not possible, since in this
experiment velocities cannot be measured. Therefore

we can compare the thermal evolution only. The com-
parison at the center point of the bottom plate {Fig. 12)
shows a slower heating up in the calculation than in the
experiment. One reason is the inserted deflector plate:
when the plate is removed, the calculated temperature
increase is considerably faster, and agrees relatively
well with the experiment; an error of around 10 % can
be expected. A tentative ADINA-T calculation with in-
creased heat conductivity [2] of the melt over-predicts
the temperature at the bottom plate. This shows the
sensitivity to experimental par? oeters, and the depen-
dence of the results on the assumptions made about
the experimental uncertainties. It might be possible
to further improve the results after analyzing in more
detail the experimental conditions, such as emissivity
behaviour and losses at the electrode.
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Fig. 12: Temperature history at the center point of the
bottom plate. (CORVIS 1/6)

5 Outlook
The applicability of the FE method to describe natu-
ral convection phenomena will be investigated further,
and also turbulence will be taken into account for the
relevant cases. The series of CORVIS experiments
planned hereafter concentrates on run-off behaviour
of melt in penetration tubes, with focus on the solid-
ifying behaviour and on the thermo-mechanical attack
on the tubes and the carrying structures. We already
performed preliminary studies which will be expanded.
More experiments using the arc heater will be per-
formed, with a larger crucible. We shall study the flow
conditions for this more realistic setup; we expect to
see a different behaviour from the one described here.

6 Conclusions
The analysis conducted here gives good insight in the
temperature field behaviour, if one realises the given
restrictions. The temperature advance in a solid can
be computed accurately. An important consideration
is the time- and disc space-intensive character of fluid
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flow calculations with the FE method. As can be seen
from the comparison in both section 2.3 and 3.3, the
temperature field calculations with ADINA-T are rea-
sonably accurate. In mutual validation of the two codes
one can improve the results obtained by ADINA-T,
avoiding the need to model the entire scenario with
ADINA-F.

The major difference between the KfK experiments
and CORVIS is the temperature difference between
the melt and the test vessel at the beginning of the
experiment. In the CORVIS case heat is transported
towards the bottom plate of the test vessel through dif-
ferent mechanisms. As seen from studies [10] with vol-
umetrically heated pools, the mode of heat input into
the melt pool clearly influences the thermal behaviour.

An area which needs further research is the ablation
of material from the solid structures by the melt. With
some adaptive assumptions a good estimation can be
made with the method presented in this paper. For
RPV failure assessment it is necessan/ to obtain reli-
able results on the thermal response of the structure,
since the decisive factor in predicting failure will remain
the thermo-mechanic behaviour of the solid structures.
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THE INFLUENCE OF ORGANICS ON THE SORPTION OF AMERICIUM ON FARFIELD
MINERALS AT HIGH PH

J. Tits, B. Baeyens and M. H. Bradbury

Laboratory for Wastemanagement

Abstract

In Switzerland, it is foreseen to dispose of low and
short-lived intermediate level radioactive waste in a
cement based repository situated in a Palfris Marl
formation at Wellenberg. After closure a hyper-
alkaline plume, will migrate from the repository into
the host rock in advance of the radionuclides and
interact with the marl producing secondary minerals.
In addition degradation products from organic
materials contained in the waste will also be present.

Americium sorption and desorption tests in the
absence and presence of organic ligands were carried
out on catche, a major mineral present in the altered
marl. The experimental results are interpreted in
terms of at least two sorption mechanisms. The first is
rapid and reversible, the second being much slower
and possibly involves a rearrangement of Am on the
calcite surface.

The work described in this paper is part of a larger
programme, whose aim is to quantify the effect of this
high pH plume on the retention of radionuclides in an
altered far-field environment.

1 Introduction

In most concepts for low/intermediate level
nuclear waste (L/ILW) repositories, cements and
concrete serve as the major physical and chemical
barriers against the migration of radionuclides into the
far-field (Figure 1). After closure, the repository will
become saturated with groundwater which will
equilibrate with the cementitious materials. Any
radionuclide-containing fluid released from the
repository will be highly alkaline; i.e. pH 12 or more
[1], In addition, organic ligands such as erythreo-Na-
isosaccharinate (ISA) will be present originating from
the alkaline degradation of organic materials in the
waste, notably from cellulose, as well as organic
cement additives such as Na-gluconate (GLU).

Marl has been proposed as a potential host rock for
the disposal of short-lived L/ILW radioactive waste [2],
In the concept of disposal in deep geological
formations the host rock serves as a fourth barrier in
which radionuclides which escaped from the
repository, are retarded through sorption on the rock
minerals.

Marl is a sedimentary rock and . is mainly
composed of calcite, quartz and clay minerals. These
minerals (except calcite) are unstable in contact with
hyperalkaline water and can form secondary minerals,

First barrier:
solidification of radioac-
tive waste with cement in
metal container

Second barrier:
Concrete container with
cement backfill

Thjrd barrier:
Disposal cavern filled with
concrete

Fourth barrier:
the host rockA

Fig. 1: Conceptual design of a low and short-lived
intermediate level waste repository [3]

such as cement-type calcium silicate hydrates and
zeolite minerals (see for example [4]). The dissolution
of mineral components in the marl, coupled with
secondary mineral formation and the presence of
complex forming organic ligands may have significant
influences on the sorption behaviour of radionuclides
in the far-field.

For their safety analyses of the future repository,
Nagra required a sorption database for this altered
far-field system. Therefore an extensive experimental
programme was set up to measure sorption data for a
series of safety relevant radionuclides.
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The types of secondary minerals that form in
altered marl and their contribution to the overall
mineralogy are very difficult to predict with any
certainty. However marl contains up to 75 wt. %.
calcite which remains virtually unaffected by
hyperalkaline fluids. Therefore the experimental
approach adopted in this study was based on a
simplified concept for the altered far-field which was
viewed as consisting of only calcite in equilibrium with
a cement pore water at pH~13.3 simulated by a
NaOH solution. This approach is seen as
conservative because from all minerals that can
possibly form in such an altered far field, calcite is
believed to be the least sorbing mineral. The organics
ISA and GLU were used to simulate cellulose
degradation products and cement additives,
respectively.

This paper presents the experimental results for
the sorption behaviour of Am on calcite in the
presence and absence of the above mentioned
organic ligands. Sorption experiments were carried
out using americium because it is a potentially
important radionuclide in safety assessment studies
for the Swiss L/ILW-repository concepts.

2 Materials and methods

2.1 Materials

All solutions were prepared from reagent grade (or
better) chemicals in deionised water degassed by
boiling and cooling under N2.

Labelled solutions were prepared from an
isotopically pure z41Am stock solution in 0.8 M HNO3.

Sorption experiments were carried out on a
natural calcite sample, taken from cores obtained
from borehole SB2 at a depth of 979.04 m below the
surface at Wellenberg and denoted as 'WLB-calcite'.
Specimens were crushed in a tungsten coated ball
mill and sieved to provide samples with a particle size
fraction < 63 u.m which were used in the sorption
tests. The mineral composition of the WLB-calcite
sample is given in Table 1 .

Mineral
Calcite
Ankerite
Quartz
Albite
K-feldspar
Clay minerals
Fluorite
Organic carbon

Weight %
91.8
<1
7.4 - 7.9
<1
<1
0.2 - 0.6
<1
0.02

2.2 Sorption experiments

The sorption of Am in the absence and presence of
ISA and GLU was measured in batch tests as function
of time. Desorption experiments were carried out by
addition of large concentrations of organic
complexant.

All batch sorption experiments were carried out
in controlled N2 atmosphere glove boxes. (The O2 and
CO2 concentrations were - 5 ppm.)

Appropriate amounts of crushed calcite were
added to 40 ml of 0.3 M NaOH solution contained in
polyallomere centrifuge tubes. (From an experimental
view point, the optimal solid to liquid ratio was found
to be 0.125 g I"'.) These suspensions were allowed to
equilibrate for one day prior to labelling with S41Am
from the stock solution, after which they were shaken
end-over-end for the desired time-period.
Subsequently they were removed from the glove box
and centrifuged for 1 hour at 95000 g max. using a
Beckman L7 Ultracentrifuge. Two 10 ml aliquots were
taken from the supernatant before determining the pH
in the remaining solution.

"1Am solutions were radio-assayed using a
Canberra Packard Tri-carb 2500TFI/AB liquid
scintillation counter equipped with an a/ß
discrimination device. Two scintillation cocktails were
used: Instagel™ for total a counting (10 ml sample
plus 10 ml cocktail), and Ultimagold AB™ for low level
measurements with ct/ß discrimination (10 ml sample
plus 14 ml cocktail).

The initial 241Am concentrations used in most
batch sorption experiments were ~10'11M,
corresponding to a total activity of - 103 cpm per 40
ml. Preliminary experiments at similar Am
concentrations, with sampling intervals of 1,7, and 21
days followed by ultra-centrifugation, showed that
solutions at such concentrations were stable.

Sorption data are presented in terms of a
distribution coefficient, Rd, which refers to the ratio of
the mass or activity of Am present per unit solid
phase, to the mass or activity of Am present per unit
liquid phase and can be calculated directly from the
Am-activity measurements as follows:

("total ~ ^walls "solution / L

= : F
(1)

^solution

Table 1: Mineralogical composition of the WLB-
calcite samples (M. Mazurek, pers.
comm.)

where: A = 241Am activity in the appropriate units
L = volume of liquid phase (I)
S = mass of solid phase (kg)

The Am activity associated with the solid phase
(Acaiciio) i s calculated from the difference between the
initial total activity inventory (A,0J, and the activities
measured in the supernatant (A^^,,) and on the
container walls
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The effects of wall sorption were quantified and
corrected for as given in equation (1). Aqueous
activity measurements in batch tests made before and
after centrifugation (1 hour at 95,000 g max.)
measured in the supernatant (A^^) and on the
container walls (A^J .

The effects of wall sorption were quantified and
corrected for as given in equation (1). Aqueous
activity measurements in batch tests made before and
after centrifugation (1 hour at 95,000 g max.)
indicated that CaCO3 colloids present did not have
any significant influence on the R„ determinations.

Estimates of the uncertainties on the sorption
values were obtained via an analysis of the spread of
the data obtained in replicate tests (10 replicates were
analysed in the absence and presence of organic
ligands).

3 Results

3.1 Sorption kinetics in the absence of organic
ligands

Sorption kinetic experiments showed that the
uptake of Am by calcite is rapid and strong, reaching
log Rd values of 5.6±0.3 I kg within a few hours. This
Rd value is very large and remained constant over the
monitoring period of eight weeks.

3.2 Sorption kinetics in the presence of organic
ligands

The influence of the main cellulose degradation
product, ISA, (VAN LOON, pers. comm.) and the
cement additive GLU, on the sorption kinetics of Am
on calcite was investigated.

3.2.1 Influence of the experimental set-up

Batch sorption tests in the presence of ISA were car-
ried out in two different ways. In a first set of
experiments z41Am and ISA were added quickly, one
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after the other, to a calcite suspension so that there
was simultaneous competition for the Am between the
sorbent and the complexing ligand. The results of
these tests are shown in Figure 2a. At the added ISA
concentration of 2-10"1 M the initial reduction in sorp-
tion was very large; a factor of -300 compared with
the sorption values in the absence of ISA (log Ra = 5.6
I kg1).

The sorptior. then began to increase so that on
a time scale of ~6 days the difference was
approximately a factor of 50.

In a second experiment, the Am was allowed to
complex with ISA for ~24 hours before being added to
the calcite suspension. The subsequent sorption
behaviour is illustrated in Figure 2b. The initial
sorption was again less than had occurred in the
absence of organic ligands, but by a factor of only
-10, compared with a factor of ~300 when the
previous sequence was used. However the sorption
then continues to fall, reaching a minimum after
approximately one day before recovering. After a
reaction time of ~6 days there is no significant
difference in the sorption values measured using the
two different methods. (Similar behaviour was
measured on a number of occasions in experiments
carried out under varying conditions.) Thus, the
sequence of addition in such experiments makes only
a difference to the sorption values when
measurements are made on a short time scale.

3.2.2 Sorption reduction due to the presence of
organic ligands

Having noted that the sorption kinetics might depend
on the experimental set-up, we now discuss the
effects of two different organic ligands, ISA and GLU.
In the presence of 3-^ M GLU, sorption reduction
factors for Am of - 100 were measured (Figure 3a).

Reduction factors of this magnitude are
interpreted as being due to the formation of aqueous
organic complexes and are more or less compatible

6 9
Equilibration (me (days)

12 15

3.5

3.0

2.5
6 9

Equilibration time (days)
12 15

Fig. 2: Am sorption kinetic experiments on WLB-calcite in the presence of 210 " M ISA.
Influence of the sequence of addition of ISA and Am.
a. ISA and Am added quickly, one after the other, to the calcite suspension.
b. Am-ISA complex added to the calcite suspension.
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with solubility enhancement factors reported in the
literature for such organic ligands [5]. However this
picture changes dramatically when the sorption
behaviour is followed over a much longer time-period.

Figure 3b illustrates clearly that after a contact
time of -150 days the sorption recovers so that the
reduction is barely a factor of ~5.

Similar observations are made with ISA.
Sorption experiments in the presence of 2-10"4 M ISA
exhibit initial reductions in sorption of up to 3 orders of

magnitude (Figure 4a) but sorption strongly recovers
over timescales up to 170 days and the data are
indicating that the recovery process may be
continuing (Figure 4b).

Experiments carried out at higher ISA and GLU
concentrations (10"3 M) indicated that in the case of
ISA a similar recovery process took place, but was
less pronounced. For GLU, which is clearly a much
more powerful complexant, no sorption was
measurable and no recovery occurred within 30 days.

b.
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! No organic* I-;']
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2 4 6
Equilibration time (days)
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50 100 150

Equilibration time (days)
200

Fig. 3: Sorption kinetics of Am on WLB-calcite in the absence (•) and in the presence (A) of GLU (3-10*
M)atpH13.3
a. Short term kinetics

• b. Long term kinetics
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Fig. 4: Sorption kinetics of Am on WLB-calcite in the absence (•) and in the presence (•) of ISA (2-10"1

M)atpH13.3
a. Short term kinetics
b. Long term kinetics
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3.3 Desorption kinetics

Having investigated the kinetics of Am sorption
on calcite the complementary desorption Kinetic tests
were performed. The reversibility of sorption is of
general importance in radioactive waste management,
but is of particular interest with respect to radio-
element transport by colloids. In some
circumstances, desorption studies can provide
additional information on the processes occurring.

Normally desorption is achieved by decreasing
the aqueous radionuclide concentration by dilution
after sorption. In the particular case here, this method
proved to be impractical because of the extremely low
desorption rates and activities involved. Instead, the
release of Am into solution was studied following the
addition of high concentrations of GLU. Increasing
the organic ligand concentration results in increased
complexation which shifts the system equilibrium
towards lower sorption i.e. tends to promote
desorption. (Note that we assume here that
complexes do not undergo sorption themselves.)

In order to obtain a thorough overview of the
desorption process, desorption kinetics were studied
as a function of the time allowed for sorption. The
basic technique was to sorb Am onto calcite for
different times (10 minutes, 1 hour, 1 day and 3
weeks) before adding the organic ligand. GLU was
added as "desorbing agent" at a concentration of 10'3

M, which is a current best estimate of the maximum
concentrations expected in hyperalkaline plume. As
already mentioned above, sorption tests showed that
10'3 M GLU was sufficient to keep all of the Am in
solution.

The desorption results in the presence of 10"3 M
GLU are summarised in Figure 5. (Note that at
desorption time zero, the fraction sorbed is
approximately unity.)

0.30*

0.20 -

0.10 -

0.0O1

Fig. 5:

200 400
Equilibration time (hours)

The influence of sorption time on the
desorption of Am carried out in the
presence of 103 M GLU. ( • ) 10 minutes
sorption time, ( • ) 1 hour sorption time,
( • ) 1 day sorption time, ( • ) 3 weeks
sorption time.

Clearly, the desorption kinetics are a function of
•he sorption time, as are the quantities of Am
remaining sorbed. Only for the shortest sorption time
of 10 minutes was it possible to desorb all the Am.
Unfortunately, the longest desorption time was only
500 hours and although it appears that the desorption
rates are tending to zero, it is not possible on the
basis of these data to distinguish between irreversible
sorption and very slow desorption kinetics.

4 Discussion

The foregoing results show unambiguously that
short term sorption/desorption tests are not
appropriate for characterising the uptake of Am on
calcite. It is also clear that in the presence of the
strongly complexing organic ligands investigated here,
the overall behaviour cannot be simply interpreted as
a combination of a rapid sorption reaction competing
with an equally rapid aqueous complexation reaction.
The implication of this is that the influence of such
organic ligands on sorption values cannot be
determined from speciation calculations using the
appropriate complexation constants. Such an
approach, involving the calculation of so called
"sorption reduction factors" [6], may, at most, reflect
the very short term behaviour, but is far too
pessimistic to describe the more important long term
effects (see Figure 3 and 4).

The uptake of Am on calcite appears to follow a
process with at least two steps; a very rapid sorption
reaction which is over in approximately one hour,
followed by some as yet unidentified surface
rearrangement reaction, which has much slower
kinetics but leads to a much stronger binding of the
Am. The slower reaction is not seen in the normal
sorption tests because the first step is so rapid and
strong. However, in the desorption kinetic
experiments performed as a function of the sorption
time (Figure 5), evidence of this two stage process
can be seen. It also becomes apparent in the sorption
kinetic measurements carried out in the presence of
GLU and ISA (Figure 3 and 4). Similar observations to
the latter were made by DAVIS et al. [7] in the
CaCO3-Cd-EDTA system where the results were
interpreted in terms of a rapid exchange reaction of
Cd with Ca followed by the incorporation of Cd into a
hydrous calcite surface layer.

Another possibility is that the Am-organic
complexes themselves can undergo sorption. Such an
uptake mechanism is seen as a process which is
occurring in addition to, and not in place of, the two
types of kinetic reactions given above. Further
experimental work in this direction is being carried out.

5 Summary and conclusions

The sorption of Am on natural calcite from
Wellenberg in the absence of organic ligands is strong
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(log Rd = 5.6±0.3 I kg"1) and fast. In the presence of
ISA and GLU large sorption reduction factors are
determined on short time scales (< 1 week).
However, when sorption is measured over longer time
periods (up to -6 months) a clear recovery takes
place. This may be, at least in part, due to the
sorption of Am-organic complexes. The strength of
the recovery and the kinetics are dependent on the
initial organic complexant concentration. The
"desorption kinetics" are slow, and it remains unclear
as to whether the uptake of Am on WLB-calcite is
completely reversible.

These observations led us conclude that the
uptake of Am by WLB-calcite is complex and probably
proceeds via at least two mechanisms which have
different kinetics. The first mechanism is rapid and
reversible on a short time scale. The second process
is slower and possibly involves surface rearrangement
reactions producing surface precipitates or near
surface solid solutions. The influence of organic
ligands such as ISA and GLU on the sorption of Am
on WLB-calcite is considerably less than would be
expected from thermodynamic speciation calculations;
Use of the latter would lead to highly pessimistic
evaluations for sorption of radionuclides.
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LINEAR RESPONSE CONCEPT COMBINING ADVECTION, LIMITED ROCK MATRIX
DIFFUSION, AND FRACTURE NETWORK EFFECTS IN A GEOSPHERE TRANSPORT MODEL

W. Barten

Laboratory for Waste Management

Abstract

This contribution presents fundamentals and first tests
of a model for transport of nuclides in the geosphere
between the near-field of a radioactive waste
repository and the next high conductivity fractures.
The geosphere is modelled as a network of fractures
that are mapped onto a network of channels. A
hierarchical linear response concept using Laplace
transformation techniques is developed for solution of
the balance equations (a) on the scale of a channel
network, (b) in the individual channels, and (c) in the
rock matrix adjacent to the channels. Different rock
matrix geometries are shortly considered. First
quantitative tests of the new geosphere transport
code PICNIC are presented.

1 Introduction

The movement of radionuclides in saturated fractured
rock, e.g. granite, from a radioactive waste repository
to the next high conductivity fractures, has to be
modelled as a part of the model chain for repository
performance assessment. The more site specific data
become available on water flow paths and the rock in
the far-field of a repository, the more it is necessary to
incorporate this information in our model approaches.
Aspects of geosphere geometry and heterogeneity
that are not incorporated in the today's performance
assessment models, are addressed in this article.

When radionuclides leave the engineered barrier
system of a radioactive waste repository, they will be
transported mainly by water flowing in a system of low
conductivity fractures through the rock until they reach
high conductivity fractures that are assumed to be
closely connected to the biosphere. This is supported
by observations in field experiments, e.g. in the
Fanay-Augeres mine in France [1] and the Stripa
mine in Sweden [2, 3]. Due to the complex geometry
considered and the large time scales, care must be
taken to select the relevant processes and to use
efficient mathematical and numerical methods. The
chief purpose for developing a new transport model
was to take account of the heterogeneity of the flow
paths (network effects), that cannot be accounted for
by the today's geosphere transport model RANCHMD
[4-6] used in Swiss safety assessment of radioactive
waste repositories.

Advanced fracture network transport models [7, 8]
that take account of this heterogeneity were
developed and tested in field experiments by (i)
Herbert and Lanyon [9, 10] (an extension of the

NAPSAC code [11]), (ii) Cacas et al. [1], (iii) Dverstorp
et al. [2], and (iv) Nordquist et al. [12]. For all these
models a three-dimensional fracture network system
is generated by defining a finite number of two-
dimensional fractures with relatively simple geometry,
i.e., rectangles or disks. Extension, position in space,
and geometry of each fracture are defined using
appropriate probability distribution functions. Then the
stationary water flow for given boundary conditions is
determined with the help of the Darcy equation,
followed by the time-dependent transport calculation.
Two-dimensional water flow is calculated in the
fractures in model (i), while models (ii) to (iv) define
different kinds of channels as flow paths in the
fractures. To allow for variability of the flow paths
within the fracture planes, model (iv) uses residence
time spectra instead of one single residence time.
Concluding, all the network models (i) to (iv) take
account for macro-dispersion and micro-dispersion.
Macro-dispersion means that different flow paths
through the network have different advection times,
since different fractures or channels in the network
have different water flow velocities and different
lengths. This concept contains also the effect of
retarded advection by linear sorption of the nuclides,
i.e., nuclides in the water and nuclides sorbed on the
rock are in an instantaneous and linear chemical
equilibrium. Micro-dispersion means that in a channel
or fracture different flow paths exist with different
advection times. Matrix diffusion is an important linear
retardation effect, e.g., [13-16, 6], that has not been
considered until recently in fracture network
modelling. A recently and independently developed
approach by (v) Küpper et al. [17,18] takes unlimited
matrix diffusion into account in combination with
network effects. Matrix diffusion describes nuclides
diffusing, from the flowing water in the fractures, into
the stagnant water of the surrounding rock matrix.
Limited matrix diffusion, as considered, e.g., by
RANCHMD, takes into account that the available rock
matrix is finite. Unlimited matrix diffusion is
mathematically easier to deal and is for some
purposes a good approximation for nuclide diffusion
into stagnant rock pore water. But this approach does
not take into account the finite extension of the
available rock matrix and can give non-conservative
results, especially for large times.

The effects and transport phenomena that can
be accounted for by the new model are as follows:
(a) macro-dispersion due to network effects;
(b) micro-dispersion;
(c) limited matrix diffusion into different rock

geometries;
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(d) inear sorption of nuclides in the fractures and
the rock matrix;

(e) radioactive decay of nuclide chains.

The linear response concept in combination with
Laplace transformation, that is the base of the new
model, is presented in Section 2 and related to earlier
work. For purpose of clearer presentation of the
concept, in this article (b) micro-dispersion and (e)
radioactive decay are omitted. Radioactive decay of a
single nuclide can easily be incorporated. In Section 3
the balance equations in a single channel are given,
and the response functions are derived in time space
and in Laplace space by introducing a response
coefficient function for the rock matrix. This
calculation is continued in Section 5 explicitly for a
channel with an adjacent one-dimensional
homogeneous rock matrix. In Section 4 the response
coefficient function of the rock matrix to be entered
into the channel response functions js calculated
explicitly in Laplace space. To calculate the response
coefficient for different one-dimensional rock matrix
geometries, a rock matrix response tensor is
introduced. In Section 6 the network response
function is given in Laplace and time space for a one-
dimensional homogeneous rock matrix. Section 7
contains first quantitative tests of the transport code
PICNIC. Section 8 gives concluding remarks.

2 Linear Response Concept

The model starts with a predefined fracture network
and water flow in that network. Then the fracture
network is mapped onto a channel network with, for
instance, the fracture centers or the fracture
intersections as nodes of the network, see [19] for a
short discussion. The probability of a nuclide in a node
of the network using a specific channel is determined
by the water flow. The set, w = l,...,W, of the

possible pathways between the repository and the
high conductivity fractures is also determined by the
water flow. For shortness of representation, here, the
repository is considered to have one single inflow
position, in, into the channel network. A pathway w

may consist of the successive channels
n = 1, ...,NW. So far this is the same procedure

used in model types (i) to (iv). In addition to advection
retarded by linear sorption, the new approach takes
into account the effect of rock matrix diffusion in
different geometries, as in the dual porosity medium
approach — dispersion will be discussed later. This
defines a residence time spectrum of a channel
(tt,w) for pulse (or 5-function) shape nuclide inflow

into it, as considered in model (iv) for channels with a
two-dimensional field of variable conductivity.
Because matrix diffusion and advection are linear
effects, in the sense of partial differential equations,
the residence time spectrum can be considered as a

linear response function yijj.nw(out;t) of the

nuclide flow Jf.nw(out;t) of the channel, out

denotes the outflow position of the channel. The
channel spectra can be assembled to a network
residence time spectrum. This was also done
(neglecting matrix diffusion) in model (iv) [12]. This
network residence time spectrum can be considered
as the linear response function of the network,

w
(1)

W=J

that is the weighted sum of the response functions of
the pathways. ww is the probability of a nuclide to

follow the pathway w. hcf denotes the outflow

positions of the network into the high conductivity
fractures. Numerically, this is an expensive procedure
because, for each pathway considered between
repository and high conductivity fractures, the
assemblage of the channel residence time spectra to
a pathway residence time spectrum means a multiple
evaluation of a convolution integral,

%.f;w(hcf;t)=

(convolution)

A widely used and efficient method to solve linear
partial differential equations is the Laplace
transformation method, e.g. [20,16, 21]. The Laplace

transformed function f(s) for a time-dependent

function fit) is defined by

= \dte~stf(t) (3)

A convolution of time dependent functions transforms
to a simple product of functions in Laplace space.
Thus the response function in Laplace space of a
pathway,

%.f:n.Jout;s), (4)
n=Nw

(product)

and also of a channel network,

%f(hcf;s) = % (5)

is easily calculated from the response functions in
Laplace space of the single channels. For a time
dependent nuclide inflow Jj.nyv(in;t) into the

channel network, the nuclide outflow

J ;t)=%if (hcf;t)*Jf (in;t)=

ldf^Jf(hcf;t-t')Jf(in;f),
(6)
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is calculated by evaluation of a single convolution
integral. When the Laplace transformed of the nuclide
inflow is known, the time dependent nuclide outflow
can directly be calculated by inverse Laplace
transformation of

Jf (hcf; s) = %if (hcf; s) Jf (in; s). (7)

The applicability of the concept is demonstrated using
some exampies, cf. later. If we take into account the
effects of advection, radioactive decay, and unlimited
one-dimensional matrix diffusion, we can calculate the
response function of a network analytically, as well in
Laplace as in time space. This has been
demonstrated independently in model (v) [17]. If we
consider limited one-dimensional matrix diffusion, we
still can calculate the response functions in Laplace
space analytically. But the inverse Laplace
transformation has to be performed numerically to get
the time dependent solution. Appending a second
one-dimensional region accessible for matrix diffusion
and more complicated examples can still be dealt
analytically in Laplace space. Numerical inverse
Laplace transformations have been suggested and
applied successfully for transport in single channels,
e.g. by [21-24] using the method of Talbot [25].

3 Single Channel
In this section we discuss transport in a single
channel. The time dependent balance equations in the
channel and the surrounding rock matrix are given,
together with the boundary conditions, and the
Laplace transformed equations.

3.1 Time Dependent Balance Equations

We consider a single rectangular channel of length L
in the z direction. The channel is filled with a porous
medium, the infill of the channel, with flow porosity
e^-. Water flows with constant velocity (qf IZf) ez

through the channel where q/\s the specific discharge

of the channel. Cf (z;t) denotes the nuclide con-

centration in the flowing water of the channel. The

channel is surrounded by a rock matrix with porosity

zp where the pores are filled with stagnant water.

Transport of nuclides is described by the balance
equations in the (one-dimensional) flow path

3, Nf (z;t) = -Azdz Jf (z;t)-2Jp (x=b,z;t) (8)

for the content of nuclides Nf = VfRftfCf\x\ the

flowing water in a small volume element
Vf = AfA.z of the channel. Af =4bxby is the

crossection of the channel, cf. Fig. 1.

area 1 e.

Fig. 1: Sketch of a crossection through a parallel plate
channel with an adjacent rock layer accessible for
matrix diffusion. Thickness of the water conducting
feature is 2bx. Thickness of the rock matrix below

and above the water conducting feature, that is
available for matrix diffusion, is dr

The retardation factor fkdesribes the effect of linear
J

sorption of nuclides on the infill and the walls of the
channel. Assuming advection dominated transport
and thereby neglecting dispersion within the channel
yields the nuclide flow

= QfCf(z;t) (9)

where Qf = Af qf is the discharge of the channel.

The nuclide transport in the rock matrix is described
by the balance equations

dt Np (x,z;t) = -Axdx Jp (x,z;t) (10)

for the content of nuclides Np = VpRpep Cp in the

surrounding rock matrix in a small volume element
Vp =Ap Ax; there the area Ap = 2bxAzCp is

the nuclide concentration in the pore water. The
retardation factor Rp describes the effect of linear

sorption of nuclides on the rock. The nuclide flow

Jp=-ApzpDpdxCp (11)

in the rock matrix is diffusive. Jp(x=b,z\t) gives

the nuclide flow between flowing water and the
stagnant water of the surrounding rack matrix.

For the balance equation in the flowing water, as
boundary condition the nuclide flow at the inlet of the
channel Jf(in;t) is given. At the interface of the

channel to the rock matrix, the continuity condition

is assumed. This means that the entire pore volume is
connected. For the limited matrix diffusion considered
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here, there is a zero nuclide flux beyond a given
distance d from the interface of flow path and rock
matrix,

where the advection time of the channel (without
matrix diffusion) is

Jp(\x\ = b+d,z;t) = O. (13) a= (20)

Now we Laplace transform the equations. The
balance equation for the flowing water is

dz7f(z;s) =

2 - - (14)
-—— Jp(x = b,z;s)~sAfRfZfCf(z;s).

lp(x,z;s) and Cp(x,z;s) are determined by the

system of balance equations for the rock matrix

a J -
CP(x,z;s))

Jp(x,z;s))

0

{sApRpep 0

Cp(x,z;s)\

Jp(x,z;s))

(15)

with the Laplace transformed of (12) and (13) as
boundary conditions.

Because the equations for the rock matrix
represent a linear initial value / boundary value
problem, the solution for Jp (x = b,z;s) is

Jp (x = b, Z;s) = -r\ (s)Cf (z;s) (16)

with a rock matrix response coefficient function J\

dependent on (s). Robinson and Maul [21] have

defined a similar response coefficient.

In the flowing water,

Jf(z;s) - Sf{jj(z;s)Jf(in;s)

with

(17)

{Vf1f J
(18)

The response function at the nuclide outflow location
is

(19)]
Vf4f J

4 Rock Matrix Response
In this section we show how to calculate the rock
matrix response coefficient function r\ for different
rock matrix geometries. We begin by introducing and
calculating a rock matrix response tensor SWf for our
example of limited one-dimensional matrix diffusion.
The Laplace transformed balance equations (15) in
the rock matrix are a homogeneous system of first
order linear differential equations with constant
coefficients. The solution of this system of equations
is

(21)
{Jp(.x,z;s)J

with the response tensor

M(x;s)=\ _ 2 , 2 \(x;S). (22)

Evaluating (21) at the end, x = b+d, of the available

rock matrix and taking into account the boundary
conditions yields

o
(Cf(z;s))

;s)\-

(23)

This can easily be evaluated for Jp (x = b,z;s) using

(16) with

(24)

Solving the eigenvalue problem (15) yields

/ sinhtrfc-fc])')
M(x;s)=

cosh(T[x-b])

-ApEpDpsaih(r[x-b]) cosh(r[x-ö]) ̂

(25)

for b < \x\ < b+d with the eigenvalue

R
F = I—— -J7; and thereby

D
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(a) area 1 ez

, (26)

cf. also [21], For unlimited matrix diffusion, i.e.
V(s)d » l,tanh(T(s)d) = 1 we get

(27)

4.1 Diffusion into Two Rock Matrix
Regions

Unlimited and limited one-dimensional rock matrix
diffusion are the simplest cases of diffusion into rock
matrix. To demonstrate that our linear response
formalism is not restricted to these cases, we shortly
consider two more complex geometries for ,ock matrix
diffusion. Let us begin with the case where there are
two regions of rock matrix in series with different
properties (ep,Dp, etc.). Fig. 2a shows the

geometry.

The first region may be considered as altered rock,
while the second region as fresh rock. For this system
we can define a rock matrix response tensor

^x(x;s) for the first region and Mz{x;s) for the
second region. From assuming conservation of mass
and continuity of the nuclide concentration in the rock
pore water at the interface x = b+d1, we can

directly define a rock matrix response tensor for the
entire rock matrix

(28)

Figure 2: Sketch of a crossecticn through a parallel
plate channel (a) with two rock layers in series, (b)
with two orthogonal rock layers accessible for matrix
diffusion.

for (b < \x\ < b+dj) and

; s) = M2(x; s)Mj(b+dj;s) (29)

ior(b+dj <\x\<b+d}+d2). We can also define
the response coefficient function for this geometry
[26]:

{APEPDPT\ [ tmh(T2d2)

[AptpDpY}2 t a n h O ^ ; (30)

{ApepDpTp}
-+tanh (T1 d1) tanh(T2d2)

The procedure shown here can be applied to the case
of three or more rock regions in series accessible for
one-dimensional matrix diffusion.

Let us now consider the case that nuclides can not
only diffuse in the x direction, into the surrounding
rock matrix, but also in the y direction, as shown in
Fig. 2b. We can still use a rock matrix response
coefficient function T\, but now we must define a
coefficient function for diffusion in the x direction,
r\x, as well as in the y direction, r\y, and

T\=nx + T\y (31)
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5 Single Channel with Matrix Diffusion:
Continued

Now we insert the above calculated rock matrix
response coefficient function. For limited one-
dimensional matrix diffusion, the channel response
function in Laplace space (19) is

j (z = L;s) = e s a exp ( -

(32)

which is characterized by the advection time (without
matrix diffusion) of the channel

a =
RfzfL

(33)

the square root of the rock matrix diffusion time

(34)

and the square root of the rock matrix delay time

If
(35)

The last parameter includes the surface to volume
ratio

8 = (36)
vf

which is equivalent to 5 y = l i b for the geometry

considered. We arrive at the time dependent channel
response function

8 (t-a)L'1 {exp (-y Vs tanhfß-Js))}(t-a),
(37)

where the inverse Laplace transformation has to be
performed numerically. 6 is the Heaviside jump
function. For more complicated rock matrix
geometries, only a numerical inverse Laplace
transformation is possible.

5.1 Unlimited Matrix Diffusion
In the case of unlimited matrix diffusion, ß—»°° and

according to (32) the channel response function in
Laplace space is

j i f (z =L;s) = esa e x p ( - y (38)

and the time dependent channel response function
can still be evaluated analytically:

•1-3/2
(39)

As an aside, we mention that for a 5-function or
short, pulse-like nuclide inflow, a non-decaying nuclide

shows the typical t~3/2 finger print [5, 27] of
(unlimited) matrix diffusion in the nuclide outflow of
the channel:

3/2 (40)Jf(t) ~ [t-ay

for large times, 4(7-a] » y2.

6 Channel Network

For a network consisting of several pathways, but with
only one source location, we can now combine the
individual channel response functions to the network
response function.

6.1 Limited One-Dimensional Matrix Diffusion

For limited one-dimensional matrix diffusion, cf.
Section 4, the network response function

%,}(hcf;t) =

where the inverse Laplace transformation has to be
performed numerically. The parameters
an,w» ß«,>v. a p d Yn.w a r e determined according to
(33), (34), and (35) for each channel (n, w) and

Nw

n=l
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6.2 No Matrix Diffusion

If there is no diffusion of nuclides into the rock matrix,
the network response function can be written in terms
of the Dirac delta function 6 (f) as

Sljj(hcf;t)=
w

(43)

The time dependent nuclide flow into the high
conductivity fractures is

w
Jf(hcf;t) = J w , Jf(in;t-aw) (44)

w=l

This is similar to the result of the nuclide transport
calculations of [1,2] and a variant of [10], in which this
solution is approximated using a particle tracking
method VJ\\U stochastically selected pathways.

6.3 Unlimited Matrix Diffusion

In the case of unlimited matrix diffusion, ß, , ,^-»0 0 ,

by argument analogous to that of Section 5.1, the
time dependent network response function can still be
evaluated analytically as a superposition of the
pathway response functions:

with (46)

n=l

As a qualitative demonstration of network effects, let
us consider the network of Fig. 3a. It consists of 16
channels which constitute 8 different pathways
between the repository and a high conductivity
fracture. Radioactive decay is neglected. The
weighted time dependent response functions of the
pathways, ww5Ry,/;H>(zw = Lw;t), (thin lines) and

the network response function, <3iJj(hcf;t), (thick

line) are shown in Fig. 3b. In this example time has
arbitrary units. One pathway (dashed line in Fig. 3b),
comprising of the channels (a,n,o,p), has a much
larger advection time than the other pathways,
resulting in a double-peaked, long-tailed
superimposed breakthrough curve (or response
function of the network) in time space.
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Figure 3: (a) As an example a channel network is
sketched consisting of 16 individual channels which
make up 8 different pathways between a repository, at
in, and a high conductivity fracture, at hcf. The
weighted time dependent response functions of the
pathways (thin lines) assuming unlimited matrix
diffusion and their superposition, the response
function of the network (thick line), are given in (b).
One pathway (dashed line in (b)) consisting of the
channels (a.n,o,p) has a much larger advection time
resulting in a marked double-peaked break-through
curve.

7 PICNIC: First Quantitative Tests of the
Code

Based on the response concept a numerical code is
developed in collaboration with QuantiSci (UK). The
name of the code is PICNIC (PSI/QuantiSci
interactive Code for .Networks of Interconnected
Channels). PICNIC utilizes Talbot's method [25] for
numerical inverse Laplace transformation. In its
present form the code can handle limited,
homogeneous, one-dimensional matrix diffusion in
parallel plate and tubular channels, but also micro-
dispersion (for 3 different kinds of boundary
conditions), and decay of nuclide chains. Taking into
account for micro-dispersion means, that for the
nuclide flow in the flowing water
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r i i

L Pe J

a =2970762 {(^[year], ß2 = 4.872360 l(T2[year],

(47)

substitutes for (9). Pe is the channel Peclet number.
For nuclide chains the response concept described in
Section 2 still holds [19, 28], but a second rank tensor
of response functions has to be calculated for the
vector of nuclide flows of the different nuclides.
PICNIC can also deal with tubular channels.

The code is now in the stage of verification. To
test the accuracy for a single channel, PICNIC results
are compared in quantitative detail with results from
RANCHMD [29, 4-6]. In Fig. 4 the breakthrough
curves for two different channels are presented.
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Figure 4: Breakthrough curves of Strontium (case I,
full line) and Uranine (case II, dashed line) are
presented in a double logarithmic scale. Adopted from
W. Heer.

The two cases simulate the dipole experiments in the
Grimsel rock laboratory with Strontium (case I, full
line) and Uranine (case II, dashed line) over 5m. To
test the capability of the code for very short times for
nuclide injection, the calculations assume injection of
JflQf= 31.25004 [mol/nrf3] over 1 minute, while in

the experiments the injection time was 1 hour. For a
description of the experiments and detailed
quantitative modelling with RANCHMD, cf. Heer and
Hadermann [5, 27], especially [5, Tab. 6 and Chap.
4.2.2, 4.3.3]. The parameters in the calculations for
case I are

a = 297076210"4 [year], ß2 = 44.1124[year],

Y2 = ail20528|>ar], Pe = 20.
(48)

Since the rock matrix diffusion time ß2 is much larger
than the considered time interval, the system appears
to behave as if rock matrix diffusion were unlimited.
But for case II there is no sorption in the rock matrix,
thus reducing ß and y :

The agreement of PICNIC and RANCHMD
calculations for these two cases is excellent, cf. Tab.
1. Further tests of PICNIC are on the way.

time

5 10"5

10-4

2 10-4

5 10-4

10-3

2 10"3

510"3

10-2

2 10-2

5 10-2

IO-1

2 10"1

5 10'1

1

max

case I.

OdO'11)

7.848 10'8

3.936 10"6

4.869 10"5

2.95310"4

4.943 10"4

4.838 10-4

2.641 10"4

1.26410-4

5.264 10"5

1.477 10"5

5.410 10"6

5.183 IQ"4

'max II 1.38 10-2

dev.

-4.24

-1.49

-0.65

-0.28

-0.17

-0.10

0.01

0.01

0.07

0.01

0.02

-0.03

case II.

0(10'10)

3.396 10-4

6.650 I C 2

6.037 10'2

1.031 10^2

2.669 10'3

5.791 10-4

2.137 10*4

1.091 10"4

2.582 10"5

2.349 10"6

1.921 10-8

1.302 10"1

3.0 10"4

dev.

-1.44

-0.19

0.08

0.01

-0.02

0.04

-0.01

0.02

-0.07

-0.33

-0.92

0.06

Table 1: Comparison of PICNIC and high resolution
RANCHMD calculations. In the first column, time is
given in units of [yeai]. In the second and fourth
column the result of RANCHMD for JjIQf is given

in units of [mol/m3] for case I and case II, respectively.
In the third and fifth column the relative deviation of
the PICNIC results from the RANCHMD results are
presented. The two bottom rows give the maximum,
max, and the time of the maximum, f , of the

breakthrough curve. For /max PICNIC and RANCHMD

agree within the resolution of the RANCHMD typeout.

8 Conclusions

This paper presents a linear response concept [30,
26] for nuclide transport in a fracture network along
with the rationale for developing a new model which
calculates nuclide transport in a fracture network
mapped onto a channel network. Small-scale balance
equations are given which take into account the
effects of one-dimensional matrix diffusion in addition
to advection and linear sorption in parallel plate
channels. Radioactive decay of a single nuclide can
easily be incorporated. The results of transport
calculations in single channels are efficiently
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combined using a linear response concept together
with the Laplace transformation method. Using a rock
matrix response tensor allows different geometries for
rock matrix diffusion. For example, unlimited or limited
matrix diffusion and the effect of more than one layer
of rock matrix that can be accessed by matrix
diffusion, can be taken into account.

To more clearly present the linear response
concept, this paper focusses on the effects of
advection in combination with the important
geosphere retardation effect rock matrix diffusion.
However, in principle our linear response concept
works for all linear effects with time independent
parameters [30, 26]. The very efficient and fast linear
response concept and numerical inverse Laplace
transformation [25, 21, 23] are used to build a new
transport code, PICNIC, that takes also account of
micro-dispersion and decay of nuclide chains. [19, 28,
31] In its present version PICNIC deals with limited
one-dimensional matrix diffusion in parallel plate and
cylindrical geometry, but it is shown in Section 4 how
to proceed to account also for more complex rock
geometries. While the tests of the new code are
clearly in an early stage, first quantitative tests show
an excellent accuracy of PICNIC when compared with
results from RANCHMD. The code is ready for first
applications, however, getting site-specific transport
parameters of a natural system for a network model
will be a non-trivial task.

All in all, the new geosphere transport model
PICNIC shows best prerequisitions to be the new
geosphere transport code for Swiss safety
assessment of radioactive waste repositories,
complementing RANCHMD. [32] The main
weaknesses of PICNIC are, that it cannot account for
nonlinear effects, like nonlinear Sorption, and it cannot
account for time dependent parameters, like water
flow or porosity. Main strengths of the very efficient
and fast model are the flexibility of accounting for the
large scale heterogeneity of the flow paths (network
effects) and the small scale heterogeneity (variability
and extension of the rock, that is available for matrix
diffusion). It will also be very useful for safety
assessments, that PICNIC can account for decay of
nuclide chains.
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ENVIRONMENTAL INVENTORIES FOR FUTURE ELECTRICITY SUPPLY SYSTEMS
FOR SWITZERLAND
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Abstract

The Swiss Association of Producers and Distributors
of Electricity (VSE) identified a number of possible
supply mix options to meet the future electricity
demand in Switzerland. In this context, PSI, in co-
operation with ETHZ, analysed environmental
inventories for the selected electricity supply systems.
Life Cycle Analysis (LCA) was used to establish the
inventories, covering the complete energy chains
associated with fossil, nuclear and renewable
systems. The assessment was performed on three
levels: (1) individually for each system considered;
(2) comparison of systems; (3) comparison of supply
mix options. In the absolute value the emissions of the
major pollutants considered are reduced in
comparison with the currently operating systems, in
most cases very significantly. Due to the considerable
advancements in fossil power plant technologies, the
relative importance of other activities in the fossil
energy systems increases. Selected results for
systems and supply options are given in the present
paper.

1 Background

Since 1991, the Swiss Federal Institute of
Technology Zurich (ETHZ) and Paul Scherrer Institute
(PSI) have been engaged in a co-operation
concerning the establishment of comprehensive
environmental inventories (i.e., material and energy
requirements and emissions) for different fuel chains.
The approach used in this context is based on the Life
Cycle Analysis (LCA). In the first phase of this work,
currently operating Swiss and UCPTE1 electricity
supply and heating systems were assessed [1],
Present activities in this area, pursued within the
project "Comprehensive Assessment of Energy
Systems" — Project GaBE "Ganzheitliche
Betrachtung von Energiesystemen" [2], [3] —
address, among other topics, environmental
inventories associated with future alternative
configurations of the Swiss electricity supply. The full
analysis is reported in [4]. The project was supported
by VSE (Verband Schweizerischer Elektrizitätswerke).
The results were used by VSE as the environmental
analysis part in a study of future supply options for
Switzerland [5].

2 Future electricity supply mix options

The current domestic Swiss electricity supply is
primarily based on hydro power (approximately 61%)
and nuclear power (about 37%). The contribution of
fossil systems is, consequently, minimal (the
remaining 2%). In addition, long-term (but limited in
time) contracts exist, securing imports of electricity of
nuclear origin from France. The total yearly net
electricity generation by domestic power plants in the
hydrological year 1993/1994 was 62.9 TWh; the
domestic demand was 51.0 TWh (including
7% losses). During the last two years, the electricity
consumption has been almost stagnant, although the
80s recorded an average annual increase rate of
2.7%.

The future development of the electricity demand
is a complex function of several factors with possibly
competing effects, like increased efficiency of
applications, changes in the industrial structure of the
country, increase of population, further automation of
industrial processes and services. Under the basic
assumption of economic growth, two possible
electricity demand level cases were postulated by
VSE: a high-growth demand case corresponding to a
yearly increase of 2% from year 1995 to year 2010
and 1% from year 2010 to year 2030, and a low-
growth demand case corresponding to a yearly
increase of 1% from year 1995 to year 2010 and 0.5%
from year 2010 to year 2030.

The electricity generating systems whose
capacity, according to VSE, is either secured or likely
to grow are herewith referred to as the "base" supply.
In the time horizon envisaged, it is dominated by
hydropower plants (87.3%) with much smaller
contributions from combined heat-and-power plants
(CHPP, 5.1%), small gas turbines (30 MW GT, 2.7%),
what remains at that time of the already secured
contracts with foreign utilities (nuclear plants, 4.5%),
besides photovoltaics (PV) and other renewables
(0.4%)2. Communal waste incinerators are expected
to contribute marginally to the electricity generation in
Switzerland. They have not been included in the
analysis because, according to our chosen
methodology, the emissions from waste incinerators
are allocated to the origin of the waste rather than to
the electricity which is a by-product.

1 Union pour la Coordination de la Production et du Transport de
I'Electricite.

2 VSE assumes a constant annual growth of electricity generated
by renewables by 4 GWh per year, which is the present (1994)
total generation in Switzerland.
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Due to decommissioning of the currently
operating nuclear power plants and expiration of long-
term electricity import contracts there will eventually
open a gap between the postulated electricity demand
and the base supply. The assumed projected demand
cases as well as the secured yearly electric energy
supply are shown in Figure 1 for the period of interest.

1990

irnrm Mxlear (Imported)
Actual Demand

2000 2010
Year

I Fossil

2020 2000

fSSSl Njdear (Cfcrrestic)
- - • HcfvGwthDerrsid

Fig. 1: Electric energy demand cases considered
by VSE and the secured yearly electricity
supply for the period 1995-2030.

Supply systems

Base

Supply

Supply to
cover gap

Total

Hydro

Nuclear
(imported)

CHPP

GT 30 MW

Incinerators

Photovoltaic
and other

renewables

Total for
Base supply

7 Options for
supply mix

Annual electric
energy

generation

(TWh)

33.54

1.71

1.96
1.03

0.57

0.14

38.4
(38.95)"
46.2 H
27.2 L

84.5 (85.1)" H
e5.6(66.S)"L

Annual share to total
{%)

H = high-
growth
demand

39.7

2.0

2.3

1.2
. „ *

0.2

45.4

54.6

100

L = low-
growth
demand

51.1

2.6

3.0

1.6
*

0.2

58.5

41.5
100

* Excluded from LCA study.
•* Including incinerators.

Table 1 : Electric energy demand cases, base
supply and supply gap assumed by VSE
for year 2030.

The yearly electric energy demand for the two
cases assumed by VSE for year 2030 is shown in
Table 1 where the systems considered for the base
supply are separated from the ones covering the gap.

VSE defined seven options to cover the expected
gap, specified in terms of mixes with different
contributions from fossil, nuclear and renewable (in
particular PV) plants; in this context a distinction was
also made with respect to shares of domestic and
imported electricity. The definition of the supply mix
options assumed by VSE to cover the electricity gap
is given in Table 2.

Gas and hard coal power plants were identified
by VSE as the possible options for fossil systems.
Specifically, gas Combined Cycle (CC) power plants
(with the option of using oil as the alternative fuel) and
advanced hard coal power plants burning high-quality
coal (Pulverized Coal Combustion Plant, PC;
Pressurized Fluidized Bed Combustion Plant, PFBC)
are considered as the most suitable candidates for the
fossil systems. Moreover, the specific technologies
chosen for new nuclear were limited to two typical
advanced nuclear power plant designs (AP600 and
ABWR).

Cogeneration was included to a relatively small
extent, in connection with small gas turbines and
CHPPs but not for the gas combined cycle power
plants. According to VSE, this assumption is
supported by the low economic potential of
cogeneration. An existing CHPP of 160 kWe operating
in Base! since 1987 was analysed. For photovoltaic
systems only roof panels were considered in the
analysis, being the most attractive option for the

Supply mix options

1

2

3

4

5

6

7

Conventional thermal

Nuclear

Mix Nuclear/Gas

Import 100%

Import 50%

Conventional thermal
+ PV

Mix Nuclear/Gas
+ PV

System shares in the cold
season to cover the gap of

electric energy

50% CC(gas); 25% CC(oil);
25% Coal

100% Nuclear domestic

Today's installed nuclear
capacity; rest of supply CC(gas)

10% CC(gas); 30% Coal;
60% Nuclear

Import: 10% Coal;
40% Nuclear.

Domestic: 25% CC(gas);
25% Nuclear.

as Option 1 with PV substituting
5%

as Option 3 with PV substituting
5%

Table 2: Definition of the supply mix options
assumed by VSE to cover the future
electricity gap.

Swiss conditions. The advanced technologies
considered are in some cases expected to be
commercially available in the not very distant future,
while in some cases they represent the best
performance available already today. Thus, no
revolutionary technologies were included. This
reduces the speculative element in the analysis and
makes it more conservative, defensible and possibly
realistic. Basically, the performance parameters
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chosen should in most cases be representative for
technologies that could be implemented on a large
scale between 2010 and 2020.

3 Analysis approach and its limitations

LCA is process-oriented, involving explicit
consideration of the individual technologies of interest.
Complete energy chains are covered and all systems
are described on a "cradle to grave" basis, with each
stage in the chain being decomposed into
construction, operation and dismantling phases.

Not only direct (concentrated) emissions from the
plants are covered but also indirect ones (so-called
grey or diffuse), in order to provide an as complete as
possible description of the fluxes from and to the
environment. Input of materials, transportation needs
and disposal services are considered in connection
with all steps of an energy chain; also construction
machines and materials for road and rail infrastructure
are included in the analysis. These were based on
current conditions, without extrapolation to the future.

With respect to spatial boundaries all energy and
material fluxes are accounted for, regardless of
geographic or political boundaries; this stems from the
LCA methodology which, when consistently applied,
covers the whole energy chain from the stage of
extracting raw materials from the environment down
to the end point of emissions to the environment.

The previous analyses of energy systems
currently in operation [1], combined with information
on the development trends, allowed to focus the
present work on parts of the energy chains which are
subject to major changes. These are: for the gas
systems the transport of natural gas and the power
plant; for coal systems, mining, coal transport and
power plant; for nuclear systems, mining/milling,
enrichment, power plant, and reprocessing; for hydro
systems the power plant; and, for photovoltaic
systems the manufacturing of solar cells.

For the different energy chains the most
important changes in relation to the existing analysis
of currently operating systems were:

• Gas systems: reduction of gas leakage,
improvements of power plant burner performance
characteristics and of overall power plant
efficiency;

• Hard coal systems: partial methane recovery in
underground mining, improvements in power plant
abatement technology and of overall power plant
efficiency;

• Nuclear systems: reductions of long-term radon
emissions from mine/mill tailings, reductions of
electricity consumption and CFC emissions in
enrichment by replacement of diffusion by
centrifuges or laser technologies, power plant
improvements (particularly life time extension and

increased burn-up), use of actual emissions from a
modern reprocessing facility, reduced volume of
conditioned radioactive solid wastes;

• Hydro systems: overall power plant efficiency
improvements (turbine); and,

• PV systems: improvements in the manufacturing
of monocrystalline-silicon (m-Si) and amorphous-
silicon (a-Si) solar cells (yield, electricity
consumption) and in cell efficiencies.

The LCA methodology has been developed for
and primarily applied to operating systems.
Consequently, the input is normally based on the
actual experience. Furthermore, the standard
approach is static and its applications to future
systems require extensions, extrapolations and a
number of additional assumptions. The extension of
the existing data to include and characterise new
technologies was based on literature, direct
information from the industry and consultants, and on
expert judgement. Availability of relatively detailed
process information and knowledge about the relative
importance of the various sources of emissions made
it possible to focus the analysis and economise the
use of our resources. In view of the objectives of the
project the parameters of primary interest were:
emissions, efficiencies, material amounts (for
construction and operation), and transportation
requirements.

When a range of possible emissions, efficiencies
or other key parameters was available, the values
corresponding to the best performance were normally
chosen. When in doubt, conservative rather than
speculative values were applied. It is inevitable in this
type of analysis that a mixture of data must be used,
although an effort was made to be as consistent as
practically possible under the constraints of this
project.

The "new" systems generally show better
performance and lower emissions than the "old" ones.
For this reason, it was necessary to make
assumptions with respect to the market penetration of
the "new" systems, in order to establish the relative
shares of "old" and "new" systems within the mixes;
this was done individually for each energy source,
taking into account its specificity and the expected
developments.

The focus of this work was on selected
emissions to air (CO2, CH4, SOx, NOx, Non-Methane
Volatile Organic Compounds (NMVOC), particles and
radioactivity), and on materials/energy requirements.
Emissions to water, solid wastes and land use have
not been treated in detail for all future systems
(detailed results exist for currently operating systems
in [1]).

The work performed addresses only the
inventory of emissions. Therefore, the data presented
here give no direct information about the
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environmental impacts that may result from the
emissions.

The analysis addresses the emissions
associated with the normal operation of the systems
analysed. n nis includes also expected releases in
connection with incidents but excludes large releases
that could result from rare severe accidents.

The demand-side management is implicitly
reflected in the demand levels provided by VSE as an
input to this work. Here, only the production of energy
carriers and their use in energy systems is covered.

No new processes for material production
(except for the solar cell manufacturing) and no new
means of transportation were considered. This
introduces a definite conservative bias, although for
the basic materials the efficiency of the current
processes is considered to be high. On the other
hand, the possibility that extraction of raw materials
might become more difficult due to reduced availability
of easily accessible ones (and lead to more extensive
environmental burdens), was not taken into account.

For CHPP no extrapolation was made to account
for the potential future improvements of the technical
and environmental performance; furthermore, only a
gas-based CHPP system was analysed.

The final requirements and emissions reported in
[4], although based on the conditions assumed
specifically for the Swiss electricity supply, are not
restricted by geographical boundaries. The
adjustment to Swiss-specific conditions applies to the
fuel origin and quality, materials production, electricity
mixes, infrastructure, transportation, etc.

For electricity inputs needed for the modules
external to Switzerland, a UCPTE mix for year 2010
was defined, based on the extrapolation of a forecast
by the International Energy Agency for year 2005 [6].
As compared to the current situation the mix reflects
the expansion of gas, reduction of oil shares and a
relatively small but significantly increased contribution
of photovoltaic. Coal, hydro and nuclear remain on
about the same level. All material production is based
on this UCPTE mix. Also for Switzerland a mix for
year 2010 was used as an input; this mix was
provided by VSE and includes a large share of
imported electricity of nuclear origin.

The environmental inventory analysis was
performed on three levels: (1) individually for each
system considered; (2) comparison of systems;
(3) comparison of supply mix options. The evaluations
of the seven options were carried out only for the year
2030. This choice of year provides the upper limits
that can be calculated for the yearly emissions from
the whole electricity sector in the time interval
considered.

4 Systems comparisons

The values for the systems were normalised by
the unit of electricity produced at the busbar by the

power plant (or device) of the same system, i.e.
distribution lines were not included in the
comparisons. If the distribution lines had been
included, CHPP and PV, which are delivering
electricity directly to the appliances would, in
comparison with the other systems, exhibit a
somewhat improved environmental performance.
CHPP is included for completeness but care should
be taken in drawing conclusions for this particular
system.

The characteristics compared in [4] include
selected energy, material requirements, and selected
emissions to air.

Table 3 at the end shows selected direct
emissions from future power plants as well as
numerical results calculated for the full chains. In the
following, only greenhouse gases (GHG), SOx, NOx,
and radioactivity emissions to air will be briefly
discussed as examples of results obtained for the
systems. Even when full energy chains are
considered, fossil-based systems exhibit the largest
emissions of combustion products. Among them, the
chain associated with gas combined cycle plants is
clearly the best performer. Use of oil as a fuel in this
type of plant results in a quite dramatically larger SOx
emissions from the power plant itself as well as from
the associated oil chain, while emissions of such
pollutants as NOx increase to levels comparable with
those from the hard coal fuel chain.

Direct GHG emissions from power plants and
the total from the full chains are shown in Figure 2 in
terms of tonnes of CO2-equivalent calculated using
the warming potentials recommended by
IPCC1994[7]; they include CO2, CH4, N2O, CF4,
CFCs, HCFCs, and HFCs3. The figure shows the
direct emissions from the power plants separate from
all other contributions.

The lowest value for the fossil systems has been
calculated for CC fired with gas, the highest for the
coal systems. The fossil power plants are by far the
highest contributors to the total (78-88%), where the
lowest share has been found for CHPP, the highest
for PFBC. A PFBC power plant produces directly
about twice as much t(CO2-eq.)/GWh as a CC power
plant fuelled by gas. Renewable and nuclear systems
show the lowest GHG emissions; these are almost
entirely originating from indirect sources as well as
from upstream/downstream steps and only in
negligible quantities from the power plants

3 The CO2-equivalent is based on the Global Warming Potential
(GWP) relative to carbon dioxide with 100 year time horteon. In
particular: ChU has GWPioo=24.5; N2O has GWPioo=32O; CF-t
has GWPi oo=63OO. It is assumed that CFCs are released as
CFC-114 with GWPioo=93OO, HCFCs are released as HCFC-22
with GWPIOO=1700, and HFCs are released as HFC-134a with
GWPioo=1300. The GWPs of CFCs and halons take into account
direct effects only. The indirect effects through stratospheric
ozone depletion, which tend to strongly reduce their GWPs, were
not considered.
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themselves. These systems release one to two orders
of magnitude lower GHGs than the fossil systems.
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greenhouse gas emissions from the
analysed future full energy chains.

As shown in Figure 3 for all analysed chains, the
largest contribution to total GHG emission is carbon
dioxide. The contributions of CFCs, HCFCs and HFCs
are negligible. Emissions of CF4 (from aluminium
production) contribute approximately 5-9% to the total
CO2-eq. for photovoltaic systems and are negligible for
other energy systems. The only system which
generates a substantial N2O contribution relative to
the total CO2-eq. is PFBC, from the power plant
(approximately 7%).

100%

80% f

60% -

40%]-

20%

0%

CFCs

CF4

N2O

fJH4

CO2

ü O £•

°- E 9.
°- 8

(0
CD

-ST iö 2 co rä

ir. 3 x o P-

gas systems, particularly CHPP (12.5%). This is due
to the assumption of higher methane leakage rate
from the low-pressure grid for local natural gas
distribution which delivers gas to CHPP, as compared
to the high-pressure grid for regional distribution which
supplies gas to other gas power plant types. Hard
coal systems show methane release values of
approximately 5% of total CO2-eq., and gas systems
based on turbines and CC about 6% (see Figure 3).
Gas systems (except CHPP) show lower total
methane emissions than coal systems due to the
assumed values for the leakages in the long-distance
transportation of natural gas compared to the direct
emissions from coal mines.

Figure 4 shows a comparison of GHG emissions
from current European [8] and future Swiss-relevant
full energy chains. In particular, PV systems, which
were assessed for Swiss conditions, are represented
by four classes : large plants4; 3 kWpeak slanted roof
panels (load factor of approximately 10%) using m-Si
and p-Si technologies5; and, a-Si roof panels, which
were assessed only for future systems.

Future electricity generation systems based on
fossil chains have the potential to reduce GHGs
emissions by 35-50% in comparison with present
average UCPTE fossil systems, but remain the
largest GHGs producers (two orders of magnitude
higher than hydro and nuclear, one order higher than
PV). The relative importance of some specific GHGs
emitted from fossil systems changes (e.g., dramatic
increase of N2O emissions from PFBC in the coal
systems). For PV systems there appears to exist a
potential for reduction of GHGs emissions by a factor
of 2 to 8 with respect to current systems (under Swiss
average conditions). CFC emissions from the nuclear
fuel chain are expected to decrease dramatically due
to substitution in enrichment diffusion plants and
increasing share of the centrifuge and, possibly, laser
plants.

Figures 5 and 6 show SOx and NOx emissions
to the atmosphere, respectively. Direct emissions
from the power plants are given separately from all
other contributions. As expected, CC burning oil
exhibits the greatest direct emissions of SOx at the
power plant (47% of the total) as well as from the
entire chain. Coal systems and gas systems have the
second and third highest emissions, respectively.

&

Fig. 3: Contribution of different species to total
greenhouse gas emissions from the
analysed future full energy chains.

All the power plants considered give negligible
contribution to the total methane emission. The
highest relative contribution of methane to the total
CO2-eq. from the associated chain was calculated for

The value shown is an average between 1721(CO2-eq.)/GWh
calculated for the PHALK 500 kW plant at Mont Soleil, Jura,
using m-Si panels with 13.7% load factor, and
237 t(CO2-eq.)/GWh calculated for the SSW 100kWpeak plant
along the Swiss highway N13, using polycrystalline-silicon (p-Si)
panels.

The values shown for current m-Si and p-Si systems are
averaged over ranges of 83-214 t(CO2-eq.)/GWh and
135-270 t(CO2-eq.)/GWh, respectively.
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Fig. 4: Greenhouse gas emissions from current and future full energy chains.

A PFBC power plant has very small sulphur oxides
emission compared to an advanced PC thanks to its
mode of operation; it will emit only approximately 8%
of the calculated total from the associated full chain.
The direct emissions from the gas power plant are
negligible compared to the other fossil systems (only
2% of the total calculated for the gas chain).
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Fig. 5: Contribution of power plants to total SOx
emission to air for future systems.

As shown in Figure 6, the chain associated with
PC shows the highest total emissions of nitrogen
oxides (47% directly from the power plant), but the GT
chain has the highest direct emissions of NOx from
the power plant. A PFBC power plant has the lowest
NOx emissions compared to the other fossil plants
(only 14% of the total from the relevant full energy
chain). Among the gas systems, CC has the lowest

NOx. emissions from the power plant as well as the
lowest total from the chain; GT plants emit about two
thirds of the total emissions from the associated
chain. Oil and hard coal upstream steps show
contributions to total nitrogen oxides emissions
comparable with the direct ones from gas turbines.
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Fig. 6: Contribution of power plants to total NOx
emission to air for future systems.

Figures 7 and 8 show the emissions of SOx and
NOx, respectively, divided into direct releases taking
place in Switzerland, direct external to Switzerland
and indirect (or "grey") ones. The direct emissions
include releases from the operation of power plants,
mines and processing factories, transport systems
and building machines. The indirect emissions include
all releases associated with material processing,
electricity consumption and infrastructure. For most
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species, total emissions from fossil chains are
primarily direct, as illustrated in the SOx and NOx
cases.

100% iff
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Fig. 7: Direct and indirect SOx emissions from
selected future systems.

The amount of SOx directly emitted in
Switzerland for all chains is only a small fraction of the
total with the exception of CC fuelled with oil and PC.
For PC, all direct emissions in Switzerland are from
the power plant, whereas for the CC oil chain direct
emissions in Switzerland are from power plant and
refinery. Direct emissions of SOx outside Switzerland
for coal and oil chains are mainly from transport by
freighter or tanker, whereas those for the gas chain
associated with CC are from flaring in gas production
and processing.

D Indirect

E3 Direct
(external to CH)

• Direct (CH)

Fig. 8: Direct and indirect NOx emissions from
selected future systems.

For fossil systems, direct emissions of NOx in
Switzerland are comparable with the amount of other
direct emissions taking place abroad, with the
exception of direct NOx releases from PFBC, which
are small in proportion to the total. These domestic
emissions are predominantly from power plants, for
CC oil from power plant and refinery. The direct
emissions of NOx abroad are mostly from transport
(ship and diesel train) in the case of the coal chain; for
the oil chain they stem from various sources
(production, refinery, diesel engines, tankers); for the

gas chain, mostly from turbines used to pump the gas
for transportation via pipeline.

SOx emissions from the nuclear and renewable
energy chains are almost entirely indirect, arising
mainly from electricity and steel requirements; the
same applies to NOx emissions from photovoltaic
systems. NOx direct emissions from the nuclear chain
mainly originate from processing of fuei, mining and
construction machinery. NOx direct emissions for
hydro stem mostly from building machines.

A comparison of the direct radioactive
emissions to air from power plants with the total
calculated for the relevant chains is shown in Figure 9
for the hard coal and nuclear systems only. Results
obtained for other systems are not shown because no
significant direct radioactive emissions occur there.
Four classes were chosen which include all
radioactive species released to air: radon, other gases
{including nobles), actinides and aerosols.
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Fig. 9: Comparison of the direct radioactive
emissions to air from power plants and total
from full chains for future hard coal and
nuclear energy systems.

Radioactive emissions to water and conditioned
radioactive solid waste were also considered in [4] but
are not discussed here; anyway, it is estimated that
the quantities will decline.

Radon is directly released from coal power plants
as well as from coal mines, but the corresponding
values normalised by the unit of electricity are several
orders of magnitude lower than the radon emissions
at uranium mines and mills. Other noble gases and
other radioactive gases originate exclusively from the
nuclear chain. Therefore, all non-nuclear energy
chains show values for these two radioactive emission
classes to be approximately two to three orders of
magnitude lower than the total calculated for the
nuclear chain; this is due to the indirect contributions
through the requirements of electricity for the various
steps of the chains from the UCPTE grid, where about
one third of the total generated electricity was
assumed to be of nuclear origin [4], Some actinides
are released to air from coal power plants, but the
normalised values are approximately 35 times lower
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than the total assessed for the nuclear chain (mostly
from uranium mining/milling and reprocessing). The
total (direct plus indirect) release of actinides to air
calculated for the coal chain is about 1.5 times higher
than the release from coal power plants. The
radioactive aerosols release calculated for the coal
chain is mainly due to direct emissions from the power
plant. The total release of radioactive aerosols
calculated for the coal chain is lower by a factor of
approximately two than the corresponding total for the
nuclear chain; however, the relative compositions
differ drastically (natural radioactive isotopes Po-210,
Pb-210 and K-40 released during hard coal
combustion vs. radioactive isotopes of Cs, I, Ru, Sr
mostly from reprocessing of nuclear spent fuel,
Po-210 and Pb-210 from uranium mines and mills).
The highest contributors to the radioactive aerosols
from the nuclear chain are reprocessing and
mining/milling, while the power plant contributes only
1% (mostly iodine).

5 Comparisons of supply mix options

Imported electricity from nuclear and coal
systems is assumed to be generated by a mix of
power plants of the current and future generations.
The imported electricity by gas systems is from
combined cycle power plants, assuming the same
characteristics as for the Swiss plants. Given these
assumptions, the breakdown into contributions from
specific electricity supply systems can be established
for the seven supply mix options considered.

Table 4 at the end provides selected numerical
results for the supply mix options considered.
Generally, accounting for the full energy chains, the
options with fossil systems show the highest releases
of typical combustion gases while the options with
nuclear systems present the lowest. On the other
hand, the nuclear options exhibit the highest
emissions of radioactivity. In the following, only
greenhouse gases will be discussed; these are shown
in Figure 10 for both demand cases. Other emission
factors were also considered in [4].

The discussion is focused on the results obtained
for the high-growth demand case options (labelled
H1-H7) because they are qualitatively similar to the
corresponding options for the low-growth demand
case (L1-L7). If we exclude either option 3 or 5, the
relative ranking is the same, whether based on low- or
high-growth demand. However, if both 3 and 5 are
included, option 3 ranks higher than 5 in the
high-growth demand case but lower in the low-growth
demand case. This is due to the shares of nuclear

High-growth
Demand

Low-growth
Demand

Fig. 10: Greenhouse gas emissions for the 7 supply
mix options of the high- and low-growth
demand cases in year 2030.

and gas systems to cover the gap in L3 which differ
from the corresponding values in H3. This fact
derives, in turn, from the definition of the option
number three, where it is assumed that in both low-
and high-growth demand cases the presently installed
total nuclear capacity is maintained, i.e. future nuclear
domestic systems supply on the yearly basis the
same electricity as generated yearly by the current
Swiss nuclear power plants (and hence a fraction of
nuclear in H3 which is different from L3).

Figure 11 shows, for the high-growth case only,
the direct emissions from power plants separate from
the total. The "fossil" option H1 exhibits the highest
total yearly emission of GHGs that originate from the
entire chains of the various systems included. A total
GHG emission of 26.2 Mt(CO2-eq.)/yr is calculated for
H1, of which 84% directly produced by the power
plants; 92% of the total is from the systems covering
the gap. The "nuclear" option H2 shows the lowest
total yearly production of greenhouse gases from the
relevant whole chains. About 2.3 Mt(CO2-eq.)/yr are
produced in this option, merely 12% thereof are from
the nuclear energy chain covering the gap.

• From Chains
excluding
Power Plants

H Direct from
Power Plants

H1 H2 H3 H4 H5 H6 H7

Fig. 11: Contribution of power plants to total GHG
emissions for the 7 options of the high-
growth demand case in year 2030.
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The other options have intermediate values in the
range 9.2 to 24.3 Mt(CO2-eq.)/yr (or 35% to 93% of
the value calculated for H1). For these intermediate
options, the contribution of the gap to the total
(including the base) varies between 78% and 92%.
Direct contribution from the fossil power plants to the
total greenhouse gas emissions from all the relevant
chains is between 65% and 84% for the different high-
growth demand options.

Relative contributions of methane to total CO2-eq.
are 5.5-9.5% for the various high-growth demand
options. Relative contributions of N2O to the total
CO2-eq. are 0.1-2.4%. Emissions of CF4 have a
negligible impact on the option-specific results
because they contribute only with a small share to the
total CO2-eq. for photovoltaic systems.

To put in perspective the calculated total GHG
emissions from the electricity sector, the various
supply mix options can be compared with the
corresponding present inventories for Switzerland.
The total GHG emission from the current Swiss
electricity mix calculated using LCA in [1] is nearly
0.9 Mt(CO2-eq.)/yr, of which about 63% is from the
energy chain associated with the oil power plant in
Vouvry, which contributes only about 1.2% to the total
electricity generated.

Figure 12 shows a comparison of the present
Swiss GHG emission inventory with LCA results for
the supply mix options for the high-growth demand
case in year 2030. The total emission inventory of
GHG actually within Switzerland was estimated as
66.2 Mt(CO2-eq.)/yr in terms of CO2-eq. based on
IPCC1992 GWPs[9], [10]. Using for consistency
IPCC 1994 GWPs, the total changes to approximately
72.2 Mt(CO2-eq.)/yr. Therefore, the total GHG that
would be emitted from the electricity sector (including
full chains, inside and outside Switzerland) in the case
of the "fossil" option H1 in 2030 corresponds to about
36% of the current total Swiss domestic GHG
inventory.
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Fig. 12: Comparison of the present Swiss GHG
emission inventory with LCA results for high-
growth demand case options for year 2030.

The highest share of the present inventory is
from carbon dioxide, 68% or 49.1 Mt(CO2)/yr.
Halocarbons represent the second largest contributor
at the level of about 19% (approximately
14 Mt(CO2-eq.)/yr), but there is a trend towards
substituting them in the near future with other
substances that do not harm the stratospheric ozone
layer and whose warming potential might be lower.
Methane contributes 8%, N2O 5% of the total (about
5.8 and 3.4 Mt(CO2-eq.)/yr, respectively).

CO2 emissions in Switzerland originate primarily
from energy sources (91% or 44.6 Mt(CO2)/yr); the
remaining contributions are from waste incineration
(4%) and cement industry (5%). Of the energy
sources, 37% (16.5 Mt(CO2)/yr) stems from the
transport sector, 28% (12.5 Mt(CO2)/yr) from
households, 15% (6.7 Mt(CO2)/yr) from services and
14% (6.2 Mt(CO2)/yr) from manufacturing industry [9].

6 Summary and outlook

It appears that, in the time span here envisaged,
there will be greater improvements in fossil power
plant technologies than in the rest of the respective
chains. Therefore, the relative importance of other
activities in the fossil chains as well as of
transportation and material processing increases. As
expected, for all systems analysed the overall
emissions of major pollutants are significantly reduced
in the absolute sense. As with current systems, the
hydropower chain exhibits the smallest emissions of
combustion products, followed by nuclear and solar.
The improvements in photovoltaic systems in relation
to the performance of presently commercially
available technologies are so far assumed to become
significant; of particular importance are the reduced
electricity requirements in the cell manufacturing
processes, leading to the corresponding reductions of
"grey" emissions. The radioactive emissions are
naturally highest for the nuclear fuel chain; however,
the relative contribution of the power plant itself is in
this context very small.

The results of the systems analyses are clearly
reflected in the findings for the particular options
considered. Supply options which include a significant
share of fossil systems (either as a domestic source
or as a source of imported electricity) lead to
substantial increases in the emissions of combustion
products (in comparison with today). Nuclear-based
options are much more favourable in this respect.
With respect to emitted radioactivity the nuclear-
based options exhibit LCA-results that are one order
of magnitude higher than the ones associated with the
other options.

In view of the limitations of the present analysis
the following LCA-specific extensions are of interest
for future activities:
1. Overall and continuous database improvements.
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2. Scope extensions: full coverage of emissions to
water; consideration of some additional energy
sources (e.g. wind, biomass, geothermal) and
technologies (e.g. fuel cells); inclusion of
revolutionary processes (e.g. CO2 storage);
consideration of possible further changes in the
upstream steps of fossil chains; consideration of
future advancements in material processing and
transportation; analyses of additional scenarios.

3. Sensitivity analyses concerning uncertain but
result-driving factors.

4. Further disaggregation of results for energy chains.

5. LCA-based impact assessment according to
environmental impact classes.

Other activities within the Project GaBE aim to
provide a multi-disciplinary perspective on the energy
planning for Switzerland, ultimately in an integrated
manner. These include:

• Scenario-based simulation of environmental
impacts (primarily for fossil systems); this
approach allows explicit modelling of the
dispersion and chemical transformation of the
pollutants and, consequently, goes far beyond the
simplified LCA-based impact assessment.

• Health effects of normal operation.

• Impacts associated with severe accidents.

• Economic consequences of environmental policies.

• Decision support.
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Pollutant/
Group

SOx

(kg/GWh)

NOx

(kg/GWh)

CO2-eq.

(t/GWh)

CH4a

(kg/GWh)

NMVOC

(kg/GWh)

Particles

(kg/GWh)

Radioactivity

(GBq/GWh)

Electricity
System

direct PP

full chain

direct PP

full chain

direct PP

full chain

direct PP

full chain

direct PP

full chain

direct PP

full chain

direct PP

full chain

PC

216

611

360

780

664

762

7

1612

14.3

148.6

36

1719

0.004

14.6

PFBC

34

425

68

482

679

771

7

1608

13.6

143.4

34

2103

0.004

14.6

CC

(Oil)

421

888

209

648

445

551

6

645

6.6

1347.1

1

221

0

7.6

CC
(Gas)

3

153

119

278

331

392

18

921

10.2

105.0

1

88

0

1.3

GT

30 MW

4

209

414

626

456

540

32

1275

28

158.0

1

119

0

1.8

CHPP
(1995)

5

281

186

445

532

679

216

3460

19.5

33i: 3

0

207

0

3.3

Nuclear

0

31

0

23

0

6

0

12

0

10.3

0

46

0.280

1014.1

Hydro

0

7

0

13

0

4

0

7

0

3.4

0

229

0

0.8

PV
3kWp
m-Si

0

157

0

69

0

44

0

78

0

53.9

0

164

0

22.5

PV

3kWp

a-Si

0

104

0

42

0

28

0

57

0

47.7

0

0.164

0

8.8

PP = Power Plant. Also included in CO2-equivalent. Total, obtained adding up the radioactive emissions without weighing factors.

Table 3: Selected emissions to air from future electricity supply systems included in VSE supply
mix options for Switzerland [4].

Pollutant/
Group

SOx

(1000 t/yr)

NOx

(1000 tyr)

CO2-eq.

(Mt/yr)

CH4a

(1000 t/yr)

NMVOC

(1000 t/yr)

Particles

(1000 t/yr)

Radioactivity11

(1000TBq/yr)

Emissions
from the

Base
Supply

1.1

2.0

2.0

8.3

1.0

8.3

1.8

Emissions from the Supply Mix Options

Demand
Cases

H

L

H

L

H

L

H

L

H

L

H

L

H

L

9

17.7

10.4

20.4

12.0

24.2

14.3

49.2

29.0

15.4

9.1

28.7

16.9

0.3

0.2

©

1.4

0.8

1.0

0.6

0.3

0.2

0.5

0.3

0.5

0.3

2.1

1.2

46.9

27.6

®

4.5

1.6

7.5

2.2

10,0

2.6

23.5

6.0

2.9

0.9

3.2

1.5

21.2

21.2

•

11.1

6.5

11.1

6.5

12,0

7.1

26.9

15.9

2.4

1.4

28.3

16.7

30.5

18.0

©

5.8

3.4

6.4

3.8

7.2

4.2

16.4

9.7

1.8

1.1

11.7

6.9

33.8

19.9

e

16.6

9.8

18.8

11.1

22.2

13.1

45.3

26.7

13.7

8.1

27.6

16.3

0.3

0.2

©

4.5

1.7

6.6

1.9

8.5

2.1

20.0

4.8

2.6

0.8

3.5

1.8

21.3

20.0

H = High-growth demand; L = Low-growth demand
a Also included in CO2-equivalent.
b Total, obtained adding up the radioactive emissions without weighing factors.

Table 4: Selected results for the yearly emissions to air obtained for the VSE-defined supply mix
options for year 2030 (including full chains) [4].
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DEVELOPMENT AND ASSESSMENT OF A MODIFIED VERSION OF RELAP5/MOD3

G. Th. Analytis

Laboratory for Thermal Hydraulics

Abstract

We present a number of modifications introduced in
RELAP5/M0D3 to address deficiencies identified dur-
ing assessment of the code. The modified code is as-
sessed against a number of separate-effect and inte-
gral test experiments and in contrast to the frozen ver-
sion, is shown to result in physically sound predictions
which are close to the measurements.

1 Introduction

RELAP5/MOD3 (henceforth to be referred to as R5M3)
is an advanced, best-estimate thermohydraulics com-
puter code for analysis of transients and hypothetical
accidents in Pressurized Water Reactors (PWRs). It is
the latest version in the series of RELAP5 codes de-
veloped by the Idaho National Engineering Laborato-
ries in the USA for the Nuclear Regulatory Commission
(NRC) and is an off-spring of the RELAP5/MOD2 and
MOD2.5; however, it differs from its predecessors in a
number of ways. The code is used both in the USA
and in Europe and it is under continuous development
and assessment. The aim of this effort is to provide a
tool for general application to PWR thermal-hydraulics
transient analysis. At present, however, deficiencies
restrict its range of application.

Recently, extensive assessment [1-4] of R5M3 [5,6]
was pursued at the Thermal Hydraulics Laboratory at
PSI and a number of model deficiencies and problem
areas were identified. The most striking one was the in-
ability of the code to even remotely capture the physics
of reflooding; this was due to a number of reasons
which have been extensively elaborated upon else-
where [1,7]. Consequently, a rather broad develop-
mental program has been undertaken, and a number of
improvements covering an extensive area were made

In this work, we shall report on the model changes
and code modifications introduced into R5M3. These
will be summarized in section 2 and include a number
of items which we shall list and discuss. In section 3,
we shall compare the predictions of the modified code
with the ones of the frozen version (by which we mean
the original unmodified code) as well as with measure-
ments for a number of separate-effect and integral test
experiments and wherever possible, we shall discuss
the origin of the differences in predictions. Finally, we

shall conclude in section 4 with some recommenda-
tions.

2 Summary of modifications in R5M3

In this section, we shall briefly outline the code mod-
ifications and model changes we found necessary to
make in R5M3.

(a) The modified Bestion interfaciaf shear correla-
tion for bubbly/slug flow (which had been implemented
in the MOD2.5 after our recommendations) was re-
activated and used for pressures less than 10 bar [7-9];
that is

65a(l-a)3/3g 2

Ji = 2) ' a 9 ~ ° l' ' '

where pg and Du are the steam density and hydraulic
diameter, respectively. The value of the distribution
parameter Co is set equal to 1.2 For pressures greater
than 20 bar, the EPRI interfacial shear correlation [5]
already implemented in the code is used, and a lin-
ear interpolation is used between the pressures of 10
and 20 bar. There are a number of reasons for re-
activating the modified Bestion correlation, one of them
being that, as already shown in Ref.5, it results in very
good predictions for low pressures. In addition, recent
work has shown that the highly complex EPRI correla-
tion, due to its dependence on a large number of local
variables which in a transient calculation are usually os-
cillating, may induce an unacceptably large mass-error.
Hence, although the EPRI correlation, due to the fact
that it is a fit to a large number of data points, is bound
to generally result in better predictions than other cor-
relations, we would generally recommend employing
a simpler bubbly/slug interfacial shear correlation for
pipes, similar to the one used in codes like TRAC-BF1
[10].

(b) In order to avoid vapour de-superheating, the
average droplet diameter D'o defined via the Weber
number We was arbitrarily increased in R5M3 by the
code developers by first increasing We to 12 (in RE-
LAP5/MOD2.5, it had the value of 3). Furthermore,
the minimum allowed droplet diameter D'm in the post-
dryout regime is defined (ad-hoc) as a function of the
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pressure p as follows:

D'm = 0.0025 for p < 0.025,

D'm = 0.0025-
4.444 (0.0025 - 0.0002) (p - 0.025)
for 0.025 < p < 0.25,

D'm = 0.0002 for p > 0.25

(2)

p = p/pcri p is the pressure and pcr is the critical
pressure. Finally, th average droplet diameter Do used
is defined by

Do = (3)

where D'm is defined by (2). Hence, as can be seen
from (3), for p < 5.4 bar Do is not allowed to be less
than 0.0025 m. The droplet interfacial area per unit
volume Sdr is defined as [5,6]

(4)
3.6 (1 - a)

bdr ~ Do •

In R5M3, the interfacial shear is proportional to Sdr
and since the droplets are large (small interfacial area),
in a number of situations, they cannot be lifted by the
vapour. Hence, we set the Weber number back to
3 and assumed a minimum Do of 0.0015m. Here, we
should emphasize that in a 2-fluid model code one can-
not define an average droplet diameter since there is
only one liquid field. The assumed value of 0.0015m
(which in itself may also be relatively high since the av-
erage droplet diameters measured in FLECHT did not
exceed 0.001 m) is based on a compromise and engi-
neering judgement rather than on rigorous arguments.
Furthermore, there are a number of other important
effects induced by the presence of spacers (droplets
break-up, rewetting of spacers etc.) and which are not
modelled in R5M3.

(c) The logic for selecting the pre- or the post-CHF
interfacial closure laws in R5M3 is as follows: One
defines

Tgs = Tg-Ts-l. (5c)

<xB is the void fraction for transition from bubbly to
slug flow and Tg and Ts are the vapour and satura-
tion temperatures, respectively. If now P is equal to
unity, the code selects the post-dry out closure laws.
This indirect selection logic is due to the fact that the
interfacial closure laws subroutines are not "commu-
nicating" with the ones for the wall heat transfer, and
one would like to have some consistency between the
two (which, by the aforementioned indirect procedure,
cannot always be achieved). We found that the def-
inition of P' given by (5b) is too restrictive. Hence,
we modified equation (5b) back (as it was defined in
RELAP5/MOD2.5 [9] to,

P' = 1.0000454 (1 - e"0-5 T<"), (6a)

where now (as we modified it already in the past in
RELAP5/MOD2.5) if the component in question is a
bundle,

Tgs = Tg-Ts- 29, (6b)

while otherwise, Tgs is given by (5c). This modifi-
cation has a large effect on a number of predictions.
The selection of the value 29 in the above equation
was made based on inspection of a number of pre-
dicted void fraction profiles during reflooding which,
with the original formulation, were exhibiting discon-
tinuities near the quench front (QF) as in the case of
RELAP5/MOD2.5 [9]. Conceptually, a decrease (in-
crease) of this value results in employing the post-CHF
interfacial closure laws at a lower (higher) vapour tem-
perature.

(d) During reflooding calculations, if the wall heat flux
exceeds the critical heat flux (CHF), we implemented in
the code a heat transfer package based on the empir-
ical wall-to-liquid heat transfer coefficient (HTC) used
in the French code CATHARE. We modified the heat
transfer logic in a similar way we modified it for TRAC-
BF1 [11]. For the post-CHF wall heat transfer regime,
we first define

P = max 0, min(l, P'(0.4 - aB)10) (5a)

where P is defined by

P' = min(l, Pwind Tgs) (5b)

and Pwind = 2/30 for p < 1/40, Pwind = 1/60 for
p > 0.25 and a linear interpolation is used between
these two values of p. Also,

where AZQF is the distance from the QF, hßR is
the original Bromley correlation and F(a) is a func-
tion of a. Different values have been used for / j , /2
and F(a) by the CATHARE developers; here, we use
fx = 1400, h = 1880 and F{a) = min( l - a , 0.5).
Subsequently, we define
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(7b)

where now hpR is the Forslund-Rohsenow
wall-to-droplets contact HTC [9]. Finally, we define the
wall-to-liquid post-CHF HTC by

hwi = max (7c)

where hwi^B) 's the Weismann transition boiling cor-
relation given by

wi(TB) =
0.2

GRJ

We chose for the constant f=0.03 and [9]

2CHF- Ts

AT = TW- TCHF,

(8a)

(8b)

(8c)

where TCHF and Ts are the wall temperature at
CHF and saturation temperature, respectively, G is
the total mass-flux and (7^=67.8 kg/m2/s. No ex-
plicit TMIN is used in this formalism. Furthermore,
we ramped the Weismann correlation linearly to 0 for
distances between 0.1 m and 0.2 m from the QF, ie

hw\(TB) - hwi(TB) f o r &ZQF < 0.1 "I, hwUTB) = 0
for AZQF > 0.2 m, and a linear interpolation in be-
tween. The reason for this is that we wanted to avoid
"spurious" quenching of a node (eg. due to a high value
attained by (8a)) if the quench front is not in the vicin-
ity of this node. This model should be applicable if the
flooding velocities are not exceeding 0.2-0.3 m/s. We
remark that, in conjunction with the aforementioned ap-
proach, one should, in principle, utilize a QF velocity
correlation, and this is precisely the approach followed
in CATHARE. Since our aim is to improve the phys-
ical models in the R5M3 without (for the time being)
introducing radical changes to its basic structure and
philosophy, we did not try to utilize such a QF velocity
correlation. Note that as a result of (8d), "spontaneous
quenching" is inhibited at locations remote from the QF.

(e) For the cases when the reflooding trip is not ac-
tive, we implemented a different wall - to - liquid heat
transfer package, which is similar to the one of TRAC-
BF1 [10]. For this case, we define the wall-to-liquid
film boiling HTC hwi by

where hw^BR) is the modified Bromley correlation.
Additionally, we defined a TMIN and the transition boil-
ing wall-to-liquid HTC (if Tw < TMIN) by the Bjornard
quadratic interpolation between the CHF point and the
film-boiling wall-to-liquid HTC hwi{FB) (= hwi{BR) ( 1 -
o)) in the usual way [10,11]

J-VJ ~
( 9 b )

where

r=
TCHF -

(9c)

and all the symbols have their usual meaning. For
the time being, we use a constant TMIN equal to 710
K.

(f) It has been shown [1,2,7] that during transients,
for low \G\, the Groeneveld look-up table CHF exhibits
oscillations which are fed back into the HTC, hence ad-
versely affecting the predicted rod surface temperature
(RST) histories. For this reason, for low mass-fluxes
\G\, we modified the CHF qCHF in the code by setting
qcHF = qzu f°r \G\ < 50 kg/m2/s, qCHF = 9GT for
\G\ > 150 kg/m2 /s and using a linear inerpolation
between these two values of \G\. qzu a nd qGr are the
modified Zuber CHF and the CHF predicted from the
Groeneveld tables, respectively.

(g) For post-dry-out situations (this includes low pres-
sure reflooding), the droplet interfacial shear coefficient
cdr is restricted in the code by the following erroneous
condition

cdr ~ mm(c<£r, 0.45)

instead of the intended condition

(10a)

cdr = rcLax(cdr, 0.45). (10b)

(h) The interfacial closure coefficients are "old-time
averaged" (under-relaxed) in order to smooth largely
different values occuring during flow-regime transitions
[5]. The scheme used for under-relaxing the interfacial
shear and heat transfer coefficients can be summa-
rized as follows: The new-time under-relaxed coeffi-
<r<: nt fri+1 (where the subscript " i " stands for liquid or
w oour) is defined by

Ji

fn\R
(11)

Kl = ~ °0 (9a)

where /• is the explicitly evaluated interfacial coef-
ficient, and the exponent R is a complicated function
of the phasic velocities, time-step, Courant limit, relax-
ation time-constants etc. We have shown that these
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schemes may lead to time-step dependent code pre-
dictions [1]. Hence, as an option, we almost com-
pletely eliminated the under-relaxation schemes by set-
ting R = 0 in (11), except the one for the liquid
interface-to-liquid heat transfer which we kept as it is
in the code if /:' > jf. We remr.rk that there may be
cases for which this elimination of the under-relaxation
schemes might give problems and this might well be
the case with transients which are using relatively large
time-steps; hence, this procedure may not always be
practical.

(i) We have implemented (also as an option) a lin-
earization procedure for the interfacial shear terms
in the momentum equations (both for the semi- and
nearly-implicit hydro-dynamic solution schemes; sub-
routines vexplt and vimplt, respectively and also
jchoke). Briefly, in the code, the new-time (super-
script n + 1) phasic velocities V*f£x and Vj1^ at

the junctions j + \ are solved in terms of, among other
variables, the old-time velocities (superscript n) Vn.,,

SJ+5

and V.71., i . The interfacial shear term fn+\ refers to

time-step n + 1 and is given by (in general)

where

\~OLCO

l - o *

(12a)

(12b)

The exponent q is an integer (in the case of RELAP5,
q = 2), and Co and Cio are flow-regime dependent
coefficients. Hence, to be able to express the new-time
velocities in terms of the old-time ones, one has either
to use a simple approximation for (14a), eg.

(and this is the assumption made both in R5M2 and
in R5M3), or one can use a second order linearization
scheme as in TRAC-BF1 [10], (13) is a good approxi-
mation provided

6V,R.j'ri
yn

RJ

(14)

where 6VR<j+i is the change in V ^ i during one
time-step. Hence, we shall adopt the more general lin-
earization scheme and we shall linearize the interfacial
shear term / n + \ to second order as follows:

',3+2

(15)

Clearly, in contrast to the approximation given by (13)
which is valid provided (RA) c 1 (where (RA) is
defined by (14)), one can readily show that the ap-
proximation given by (15) is valid for (RA)2 < 1 and
hence, much larger changes of the phasic velocities
between two successive time-steps are allowed with-
out the danger of exciting numerical instabilities. This
modification is bound to improve the numerical robust-
ness of the code, either when the nearly-implicit solu-
tion scheme is used, or when the semi-implicit method
is used with time-steps which are large and higher than
the material Courant limit.

(j) A number of additional options have been intro-
duced in the code like the Andersen's drift-flux-based
interfacial shear correlations (as in TRAC-BF1 [10]),
the first upwind scheme in the momentum equations
and the inclusion of the spatial derivatives in the virtual
mass term. We shall not comment on these different
options here.

3 Comparison of code predictions

We shall now compare the predictions of the frozen
and modified version of the code with measurements
from separate-effect and integral test experiments. We
shall present and discuss four different cases: A sim-
ple constant inlet liquid velocity bottom flooding test in
a heater rod bundle at PSI, the LOFT LP-LB-1 experi-
ment [14], the LOBt SB-LOCA BL34 experiment and a
two loop commercial PWR LB-LOCA calculation [16].

We shall start by discussing the low flooding rate
NEPTUN experiment Nr. 5036 (P = 4.1 bar, ATS =
10 K, V/jv = 0.015 m/s) [13]. Other reflooding exper-
iments were also analyzed with both versions of the
codes [1]. Fig. 1 shows the measured and predicted
RST histories (A) and the predicted total HTC (B) at
an axial elevation of 0.946 m. Clearly, the modified
version predicts the RST history very well, while the
frozen version of the code predicts a totally unrealistic
and unphysical RST history. The main reason for this
is the unphysical modeling of the HTC during reflood-
ing, as well as a number of other reasons related to
the unphysically low droplet interfacial shear. This can
be seen in the highly oscillatory total HTC predicted by
the frozen version.

We shall now present some results from the LOFT
LP-LB-1 experiment by using the input deck of Ref.
14, as well as a hypothetical 200% LB-LOCA case in a
commercial two-loop PWR, with an input deck supplied

82



to us by Lübbesmeyer [16]. Fig. 2 shows the mea-
sured and predicted RST histories at axial elevations
of 27 (A) and 31 (B) inches for the LOFT LP-LB-1 test.
Although the RST histories are still under-predicted,
there is a considerable improvement over the predic-
tions obtained by using frozen version. Additionally,
in order to demonstrate the sensitivity of the results
to the assumed interfacial shear correlations, we show
the RST histories predicted by the code when the wet-
wall interfacial shear correlations of Ishii-Andersen [10]
are used if the component is a pipe. One sees that the
RSTs are now closer to the measured ones. In Fig.
2 (C), we compare the RST predictions of the modi-
fied and frozen versions [16] for the hot rod in the high
power channel at axial elevations of 2.37m (peak axial
power level) for the hypothetical 200% LB-LOCA test
case. One can see that the predictions of the frozen
version exhibit a sharp RST decrease at approximately
7.5s after the break opens, due to the problematic
Chen transition/film boiling correlation which attains a
very high value at |G|=271 kg/m2/s; when later \G\
decreases, the RSTs start increasing again. A conse-
quence of this is that the peak RSTs predicted by the
frozen version of the code are much lower than the
ones predicted by the modified version(s) since with
the former code, a large amount of stored energy is
removed during the first 12s of the transient. Sensi-
tivity studies have also shown that the peak RSTs are
strongly dependent on the assumed interfacial shear
during the first few seconds of the transient, but also
on the assumed value of the TMIN-

Finally, we shall present some results from the LOBI
SB-LOCA BL34 experiment [16] for which the reflood-
ing option is not activated. Fig. 3 shows measured and
predicted RST histories at two axial elevations, as well
as the collapsed level in the core. Neither our modi-
fied code nor the frozen version predict the first dry-out;
however, the modified version predicts the RSTs sig-
nificantfy better than the frozen version.

4 Conclusions
In this work, we outlined a number of modifications and
model changes introduced in R5M3 which result in bet-
ter and more physically sound predictions. Some of the
main code deficiencies we identified were in the mod-
eling of the wall-to-liquid post-CHF heat transfer coeffi-
cient, the adverse effects of the oscillatory behaviour of
the CHF predicted from the Groeneveid look-up table
(mainly for low mass-fluxes), the unphysically small in-
terfacial shear at lower pressures (which greatly affects
the code predictions during reflooding), the effect of
the under-relaxation schemes of the interfacial closure
coefficients (particularly in the presence of numerical

oscillations), as well as a number of other minor points
which can show up and become important under cer-
tain conditions.

A number of separate-effect and integral test exper-
iments were analyzed with the modified code, and the
predictions were compared with the ones obtained by
the frozen version and (when possible) with the mea-
surements. Without exception, the predictions of the
modified code were closer to the measurements, in
many cases free of unphysical oscillations, and always
more physically sound than the ones of the frozen
version. These tests included reflooding in NEPTUN,
the LOFT LB-LOCA LP-LB-1, the LOBI 6% SB-LOCA
BL34 and a hypothetical 200% LB-LOCA in a two-loop
commercial PWR. Although a wider assessment of this
version with more transients is required before one can
make final and absolute statements about its improved
predicting capabilities, it can clearly be said that both
the new heat transfer package used during reflooding
and the re-activation of the modified Bestion correlation
greately contributed to the improved predicting capabil-
ities of the code and should be adopted by the code
developers.
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(A,B). (—): Modified R5M3; ( ): R5M3 frozen version; (-.-.-): measurements.
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Abstract

The PANDA test facility at PSI in Switzerland is used
to study the long-term Simplified Boiling Water
Reactor (SBWR) Passive Containment Cooling
System (PCCS) performance. The PANDA tests
demonstrate performance on a larger scale than
previous tests and examine the effects of any non-
uniform spatial distributions of steam and non-
condensables in the system. The PANDA facility is in
1:1 vertical scale, and 1:25 "system" scale (volume,
power, etc). Steady-state PCCS condenser
performance tests and extensive facility
characterization tests have already been conducted.
A series of transient system behavior tests have been
completed by end of 1995. Results from the first three
transient tests (M3 series) are reviewed. The first
PANDA tests exhibited reproducibility, and indicated
that the SBWR containment is likely to be favorably
responsive and highly robust to changes in the
thermal transport patterns.

1 Introduction: The ALPHA Project and
PANDA

In 1991 the Paul Scherrer Institute (PSI) in
Switzerland initiated the ALPHA project for the
experimental and analytical investigation of the long-
term decay heat removal from the containment of the
next generation of "passive" Advanced Light Water
Reactors (ALWRs); the effects of aerosols on
containment performance are also addressed. The
dynamic containment response of such systems,
including containment phenomena, were to be
investigated. The ALPHA project includes integral
system tests in the large-scale (1:25 in volume)
PANDA facility; the smaller-scale separate-effects
LI NX series of tests related to various passive
containment mixing, stratification, and condensation
phenomena in the presence of non-condensable
gases; the AIDA tests on the behavior of aerosols in
Passive Containment Cooling Systems (PCCS); and
support'ng analytical work. The project has been, so
far, mainly directed to the investigation of the General
Electric (GE) Simplified Boiling Water Reactor
(SBWR) PCCS and related phenomena.

The PANDA integral-test results discussed here
were initially expected to bring only confirmatory
information for the certification of the SBWR by the
United States Nuclear Regulatory Commission (US
NRC). Recent developments have made the first

series of experiments to be conducted in PANDA a
required experimental element in the certification
process; thus, the tests have gained in importance
and are now performed according to the NQA-1
Quality Assurance procedure.

The SBWR confirmatory research and later the
certification effort have been conducted in
collaboration with a large international team. The
closest PSI partners in this team are the Electric
Power Research Institute (EPRI), the General Electric
Company (GE) and the University of California-
Berkeley (UCB) in the US, the Netherlands Energy
Research Foundation (ECN) and KEMA in the
Netherlands, the Toshiba Corporation in Japan, the
Instituto de Investigaciones Electricas (HE) in Mexico,
and the Italian national utility ENEL, as well as ENEA,
Ansaldo, and SIET in Italy. Elements of the SBWR
international program closely linked to the ALPHA
project are:
• Single-tube condensation experiments at UCB [1],

[2] and at MIT [3].
• The smaller scale (1:400) integral test facility

GIRAFFE, operated by Toshiba [4].
• The full-scale PCCS condenser qualification

PANTHERS experiments performed by SIET in
Italy [5].

In addition to the large-scale PANDA tests,
small-scale experiments and numerous analyses were
conducted at PSI to better understand basic
phenomena and SBWR system behavior and to
provide preliminary data for the development of
computational models.

After a short summary of the conceptual design
and scaling of the PANDA facility in Section 2, Section
3 gives an overview of the instrumentation and data
acquisition & control systems used in PANDA. A
description of the auxiliary systems used for
preconditioning of the PANDA facility is given in
Section 4. Sections 5, 6 and 7 describe the
experimental results of the PCC Condenser
Qualification Tests, the Facility Characterization
Tests, and the M3 Series Transient System Behavior
Tests, respectively. Finally some preliminary
conclusions from the experimental results are drawn
in Section 8.

2 The PANDA Large-Scale Facility

The PANDA general experimental philosophy,
facility design, scaling, and measurement concepts
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are described by [6]. During the early project definition
period, it was decided to build a large-scale facility
capable of simulating SBWR behavior during the long-
term (or PCCS-cooling) phase of the postulated Loss-
of-Coolant Accident (LOCA). The tests cover the
phase of the LOCA that starts typically one hour after
scram. They are intended mainly to investigate any
three-dimensional effects that may arise during this
phase. Thus, in relation to the SBWR certification
effort, the PANDA transient test objectives are to
demonstrate that:
• Containment performance is similar in a larger-

scale, multidimensional system to that previously
demonstrated with the smaller-scale GIRAFFE
tests.

• Any non-uniform distributions in the containment
do not create significant adverse effects.

• There are no adverse effects associated with
multi-unit PCCS operation and with interactions

• The tests also extend the data base available for
code qualification in general and, in particular,
serve to validate further the system code TRACG
[7].

2.1 Conceptual Design

Early during the conceptual design phase of the
PANDA facility, it was decided to model the SBWR
containment volumes by simple cylindrical vessels
instead of preserving an exact geometrical similarity
[6]. To allow any multidimensional effects to take
place under well controlled boundary conditions, the
main containment compartments (DW & WW) are
modeled in each case by two interconnected vessels.

Following this genera! philosophy, the SBWR Reactor
Pressure Vessel (RPV) and the Gravity-Driven
Cooling System (GDCS) pools are each represented
by one vessel. The Drywell (DW) and Suppression
Chamber (SC or Wetwell) are represented both by
two separate, interconnected vessels (Figures 1). The
RPV contains a 1.5 MW electrical heat source. The
electric "core" geometry and the heat rod dimensions
are not intended to match those of the SBWR reactor
core; they merely provide the specified amount of
heat to the RPV. The RPV internals (chimney height,
etc.) resemble those of the SBWR. The parameters of
importance for global system behavior, namely, the
RPV water inventor with other components of the
reactor system.y and water level are accurately
scaled.

25 m PCCRxl ICFbd

Om

SBWR PANDA
Scaling:
Height 1 :1
Volume 1 :25
Power 1 :25

Fig. 1: SBWR versus PANDA

There is a total of three PCCS condensers
representing the corresponding three units in the
SBWR and a single Isolation Condenser System
(ICS) condenser representing two of the three

corresponding SBWR units. (The two SBWR ICS
condenser units correspond to the 2x50 % design
value of the cooling capacity; the third ICS condenser
is an extra 50 % redundant unit.) The condensers are
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connected to the two DW vessels, as shown in Fig. 2. behavior or creates flows between the two DWs, even
The fact that there are three PCC units and only two with equal flow areas from the RPV to the two DW
DW volumes allows some degree of asymmetric volumes.

VB
BPl m Vacuum

Breaker

* For stBady state tests only

Fig 2: Piping Connections and Process Lines of the PANDA Facility
(symbols within filled circles denote flow rate measuremf.nts).
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There are two vacuum breakers connecting the
two DWs to the two SCs in PANDA. The operation of
the actual vacuum breakers of the SBWR is simulated
in PANDA by the controlled opening of valves; these
are opened and closed by the facility control system
when the measured differential pressure signal
between the DWs and SCs exceeds an upper and a
lower limit, respectively. Figure 2 shows some of the
details of the piping interconnecting the various
volumes.

2.2 Scaling of the PANDA Facility

In relation to scaling, both "top-down" and
"bottom-up" [8] scaling considerations and criteria
were developed. General, "top-down," scaling criteria
are derived by considering the processes controlling
the state of classes of containment sub-systems
(e.g. containment volumes, pipes, etc.). Close
examination of specific phenomena or system
components (e.g. thermal plumes, vents, etc.) leads
to "bottom-up" scaling rules.

A rigorous scaling study [9] describes the scaling
rationale and scaling details of the PANDA facility.
Additional work [10, 11] covers certain particular
aspects of scaling. In the following only a short
summary of the results of the extensive scaling work
is presented.

From the top-down scaling analysis and the fact
that prototypical fluids under prototypical conditions
are used in PANDA, the following variables which are
governed by the "system scale' R (i.e. ratio between
the corresponding scales of prototype and model) are
identified: power, volume, horizontal area in volume,
mass flow rate, heat transfer areas. For PANDA the
'system scale1 R is 25. Bottom-up scaling [9] was
applied for phenomena and facility components that
were selected as being of particular importance by a
Phenomena Identification and Ranking Table (PIRT).
One of the main outcome of the Bottom-up scaling is
that the heat capacity and heat losses of the
experimental facility cannot be made to match those
of the SBWR. This issue can be addressed, however,
during data reduction by an accurate system heat
balance based on measurements and heat loss
calibrations.

3 instrumentation and Data Acquisition

The facility is heavily instrumented with some
600 sensors for temperature, pressure, pressure
difference, level or void fraction, flow rate, gas
(oxygen or air) concentration, electrical power, valve
position, and conductivity (presence of phase)
measurements. Thus, the instrumentation includes, in
addition to the classical instruments, also non-
condensable fraction (oxygen) sensors, phase
detectors and "floating thermocouples" measuring the
surface temperature of pools.

Many thermocouples measure fluid tempera-
tures, and a comparable number of facility component
temperatures (vessel and pipe wall temperatures);
both sets are used to obtain accurate heat balances
and to estimate the heat losser, from the various
facility components.

The data acquisition system can sample and
store all instrumentation channel readings
continuously with a frequency of 0.5 Hz and for short
periods of time with a "burst" frequency of 5 Hz. The
facility is operated and controlled remotely and
interactively by a computer-screen-based system. In
keeping with the passive nature of the SBWR, very
few operator interventions need to take place during
the tests.

4 Preconditioning: Establishment of the
Proper Initial Conditions for the Tests

The PANDA facility is equipped with auxiliary air
and water supply systems for preconditioning the
contents of the various system components, in
particular:

1. An auxiliary air supply system (connected to the
top of each vessel), used to pressurize any
vessel.

2. A demineralized water supply system (that can be
connected to the RPV and to the auxiliary water
system), used to initially fill any system volume.

3. An auxiliary water system, connectable to the top
and bottom filling ports in all vessels and pools.
The system includes cooling and heating
capability; for heating, heat is drawn from the RPV
via the auxiliary water system heat exchanger.
Draining ports are also provided in all vessels and
pools.

4. An auxiliary steam system: steam from the RPV
can be directed to any vessel for preheating the
structures and gas space.

5. An auxiliary vent system that can be connected to
any vessel; the system includes a pressure or
temperature controlled vent valve.

Systems 4 and 5 in combination can be used for
venting vessels (to establish, for example, a pure
steam atmosphere). Directing the water supplied by
the auxiliary water system to either the top or the
bottom filling port of a vessel allows the establishment
of either stratified or well-mixed conditions in the
water space at the beginning of the tests.

As specified by the preconditioning procedures,
the various containment volumes are isolated, filled
with the required fluids, and heated using heat from
the RPV via a preconditioning-system heat
exchanger. When the required initial conditions have
been reached, the vessel connections are opened and
the test begins. Experience from the first tests has
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shown that the specified initial conditions could be
matched within remarkably tight bounds (e.g., for
temperatures within less than ± 2 K, for pressures
within ± 4 kPa, and for levels within ± 0.1 m or less).
The uniformity of temperature within the various
pressure vessels was also excellent (as measured,
variation of the mean was less than 1 K). The
specified core power decay curve could be followed
perfectly and smoothly thanks to the automatic control
system that was programmed to sequentially activate
and control (in small steps) the power of the electric
heaters simulating the core.

5 Steady-State PCCS Condenser
Qualification Tests

The first series of PANDA experiments
conducted at the beginning of 1995 were steady-state
PCCS condenser performance tests, as counterpart
tests to certain tests conducted in the PANTHERS
and GIRAFFE facilities. In this first series, the effect
of noncondensables on the condenser performance
was investigated. Thus most of the tests were
conducted at the same steam flow rate and different
noncondensable mass fractions.

In these tests, one of the PCCS condenser units
(the most extensively instrumented one) was
connected directly to the RPV by a specially built line,
indicated in Figure 3. Thus, the RPV provided the
required steam flow rate. The required
noncondensable gas flow rate was injected directly
into the same pipe, sufficiently above the inlet of the
condenser to ensure adequate mixing. The liquid
drain flow was discharged via the PCC drain to the
GDCS pool and from there it was returned to the
RPV. The vent flow was directed to the empty SC.
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Fig. 3: Steady-state condenser characterization
tests: measured consenser efficiency,
compared to TRACG pretest predicitons.

The DWs were isolated. The GDCS and the SCs
were connected and preheated to avoid subcooling of
the condensate and hence condensation of any steam
vented from the condensers. The pressure

downstream of the condensers, in the SC and the
GDCS, was controlled by venting to the atmosphere.
For pure-steam tests, the condenser vent line was
closed and the pressure in the RPV was allowed to
find its own equilibrium value; this pressure
corresponded to full condensation rate.

After achieving stable operation at the required
condenser inlet and downstream pressure conditions,
the test data were recorded for at least 10 minutes.
The test was judged to be successfully completed
when the specified conditions had been maintained
within a given tolerance and for a given period, for
example, + 5% for 10 minutes for the steam flow.
Repeatability tests showed differences in condenser
performance of only a few percent.

Figure 3 shows the condenser efficiency, defined
as the fraction of inlet steam condensed, as a function
of the noncondensable mass fraction, at the reference
steam flow rate. As expected, the condenser
efficiency diminishes as the noncondensable mass
fraction increases. Also shown are the pre-test
predictions obtained with the TRACG code. These
predictions were completed and submitted to the US
NRC before running any of the tests. The trends
predicted by TRACG are in excellent agreement with
the experimental ones, although the TRACG values
are quantitatively slightly conservative (i.e., they
understate condenser performance).

6 Facility Characterization Tests
An extensive series of facility characterization

tests was completed in July 1995: the facility leak
rates, heat losses and the pressure-drop vs. flow-rate
characteristics of the various lines were obtained.
These are needed for planning of experiments and
interpretation of results (e.g. code input models).

The facility was first pressurized with air to 5
bars. The individual vessels were then isolated by
closing the valves on the lines connecting them. The
pressure decrease in each individual vessel due to
leakage was recorded for 62 hrs. and corrected for air
temperature effects. The leakages measured this way
were lower than 0.08 % per day for all vessels except
for the RPV at 3.7 % per day.

For the heat loss tests, the vessels were initially
interconnected, purged of any air and filled with
saturated steam at 4 bars. The vessels were then
isolated from each other and from the environment
and left to cool down. The heat losses were estimated
from the vessel gas-space and wall temperatures.
The total heat loss did not exceed 7% of the scaled
reactor decay heat power 24 hrs after scram, i.e. it
was experimentally proven that one of the most
important design target (10% heat loss) was even
exceeded. The losses during a typical test will be
even lower, since the SCs will be at a lower
temperature.

The PANDA facility includes flow rate
instruments in almost all its lines, as shown in Figure
2. The flow rates and the pressure drops were
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measured in most of the instrumented lines. For most
lines, these testswere conducted in a quasi-steady
state fashion with air. Since the vessels are large, the
pressure variation during recording was very small.
For the two Main Steam Lines and the three PCCS
feed and vent lines, the tests were also conducted
using steam produced in the RPV. Tests were carried
out using water for the GDCS return line to the RPV
and for the equalization line between the WW's and
the RPV. The results showed that the total pressure
losses in the various system lines had been correctly
engineered (based on the SBWR values). They also
provide the loss coefficients for use in computer
models.

In summary, the facility characterization tests
demonstrated that the facility mass and heat leakages
were below the design criteria and that the pressure-
drop characteristics of the lines matched those of the
SBWR.

7 The M3 Series Transient System
Behavior Tests

A test matrix for containment and systems
interaction tests for SBWR certification was
formulated and agreed. The test matrix is defined to
provide parametric variations around a set of base
conditions, which is counterpart to one of the
GIRAFFE tests. Thus any effects of system scale and
of non-uniformities in the system will become
apparent.

The tests discussed here (tests M3, M3A and
M3B, referred to as the M3 Series) are MSL Break
(MSLB) tests. The initial conditions for these tests
corresponded to one hour after scram during the
LOCA; at that time the DW contains mostly steam
and almost ail the air has been pushed into the SC.
The tests are similar to a GIRAFFE MSLB test with
uniform DW conditions. The three PCC condensers
were connected to the two DWs (PCC-1 to DW-1 and
PCC-2 and PCC-3 to DW-2), as shown in Fig. 2. The
IC condenser was valved off. The corresponding ICS
pool was empty for tests M3, and M3A and full of hot
water for test M3B.

The effect of the water level and inventory in the
PCC pools on system performance was investigated.
The PANDA pools have a scaled cross-sectional area
about three times smaller than the SBWR pool area.
Water can be added during the tests to provide the
missing water inventory. The pool conditions can,
however, be modified by such water makeups to the
pools. To investigate these effects, the tests were
conducted as follows:

• For test M3 the three PCC pools were
interconnected and there was no water makeup.
At the end of test M3, the water level in the PCC
pools had dropped about 0.5 m below the top of
the tubes.

• Test M3A was conducted with the three PCC
pools isolated; cold water was added from the

bottom fill line (Fig. 2) to each pool individually, to
keep its nominal water level constant wit! ;in ± 0.3
m.

• For test M3B, the three pools were interconnected
and cold water was added simultaneously to all
three (using the connecting bottom-fill line) to
keep again the nominal water level within ± 0.2 m.

All three tests were conducted with identical
initial conditions and decay power and with initially
saturated water in the PCC pools.

The gradual decrease by evaporation of the
water level in the pools provides an effective measure
of the total heat removed by the PCC condensers. For
test M3A (isolated pools), individual heat balances on
the three PCC units could be performed. These
confirmed certain findings regarding the non-uniform
operation of the three PCC units.

The DW and WW pressures followed similar
global trends in the three tests. The peak DW
pressures reached were very close to one another.
After an initial increase lasting about two hours, the
DW pressure stabilized and varied very little
thereafter, as shown in Figs. 4, 5 and 6 for tests M3,
M3A, and M3B, respectively.

0,50 r

0.20 rl

0.10 T

Fig. 4: Test M3: Variation of the DW and WW
pressures (top) and of the flow rates received
by the three PCC condensers (bottom).
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Fig. 5: Test M3A; Recorded PCCS Pool levels
showing the procedure followed for main-
taining an approximately constant level
(top) and DW and WW pressures showing
two clusters of vacuum breaker openings
(bottom).

The pressure increase period corresponded roughly to
the time needed to purge the air from the DW.
Thereafter, the difference between the DW and WW
pressures remained almost constant (except near the
vacuum breaker openings); the difference
corresponded to the submergence depth of the PCC
vent in the Pressure Suppression (PS) pool.

Test M3 showed quite uniform behavior of the
three PCC units up to about 35'000 s, as shown in
Fig. 4. Then, PCC-2 started condensing progressively
less steam, while slightly more steam was "sucked" by
the other two units (PCC-1 and PCC-3). The reduced
performance of PCC-2 was verified by a number of
indicators (for example, subcooling of the lower part of
the PCC-2 pool, strong reduction of boiling in the
PCC-2 pool) and apparently results from a partial
filling of the PCC-2 condenser tubes with
noncondensables. Despite this imbalance, no vacuum
breaker opening took place in test M3, and the three
PCC units essentially shared the load and condensed
the exact amount of steam provided by the RPV.
Figure 4 shows the variation of the DW pressure and
of the PCC feed flows during this test.
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Fig. 6: Test M3B Recorded PCCS Pool levels
showing the procedure followed for maintain-
ing an approximately constant level (top) and
DW and WW pressures showing a single
cluster of vacuum breaker openings.

As noted, the lesser water inventory in the PANDA
pools and the absence of water makeup in M3
resulted in a non-prototypical, low water level in the
pools; for this reason, tests M3A and M3B were
performed. In these two tests the water level in the
pools was kept constant. The pools were isolated and
filled individually with cold water during test M3A, as
shown in Fig. 5. The cold water was introduced from
the bottom of the pools and apparently remained at
the bottom until its level reached the bottom of the
condenser tubes. This triggered a chain of processes
involving mixing of the pool water, reduction of the
pool temperature, a consequent increase in the heat
transfer rate and eventually an increase of the
condensation rate. This drove the DW pressure below
that of the WW and caused the vacuum breakers to
open. After each opening the pressure in the WW
dropped slightly and there was consequent increase
in air content in the DW. The effect of vacuum breaker
opening did not last long, however, and the DW and
WW pressures recovered to their former levels in less
then an hour.
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With or without vacuum breaker openings, the
DW pressure decreased slightly after refilling of the
pools in tests M3A and M3B, as shown in Figs. 5 and
6; the effect was strongest for later refills, when the
cold water that was injected at the bottom of the pool
was able to rise sufficiently and mix with the upper
layers of the pool.

Vacuum breaker openings were more frequent
during test M3A, where apparently the individual filling
of the pools had a stronger effect, as shown in Fig. 5.
Only a single occurrence of a cluster of two vacuum
breaker opening took place late during test M3B,
where apparently the "milder" changes in the pool
temperatures produced a lesser effect. This is shown
in Fig. 6.

The air content of the DWs increased
momentarily following the vacuum breaker openings
and the condensation rates of the individual PCC units
were temporarily reduced. However, because of the
very large margin built into the system, the three PCC
units always managed to share the load and the long-
term behavior of the DW pressures was not affected.

Following a drop in DW pressure due to filling of
a poo!, in cases when the DW was full with almost
pure steam, the pressure recovery was slow, due to
the high rates of condensation. This is shown
following the first DW pressure drops in Figs.5 and 6,
after which a long time elapsed before the PCC tubes
were partially refilled with air. By contrast, when there
was air in the DW, the pressure recovery was
relatively rapid (as shown for the later DW pressure
drop transients in Figs. 5 and 6). In this case air
present in the DW was then able to accumulate rather
rapidly in the PCC tubes and reduce their heat
removal capability.

8 Conclusions

The first transient series of tests (M3) was
conducted successfully in October 1995. Regarding
facility design and operation, these tests
demonstrated the following:

• The facility can be operated and controlled very
well, and very narrowly defined initial and
boundary conditions (e.g. initial states of various
containment volumes, power input) can be
achieved.

• The pre-conditioning equipment worked very
successfully in this respect.

• The instrumentation performed with high accuracy
and reliability.

• The tests showed excellent reproducibility of
overall system behavior (DW and SC pressures).

From the findings of the PANDA tests, the
following preliminary conclusions may be drawn
concerning the SBWR.

• The global behavior of the containment will be
favorably responsive and robust to changes in the
thermal transport patterns.

• The PCCS units have ample heat transfer
capacity for the range of conditions covered by
the tests performed to date, with sufficient margin
to accommodate differences in the distribution of
condensation load.

An interesting effect was demonstrated regarding
the distribution of noncondensables and their effects
on the PCCS system. Small amounts of
noncondensables can affect the performance of the
condensers operating in parallel. The global operation
of the PCCS system was not, however, degraded by
such dissymetries and three-dimensional effects. This
is a reassuring verification of the PANDA design,
which was built to investigate such effects.

The data from the M3 test series are still being
analyzed in detail and compared with pre- and post-
test calculations. Final conclusions will be obtained
after examination and analysis of all the data.
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A MODEL FOR THE PERFORMANCE OF A VERTICAL TUBE CONDENSER IN THE
PRESENCE OF NONCONDENSABLE GASES

A. Dehbi, S. Güntay

Laboratory for Safety and Accident Research (LSU)

Abstract

Some proposed vertical tube condensers are de-
signed to operate at high noncondensable fractions,
which warrants a simple model to predict their perfor-
mance. Models developed thus far are usually not self-
contained as they require the specification of the wall
temperature to predict the local condensation rate. The
present model attempts to fill this gap by addressing
the secondary side heat transfer as well.
Starting with a momentum balance which includes the
effect of interfacial shear stress, a Nusselt-type alge-
braic equation is derived for the film thickness as a
function of flow and geometry parameters. The heat
and mass transfer analogy relations are then invoked
to deduce the condensation rate of steam onto the
tube wall. Lastly, the heat transfer to the secondary
side is modelled to include cooling by forced, free or
mixed convection flows. The model is used for para-
metric simulations to determine the impact on the con-
denser performance of important factors such as the
inlet gas fraction, the mixture inlet flowrate, the total
pressure, and the molecular weight of the noncondens-
able gas. The model performed simulations of some
experiments with pure steam and air-steam mixtures
flowing down a vertical tube. The model predicts the
data quite well. The model described also provides a
basis under which the presence of aerosol particles in
the gas steam could be analyzed.

1 Introduction

Film condensation inside vertical tubes is an impor-
tant engineering topic. The original work of Nusselt re-
lated to condensation on flat surfaces [1] has been ex-
tended to include such effects as thermal advection in
the film [2], vapor drag [3] and vapor superheat. Some
theoretical investigations tackled the problem of pure
steam condensation in a vertical tube starting from the
conservation equations for both the liquid and vapor
phases. Dobran and Thorsen [4] simplified the gover-
ning equations and used an integral method to solve
the problem. Bellinghausen and Renz [5] incorporated
the k - e turbulence model and solved the resulting
equations using finite difference techniques.

It is important to note that most of the studies to
date dealt with condensation in the absence noncon-

densable gases. In practice, small amounts of non-
condensable gases are usually present in condensers
due, among other things, to the sub-atmospheric op-
erating conditions encountered in many of these appli-
cations. Moreover, some proposed condensers such
as the Passive Containment Cooler (PCC) in the next
generation Simplified Boiling Water Reactor (SBWR)
are in fact designed to operate at high noncondensable
fractions. Theoretical and experimental investigations
have consistently shown that noncondensable gases
have a strong impeding effect on steam condensation
in unconfined geometries such as on vertical flat plates
[6].[7].[8], and on the outside of horizontal [9] or vertical
[10] cylinders. In general, the greater the free stream
gas fraction, the greater the resistance tc condensa-
tion. For a given gas fraction, the impeding effect of
noncondensable gases is more pronounced when the
flow is naturally driven, or forced but at small velocities.

Lately, the effect of noncondensable gases on vapor
condensation inside tubes has been studied both the-
oretically and experimentally by a number of authors.

Wang and Tu [11] studied the condensation of a tur-
bulent vapor-gas mixture flowing down a vertical tube.
The model uses the heat and mass transfer analogy
relations to deduce the local condensation rate in a
marching procedure. The model predicted nicely some
experimental data; however, it is not self-contained as
it necessitates the specification of the tube wall tempe-
rature, while the latter is a by-product of the dynamics
between the cold and hot sides of a condenser tube.

Siddique et. al. [12] presented a similar analysis as
above, with the additional inclusion of film roughness,
entrance length effects and property changes across
the diffusion boundary layer. The model predicted rea-
sonably well the data obtained by the authors earlier
[13]. However, as with reference [11], the results of
the model depend on the the specification of the ex-
perimentally determined wall temperature.

Kaiping and Renz [14] addressed the heat and mass
transfer problem by solving the gas-phase mass, mo-
mentum, energy and species equations in conjunction
with a Nusselt-type treatment of the condensate film.
The predictions fitted the authors' data reasonably well
but the overall approach is too complicated for design »
purposes.

Recently, Ghiaasiaan et. al [15] proposed a two-fluid

97



model for tube condensation in the presence of non-
condensables. The model compares satisfactorily with
some experimental data; nonetheless, the large num-
ber of equations and necessary closure relations make
the model somewhat complicated. As with previous
formulations, the channel boundary condition requires
the specification of a wall temperature or a wall heat
flux.

In the present paper, it is intended to develop a sim-
ple model to estimate the performance of a vertical con-
denser tube in the presence of noncondensable gases.
The model is integral in nature. The secondary side is
also taken into consideration so that the model is fully
predictive and depends only on geometry and thermal
hydraulic inlet conditions for the hot and cold sides of
the condenser.

2 Theoretical Model

2.1 Governing Equations

Referring to Figure 1, one can write the z-momentum
balance for a small liquid element. The classical Nus-
selt assumptions are made, i.e.

• The condensate film is laminar,

The gas is incompressible,

Ax

Condensate
Film

Sleam-Nbncondensable
Gas Mixture

Fig. 1: illustration of the Film Condensation Model

where 7y is the interfacial shear stress {pLtd
exerted by the vapor on the condensate film.

If the approximation ut « U is made, r,- can be
expressed as

Ti = \pV2f. (3)

In the above expression, the mixture density and velo-
city are defined in the usual manner:

P =

• Advection in the film is neglected,

• dp/ dy = 0,

• tt£(O) = 0.

The force balance for steady-state motion is

d2ue dp
(1)

Integrating (1) twice with respect to y, one obtains the
velocity profile in the liquid film:

u^v) = r-(§:" P^)U2 - sy) + ?», (2)

pUS = mm = mv + mg = mv—-—.— ,

where W is the noncondensable mass fraction,

W =
mg

A momentum balance for the gas yields the following
expression for the pressure gradient:

dp = 2r,- | d(pU2)
dx T dx (4)

At any vertical location x, one can readily find the con-
densate mass flowrate by simply integrating over the
film thickness 6. Since 6 is negligible compared to
the tube radius r, the condensate flow rate can be ex-
pressed as:

rS

= / 2-Krptuidy =
Jo

1-KT
(5)

98



Since condensation is a high mass-transfer phe-
nomenon, the gradients near the film-gas interface are
steeper than those predicted by low-mass transfer cor-
relations, thus leading to greater friction factors and
Sherwood numbers. To correct for mass transfer, Kay
and Moffat [16] have suggested the expression

f=fo (6)

here ^ is a dimension less number defined by

*- fo/2'

where f0 is the friction factor in the absence of suction,
and Vi is the interracial gas velocity normal to the wall.
For a turbulent flow inside a smooth pipe, this friction
factor is estimated from the empirical relation

So = 0.079Re-V4, (7)

where the Reynolds number is based on the mixture-
averaged properties

Re =
2rpU

(8)

When the gas flow is laminar, the friction factor re-
duces to the analytically obtained expression

Re' (9)

Since the condenser wall conditions vary along the
vertical axis, one would need'a stepwise procedure in
order to solve the flow problem. With this in mind, one
can write (6) as

(10)

Differentiating with respect to the film thickness S,

dQe = —F'(6)d6. (11)

At steady state conditions, dQe can be equated with
the incremental vapor mass flow towards the wall:

dQe = PvVvdA = m'^dA = *£—dx. (12)

Since advection is assumed to be negligible in the
condensate, the heat flux across the film thickness may
be expressed as

_ kt(Tj - Tw)
(13)

Combining equations (11) through (13), one arrives

SF'(S)dS =

at

where

Integration of equation (14) yields

rS(x+Ax)

(14)

T'i
Sj, (15)

' 6F'(6)d6 =

j - Tw)

fg
Ax, (16)

where the expression between the square brackets is
defined as G(S).

The end result is the following, non-linear equation
in<5,

G{6{x + As)) = G{6{x))+ -Ax. (17)

In the above equation, Ti represents the equilibrium
temperature at the interface between the gas and the
liquid phases. In the absence of noncondensable
gases, T,- is simply the vapor bulk temperature T^.
When noncondensable gases are present, a diffusion
boundary layer is formed due to condensation at the
wall, and hence the interface temperature becomes
lower then T V Finding Ti requires addressing the
mass transfer problem.

In the gaseous boundary layer, a bulk motion to-
wards the wall is induced by vapor condensation (Ste-
fan Flow). Superimposed on this bulk motion is a dif-
fusion of the the noncondensable gas away from the
wall. Fick"s law for the noncondensable gas can be
written in the form

(18)-~)i.

Since the interface is impermeable to the noncon-
densable gas, (vg)i is zero and the above equation
reduces to

(Pgv){ = (pD^)i. (19)

At the interface, the noncondensable diffusive flux is

dy

on the other hand, the mass conservation condition
at the interface is

i = {pvvv)i + {pgvg)i = {pvvv)i. (21)
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After manipulation of these equations, and using the
relation (p3i>)t = Wi(pv){, the impermeability condi-
tion becomes

' l-(ReiSc/ShY

where the Sherwood number is

(22)

and
(2rpvvv)j

ß

The diffusive mass transfer of the gas can be esti-
mated by invoking the heat and mass transfer anal-
ogy valid for Sc numbers close to unity. For low mass
transfer conditions, the mass transfer rate can be es-
timated using the Gnielinski [17] correlation which fits
quite well a variety of experimental data,

Sho =
(fo/2)(Re -
12.7(/0/2)1/2(5c2/3-l)'

(23)

However, as with friction, one must correct the above
relation for high mass transfer rates. As suggested by
Kays and Moffat [16], the correction takes the form

Sh = Sh0 (24)

Steam-Non condensable
Gas Mixture

If the wall temperature is known, the preceding set of
equations is sufficient to solve the heat transfer prob-
lem.

Up to this point, we have concentrated on the trans-
port within the gas-vapor mixture and liquid film. We
now consider the heat sink side. In actual condensers,
the wall temperature is not known a-priori, and its local
value depends on the flow dynamics and heat trans-
fer conditions on both the hot and cold sides. There-
fore, for variable wall temperatures, the above equa-
tions must be supplemented with relations which ex-
press the heat balance between the condenser hot and
cold sides. Referring to Figure 2, the steady-state heat
flux can be written in three different forms, namely:

q" = ^ ( 2 * -

<f =
r

2.2 Solution Procedure

n,cyiwo —

(25)

(26)

(27)

In order to predict the heat removal in the condenser,
the following parameters are needed:

• The geometry of the condenser,

• The inlet mixture temperature, pressure, noncon-
densable fraction , and inlet vapor flowrate,

• The coolant flowrate and inlet temperature.

The solution algorithm depends on the direction of
the gas and coolant flows. What follows is the pro-
cedure for the case when the vapor flows from top to
bottom while the coolant flows in the countercurrent
direction:

1. Guess an exit coolant temperature Tcfiut-

2. Guess an inside wall temperature Tw.

3. Guess an interface noncondensable mass fraction

Fig. 2: Illustration of the Heat Transfer in a
Condenser Tube

where

4. Obtain the corresponding interface temperature 7}
using the Gibbs- Dalton ideal gas mixture relation
and the assumption that steam is at saturation
conditions:
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and

Pv,i = P-.

T{ = Tsat(pv,i).

In the above expression, the relationship between
T{ and pvj is obtained following the'recommen-
dations in [18].

5. Calculate the friction correction factor as well as
the interface shear stress.

6. Solve equation (17) for the film thickness S(x +
Ax).

7. Obtain an improved interface mass fraction W,-
from equation (22).

8. Go back to step 4 until the Wi iteration converges.

9. When the Wi iteration has converged, then:

(a) Compute the heat flux across the conden-
sate film using equation (25).

(b) Compute the outer wall temperature Two us-
ing equation (27).
The coolant-side heat transfer coefficient hc

is obtained from different correlations de-
pending on the flow regime.

(c) Compute an improved inner wall tempera-
ture Tw using equation (26).

10. If the Tw iteration has not converged then go back
to step 3.

11. When the Tw iteration has converged, prepare for
the next axial location by calculating the new val-
ues for U, pVl0O, Tco, Woo, Tc, Ti, r/ (calculated
numerically) and go back to step 2.

12. Stop the calculation if, at the end of the tube, the
predicted inlet coolant temperature is equal to the
specified value TCiiniet. If not:

(a) Calculate the total heat removed qt =
JofdA

(b) Obtain an improved exit coolant temperature

Tc,out — TCliniet + (<7t)/(m=cp)

(c) Go back to step 2.

It should be noted that as long as no aerosol parti-
cles flow with the gas, the updated mixture velocity in
step 11 is calculated in a straightforward manner by
performing a mass balance on the vapor flow

However, when aerosols are present, a significant
fraction of the steam can be removed by condensation
on the insoluble particles or by suction due to the hy-
groscopic aerosols. The mass balance of the steam
can then be written

dmv = — dQi — (30)

The impact of aerosols will be dealt with in a later
investigation. dm,-nj)0; and dmhygro

 a re taken as zero
in the following work.

3 Results and Discussion

3.1 Parametric Simulations

The model described above was used for parametric
studies to determine the impact on the tube perfor-
mance of important factors such as the inlet gas frac-
tion, the mixture flowrate, the total pressure, and the
molecular weight of the noncondensable gas. The tube
dimensions are taken to be the same as those in the
design of the SBWR PCC tube, i.e. a length of 1.8 m,
an inside di&meier of 4.75 r;n, and a thickness of 1.65
mm. In the simulations of this section, the wall tempe-
rature is assumed constant, and air was chosen as the
noncondensable gas. The local heat transfer is given
in terms of the local Nusselt number which is defined
as

2r

mv(x) = (28)

kt

3.1.1 Effect of the Inlet Noncondensable Gas Frac-
tion

The effect of the inlet noncondensable mass fraction
was studied by calculating the local Nusselt number
for air mass fractions of 0,0.05, and 0.1 while holding
the other parameters constant. As shown in Figure 3,
the performance of the condensing tube is strongly de-
graded as the inlet noncondensable fraction increases.

3.1.2 Effect of the Mixture Mass Flowrate

The effect of the mixture inlet flowrate is shown in Fi-
gure 4. As expected, the higher the inlet mass flowrate,
the greater the heat transfer rate because as the velo-
city is increased, the shear stress on the film induces
a higher condensate flowrate for the same film thick-
ness (see (6)). Furthermore, the effect of the noncon-
densable gas is more pronounced for the low mixture
flowrate case as displayed by the very different slopes
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of the two curves in Figure 4. The is readily explained
by the greater rate of increase in the noncondensabie
gas fraction for the low mixture flowrate case.

3.1.3 Effect of the Mixture Inlet Temperature

The dependence of the heat transfer on the incoming
mixture temperature is shown in Figure 5. The wall
temperature subcooling is kept constant at 20°C for
both the high (130°C) and the low (100°C) tempera-
ture cases. As can be seen from the plot, the average
Nusselt number is almost independent of the inlet mix-
ture temperature. Based on the Nusselt expression for
stagnant steam, one would expect higher heat transfer
values at higher temperatures because the heat trans-
fer coefficient is inversely proportional to ß1/4. How-
ever, with flowing steam, the velocity is lower at higher
temperatures (pressures) for a given mass flowrate.
This causes a reduction in the shear effect on the film,
with a subsequent decrease in the condensation rate.

3.1.4 Effect of the Molecular Weight of the Noncon-
densabie Gas

In the event of a severe accident in an SBWR, the non-
condensable gas might be the hydrogen which would
be released following fuel oxidation. It is therefore of
interest to predict the degradation of the heat trans-
fer which would occur if hydrogen replaces air as the
noncondensabie gas.

In the first calculation, the prediction is made for an
inlet noncondensabie mass fraction of 0.05. As seen
in Figure 6, hydrogen causes a greater heat transfer
degradation since it occupies more volume than air and
hence acts as an efficient shield against condensation.
The difference in the heat transfer coefficients for the
two mixtures is especially pronounced at the begin-
ning of the tube where the condensation rates are the
largest. Towards the end of the tube, the heat transfer
rates are of similar magnitude as the noncondensabie
fraction of the air/steam mixture increases rapidly ow-
ing to the greater condensation rates in the first seg-
ment of the tube.

In the second calculation, the prediction is made for
an inlet noncondensabie mole fraction of 0.05. This
corresponds to a mass fraction of 0.078 for air and
0.0058 for hydrogen. This time, the inlet mixtures have
the same number of noncondensabie moles. As a re-
sult, the heat transfer coefficients are of the same mag-
nitude as shown in Figure 7. On a mole basis, air is a
little bit more inhibitive to condensation because of its
lower diffusion coefficient.

3.2 Comparison with Experimental Data

3.2.1 Comparison with Pure Steam Data

The model can readily be applied to pure steam cases
by simply bypassing the T,- iteration in the solution
procedure outlined above. Several experiments have
been carried out for pure steam condensation inside
vertical tubes. Two references [19], [20] are chosen
here to serve as a test for the present model. In these
investigations, the wall temperatures were reported to
be relatively constant owing to the high cooling rates
used, and thus only an averaged value is given. The
heat transfer results are given in terms of a mean Nus-
selt number for the entire tube. In the course of the
calculation, the film physical properties were evaluated
at Tw + 0.31 * (Ti - Tw) in accordance with the recom-
mendation in [7]. The agreement between the model
and the data is satisfactory as shown in Table 1.

3.2.2 Comparison with Steam-Noncondensable
Data

A number of experimental investigations ([12], [21])
have been conducted in support of the Passive Con-
tainment Cooling System (PCCS) condensers which
are designed to transfer decay heat from the SBWR
Drywell to a stagnant pool of water located outside the
containment. In both experiments [12] and [21], the
data scatter was quite large and the correlations ob-
tained yielded significantly different values for the local
heat transfer coefficient. A plausible explanation for
these discrepancies is the unreliable method used for
measuring the bulk coolant temperature. In both exper-
iments, the coolant thermocouples were inserted in the
narrow jacket channel where large temperature gradi-
ents existed. A more careful investigation was carried
out lately by Kuhn et al. [22], The set-up consisted
of a vertical tube surrounded by a cooling water jacket.
The condenser was a steel tube with a length of 2.4 m,
an inside diameter of 4.75 cm, and a wall thickness of
1.65 mm. The cooling jacket had an inside diameter
of 7.36 cm and was insulated from the outside to pre-
vent heat losses to the environment. The steam-gas
mixture ran from top to bottom while the cooling water
ran in the countercurrent direction. The temperature
distribution (and hence bulk temperature) in the cool-
ing annulus was deduced by solving the turbulent flow
equations in the coolant annulus subject to the exper-
imentally measured temperatures at both boundaries
of the flow channel. This method for determining the
local heat flux was more accurate than in the preced-
ing investigations, which explains the smaller scatter in
the data.

The experimental runs were conducted with pure
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steam, steam-air, and steam-helium mixtures. The
Kuhn investigation produced a set of correlations with
represent the extensive experimental data quite accu-
rately.

Five steam-air runs were chosen to test the theoret-
ical model. The noncondensable mass fraction varies
from 0 to 0.396. The experimental parameters are
summarized in Table 2.

Since the coolant flowrate was quite small, and the
temperature difference between the outer tube wall and
the coolant quite high, turbulent mixed convection is
the relevant flow regime for the annulus flow. Accord-
ingly, the following correlation was used for the sec-
ondary side heat transfer [23],

Nunc is given by the Bayley correlation for turbulent
natural convection along a vertical wall, while Nujc is
simply the well known Dittus-Boelter formula for turbu-
lent forced internal flows:

Nunc =

Nufc = ^ /
The parameters in t,hese correlations were evaluated
at the average temperature between the wail and the
coolant.

As shown in Figures 8 through 12, the model predicts
quite accurately the various trends in the experimental
data. The total heat removal rate was estimated with
less than 5% error except for Run 1-1-1 where it is
overpredicted by 15%.

Conclusion
A simple and self-contained model was presented for
the prediction of heat transfer inside a condenser tube
in the presence of noncondensable gases. The theo-
retical simulations agreed quite well with a variety of ex-
perimental data. The model can be easily extended to
include the effect of hygroscopic aerosols flowing with
the vapor-gas mixture. The experimental evidence as
well as the simulations performed in this work show that
it is important to take into consideration the secondary
side heat transfer because the wall temperature varies
appreciably along the vertical axis of the condenser.
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Nomenclature

A : tube wall area
cp : coolant heat capacity
D : diffusive coefficient
DF: degradation factor
/ : friction factor
g : gravitational acceleration
H : mass transfer coefficient
h : heat transfer coefficient
hfg : latent heat of steam
hg : mass transfer coefficient
k : thermal conductivity
L : tube length
m: mass flowrate
m" : mass flux
M : molecular weight of noncondensable
Nu : Nusselt number
N : noncondensable gas mole fraction
p: total pressure
PT : Prandtl number
qt: total heat removed by the coolant
q" : heat flux
Qt: condensate film flowrate
r : tube inner radius
Ä c : Rayleigh number
Re : Reynolds number
S: flow area
5c : Schmidt number
T : Temperature
U£ : liquid velocity
U : gas vertical velocity
v : velocity normal to the wall
W : noncondensable mass fraction
x : vertical distance
y: horizontal distance

Greek

p : gas mixture density
Pi: liquid film density
H : gas mixture dynamic viscosity
Ht: liquid dynamic viscosity
vi: liquid kinematic viscosity
6 : liquid film thickness
<j>: correction parameter for friction
$ : correction parameter for mass transfer
T,-: shear stress at the gas-liquid interface
T[ : derivative of the shear stress with respect to S

Subscripts

c: coolant
I: liquid
/ : film
fc: forced convection
g '. noncondensable
i: liquid-gas interface
oo : bulk gas mixture
insol: insoluble aerosol
hygro: hygroscopic aerosol
m : mixture
nc: natural convection
o : no-suction value
out: outlet
sat: saturation
v \ vapor
w : inside wall
wo: outside wall
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Table 1: Comparison between the model Predictions and
Pure Steam Data
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Run 1-1-1
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0.01672

0
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1-1-3R
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0.01653
n o

0.308

40.0
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0.0589
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36.5

Run 2-1-8 R
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0.01422

0.148

0.257

33.2

Run 2-1-13
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0.01391
r 0.396

0.2106

32.0

Table 2; Parameters in the Experimental Runs by Kuhn
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NEW EXPERIMENTAL INSIGHTS TO THE NEUTRON PHYSICS OF SMALL,
LOW-ENRICHED, HIGH TEMPERATURE REACTOR SYSTEMS

T. Williams, O. Köberl, D. Mathews and R. Seiler

Laboratory for Reactor Physics and Systems Engineering

Abstract

The current programme of integral experiments at the
PROTEUS zero-power, critical facility comprises in-
vestigations of the safety-related reactor physics
properties of graphite-moderated systems fuelled with
low-enriched uranium. The programme addresses
specific topics of high temperature reactor design in
addition to more generic aspects such as neutron
streaming, reactor kinetics and doubly heterogeneous
fuel. One of the main areas of interest is the criticality
of "easy-to-interpret" benchmark configurations for the
validation of reactor physics methods and data. Speci-
fically, the reactivity effects of neutron streaming and
of accidental water ingress on the typically under-
moderated cores and the interplay of these two effects
are of particular importance. This paper presents a
selection of results from the current programme and
indicates how the PROTEUS experiments are provi-
ding new insights to the reactor physics of this type of
system.

1 Introduction

The basic High Temperature Reactor (HTR) concept,
namely high-integrity, ceramic-type fuel in the form of
pyrocarbon and SiC coated microspheres embedded
within a graphite matrix, helium cooled and contained
within a structural graphite reflector, originated as early
as the late 1950s [1]. The concept was further develo-
ped and tested over the following years in a number of
critical experiments and prototype reactors in the USA
[2], UK [3], Japan [4], France [5], Germany [6] and
Russia [7], as summarised in Table 1 overleaf.

The table indicates the two distinct variations on the
HTR theme, namely block-type systems, developed
predominantly in the USA and Japan, and pebble-bed
systems, which have been mainly associated with the
German and Russian programmes. It is seen that the
majority of systems have been of the block-type and
were based upon the high-enriched uranium/thorium
(HEU/Th) fuel cycle. Furthermore, the prototype de-
signs have been predominantly orientated towards
large diameter systems (3-5m) in which, due to a rela-
tively low reflector importance, it was neccessary to
provide some form of shutdown-/contro!-rod mecha-
nism within the core region itself. In addition to various
neutron-physical disadvantages, this approach has
been shown to possess a number of further problems,
particularly in pebble-bed systems, in which the locati-
on of absorber rods within the pebble-bed itself
presents a number of serious engineering difficulties.

In the 1980s, as a result of non-proliferation consi-
derations, and due to the lack of the neccessary
HEU/Th fuel route infrastructure, the design emphasis
turned to low enriched uranium (LEU) systems. Also,
the modular-HTR concept was introduced in which the
typical core diameter was significantly reduced (-2m)
in order to increase neutron leakage to the reflector so
that control-rods in the core region were no longer
required. This avoids the problems mentioned above,
but with the disadvantage that a relatively strong re-
activity increase can be experienced in the event of
accidental water ingress to the core.

Looking again at Table 1 it is seen that, although
some measurements had been made in LEU systems,
there was nevertheless a perceived need in the mid
1980s for validation data relating to small- and medi-
um-sized, LEU-HTR systems, in particular with respect
to properties relating to the effects of water ingress
and neutron streaming. The PROTEUS experiments
were designed to fill this gap in the validation database
via benchmark quality measurements in clean, easy-
to-interpret critical configurations, using pebble-type
fuel.

Although the countries responsible for the original
development of the HTR design are currently showing
minimal interest in the further application of the con-
cept, there is a new wave of interest being shown,
noteably in those countries currently having little or no
light-water reactor infrastructure. The current series of
LEU-HTR experiments are providing direct help to
these countries via an IAEA Coordinated Research
Programme [8] in which PROTEUS plays a central role
and which eight seperate institutes, representing se-
ven countries, are actively involved.

2 Neutron streaming and water ingress

As a result of economic considerations and due to the
desire to increase reflector importance, the core regi-
ons of modular HTR systems are typically undermode-
rated. In addition to the fact that the reactivity effect of
supplying additional moderating material to the core is
then positive [9] the worths of reflector-based absorber
rods are also significantly reduced [10]. These two
effects are demonstrated in Fig. 1 in which calculated
changes in system multiplication (ken) and the worth of
absorber rods situated in the radial reflector are plot-
ted as a function of water density in the core region
of a typical PROTEUS configuration.
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DRAGON
AVR
PEACH BOTTOM
FORT ST. VRAIN
THTR 300
HTTR

HTR-PROTEUS

Period
59-62
66-69
70-71
71-75
70-72
70s
73-75
75-95
87-89
80s

64-75
66-88
67-75
74-89
83-89
97-

92-96

Country
USA
USA
USA
USA
France
Austria
Germany
Japan
USA
Russia

UK
Germany
USA
USA
Germany
Japan

Switzerland

MW(th)1

0
0

0
0
0
0
0
0
0
0

20
46
115
842
750
30

0

B/P2

B
B
B
B
P
P
P
B
B
P

B
P
B
B
P
B

P

Control3

c
c
c
C+R
-
-

c
c
c
C+R
R
NOSES
C

c
C+R
C+R

R

H/D(m)4

1.2/1.5
1.8/2.1
3.0/1.5
2.0/2.5
•

-

2.8/2.2
2.4/2.4
1.1/1.2
1.0-4.2/1.0-3.5

1.6/1.1
2.8/3.0
2.3/2.7
4.8/5.9
5.0/5.0
2.9/2.3

1.2/1.2

Fuel Type
(HEU(93%)/Th)
(HEU(93%)/Th)
(Pu, HEU(93%VTh)
LEU (3.5%)
LEU
LEU (driven system)
HEU(93%)/Th
LEU (2-20%)
LEU(20%)
LEU(6.5-10%)

HEU(93%)/Th
HEU(93%)/Th+LEU
HEU(93%)/Th
HEU(93%)yTh
HEU(93%)mi
LEU

LEU

Cto 2 MU 5

2775
2700
5700
10300
•

-

7550
2000-16000
3000
2500-7680

-

3770
2000
3000
-
-

5600-12000
1 System power z (B)lock or (P)ebble type Control rods in (C)ore or (R)eflector (H)eight/(D)iameter Typical values

Table 1 : A summary of the critical experiments and prototype reactors constructed in support of HTR design

The peak in the reactivity curve occurs when the core
is optimally moderated; at this point the only effect of
adding water is an increase in neutron absorption.

20

0 5 t) E 20 25

Water Density in % of Void Space Betw een Pebbles

= critical

Fig. 1: System reactivity and shutdown-rod worth as a
function of water density between pebbles
(Void fraction = 0.4, C to ^ U ratio = 5660)

In the analysis of any system containing significant
amounts of void- or other low absorption materials, the
problem of neutron creaming must be addressed. The
usual, reaction-rate conserving, homogenisation of a
region containing voids comparable in size to the neu-
tron mean free path in that region does not conserve
the neutron diffusion properties of the region, which
generally means a greater observed neutron trans-
parency of the system than is predicted. Consequent-
ly, as computational methods and hardware are still

not sufficiently advanced to allow the explicit represen-
tation of repetitive void regions in reactor design, the
so-called streaming corrections must be applied [11].
In the case of accidental water ingress, the presence
of water not only changes the moderation properties of
the core but also its streaming characteristics. The
analysis of such systems therefore presents a great
challenge and is the main topic both of this paper and
of the HTR-PROTEUS programme in general [12].

3 Description of the PROTEUS facility

The PROTEUS facility, shown schematically in Fig. 2,
comprises a graphite cylinder of 3.26m diameter and
3.3m height with a cylindrical cavity 1.25m in diameter

SHUTDOWN-
RODS

1

GfWPHTE \

| I

S6T3

Fig. 2: A side view of the HTR-PROTEUS facility
(dimensions in mm)
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and ~1.7m in height located 0.78m above the base of
the system. The core region consists of moderator
(pure graphite) and fuel (16.7% enriched) HTR-type
pebbies, the ratio of which is adjusted to provide the
required moderation ratio of the core region. Above the
pebble-bed is a cavity of height -0.7m (depending
upon the particular configuration) surmounted by a
graphite reflector of thickness 0.78m. Shutdown of the
reactor is achieved by means of 8 boron-steel rods
situated at a radius of 0.68m and reactor control by
four fine control rods at a radius of 0.9m.

Although operational pebble-bed HTR cores
comprise stochastic pebble loadings, such systems,
due to their intrinsic core geometry uncertainty are of
limited value for benchmarking purposes. For this
reason, deterministic pebble arrangements were adop-
ted for the PROTEUS experiments. This provides well
characterised configurations as well as vertical chan-
nels for access to the central core regions. Two arran-
gements were used, orthorhombic (hexagonal close-
packed) and rhombohedral (column hexagonal). The
former geometry represents the densest packing of
pebbles theoretically possible and is thus very stable,
with half the vertical, inter-pebble channels being
available. On the other hand, the rhombohedral loa-
dings are less dense, more difficult to load, but every
channel is available, with the added advantage that a
complete column of pebbles can be removed to allow
for the insertion of dummy control rods, detectors etc.
A further advantage of deterministic loadings is that
the inter-pebble voidages of 26% and 40% in the or-
thorhombic and rhombohedral lattices respectively
provide the potential to investigate pebble-bed strea-
ming effects in a quantitative manner.

Since the use of water in the facility is impractical,
its accidental presence was simulated by the use of
polyethylene rods inserted into the vertical inter-pebble
channels. Polyethylene was chosen for its hydrogen
atom density which is similar to that of water. Although
water ingress may be simulated in both types of confi-
guration, it is only in the rhombohedral loadings, due to
the fact that all vertical channels are open, that the
maximum theoretical reactivity effect of water ingress
can achieved (see Fig. 1).

A view of PROTEUS with the upper reflector remo-
ved, and showing one of the early orthorhombic loa-

dings is shown in Fig. 3. The two types of packing
geometry are shown schematically in Fig. 4.

Fig. 3: A view of HTR PROTEUS Core 1 from above,
with the upper axial reflector removed

4 The Configurations

Three of the eight configurations investigated in the
programme to-date, namely Cores 5, 6 and 7 will now
be briefly described, further details can be found else-
where [13]. Cores 5, 6 and 7 are all of the rhombohe-
dral type, with a fuel-to-moderator pebble ratio (F:M) of
2:1 and a corresponding C to asU atom ratio of 5660.
The configurations differ only in their polyethylene
loadings and consequently in their altered critical
heights. Core 5 is a reference loading containing no
simulated water, Core 7 is a repeat of the Core 5
geometry but with every vertical channel containing an
8.3mm diameter polyethylene rod. This corresponds
approximately to the maximum reactivity effect of po-
lyethylene in a configuration having this level of mode-
ration. The core height was reduced accordingly.

O FUEL

# 1 MODERATOR

a. Hexagonal close packed (26% void) b. Column Hexagonal (40% void)

Fig. 4: Side views of the two deterministic arrangements used in the HTR-PROTEUS experiments
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Core 6 was an attempt to separate the effects of wa-
ter ingress and core height reduction, the positive
reactivity effect of the polyethylene being approxi-
mately balanced by lengths of high purity copper wire
held within each polyethylene rod. Further details of
the three configurations are given in Table 2.

5 Transport / diffusion theory calculations

The configurations described above were analysed
using both diffusion theory and discrete-ordinates
transport theory.

For the diffusion theory calculations, the present
PSI production version of the 2DB code, referred to
as 2DTB [14], was used, along with a 13 group XSLIB
format cross-section library [15] prepared with edition
14 (29.9.94) of the MICROX-2 code [16], from the
JEF-1 based nuclear data library [17]. Separate cross-
sections were prepared for the core and reflector re-
gions using relevant weighting spectra.

The transport theory calculations were made with
the present PSI version of the TWODANT discrete
ordinates code [15] using the cross sections descri-
bed above and with a Pi Legendre expansion and S-J
angular quadrature (S-a for reaction-rate distributions).
No streaming corrections were applied in any of the
calculations.

The kinetics parameters ße« and A were calculated
using the PSI version of the perturbation theory code
PERT-V [18], using forward and adjoint fluxes from
TWODANT and separate velocities for the core and
reflector regions [19].

In addition to the calculations made using the JEF-
1 library, an additional sensitivity study of the effect on
keif of using the JEF-2.2 and ENDF-B/VI libraries in
TWODANT was also carried out.

6 Critical loadings and reactivity balances

Table 2 contains experimental results for the criti-
cal loadings of the three core configurations. It was
not possible in any of the cases to achieve criticality
with a top layer having the nominal core average F:M
ratio. Instead, partially fueled layers were loaded
which enabled a critical balance to be achieved within
the range of the fine control rods. The true loadings

are reflected in the respective numbers of fuel and
moderator pebbles given in the penultimate column.

Although, of course, the nominal, effective multipli-
cation factor keif of each critical state is 1.0, this value
has been corrected, in the table, for the reactivity
excess in the system due to those components which
are not considered to be a part of the "clean configu-
ration". This includes, for instance, effects due to
control-rod insertion, presence of nuclear and tempe-
rature instrumentation, start-up sources etc., the ma-
gnitude of each such effect having been either mea-
sured or estimated for each configuration. The values
of ketf thus corrected are given in the final column of
Table 2. The reactivity excess is seen to be typically
of the order of 0.5-1% with an uncertainty of -0.05%
(-7C). This uncertainty is not associated with the ac-
curacy with which the critical state can be determined
(±0.10) but rather with the experimental uncertainties
arising from the measurement and estimation of the
various components of the reactivity excess. A typical
breakdown of the reactivity excess components for
Core 7 is as follows:

control rod insertion 48±10

control absorber channels 1 ±10

automatic control rod 7±10

various voids in radial reflector 14±30

instrumentation 7±20

total correction 93±50

corrected ko« (ßetf=0.0072) 1.0068±0.0004

The results of the analyses of the critical balances
of cores 5, 6 and 7, compared with the experimental
results from in Table 2 are summarised in Table 3.
Looking firstly at the Core 5 and Core 7 results for the
JEF-1 data library, a similar trend of increased calcu-
lation-to-experiment ratio (C/E) with increased core
moderation is observed for both TWODANT and
2DTB. In Core 6, however, which contains a larger
polyethylene loading than Core 7, the C/E value is
closer to 1.0 than in the latter configuration, suggesting
that the reduced core height and consequently larger
cavity in Core 7 may play an important role.
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CORE

5

6

7

M:Fn

2:1

2:1

2:1

FF2

0.60

0.60

0.60

CHJN
CORE

none

41.43kgm'3

32.63kgrn3

CuIN
CORE

none

14.34kgm'3

none

CORE
HEIGHT

138cm

132cm

108cm

NUMBER
OF LAYERS

23 layers

22 layers

18 layers

NO. OF
PEBBLES

Mod.

2870

2758

2277

Fuel

5433

5184

4221

MEASURED keff3

1.0111 ±0.0005

1.007510.0004

1.006810.0004

1 M:F = moderator to fuel pebble ratio 2 FF = pebble filling factor

Table 2: Critical balances for cores 5, 6 and 7

corrected for reactivity excess

CORE

5

6

7

MEASURED keff

1.0111 ±0.0005

1.0075+0.0004

1.0068+0.0004

CALCULATED keff

TWODANT

JEF-1

1.01412
(+0.3+0.05)%

1.024202
(+1.7+0.04)%

1.031696
(+2.5+0.04)%

JEF-2.2

(+0.5+0.05)%
-

(+2.510.04)%

ENDF/B-VI

(+0.4+0.05)%
-

(+2.410.04)%

2TDB

JEF-1

1.008785
(-0.2+0.05)%

1.017830
(+1.0+0.04)%

1.020734
(+1.410.05)%

Table 3: Comparison of measured and calculated values of keff for HTR-PROTEUS cores 5,6 and 7
(figures in brackets indicate deviation of the calculated value from the measurement)

It also appears that the transport theory solution
generally agrees somewhat less well with experiment
than does the diffusion theory; at least for the more
highly moderated cases. Looking at the effect of the
alternative data libraries we can see that the influence
is slight, with even a suggestion of a slight worsening
of the C/E value for Core 5 when the more recent
data ia used.

An extensive calculational benchmark study [20],
specified by PSI and calculated by 8 independent
institutions, in which a range of HTR-PROTEUS type
configurations was specified has revealed only a mo-
dest (<1%) spread in the results of k0» calculations
from the individual institutions, indicating that the re-
sults presented here are representative of current
calculational capabilities.

It is not altogether surprising that C/E discrepan-
cies are observed here, considering that no attempt
was made to take into account the effects of neutron
streaming. However, the application of streaming
correction factors, especially in transport theory, is not
straightforward and it is thus preferable to first try to
understand the physical processes involved before
attempting to apply corrections. So, although it is as-
sumed that the application of suitable corrections will
reduce the discrepancies, it will now be shown how
complementary measurements, made in cores 5 and
7 can be used as diagnostic tools to enable semi-

quantative conclusions to be drawn as to the validity
of the assumption, and thus to shed some light upon
the level of sophistication required in order to satisfac-
torily predict the physical behaviour of these systems.

7 Reaction-rate distributions
The vertical channels available in the deterministic
pebble loadings facilitate the insertion of activation
foils or miniature fission chambers for the mapping of
axial and radial reaction-rate distributions between the
pebbles. Channels in the lower and upper axial reflec-
tors allow traverses to be made over the total system
height of -3300mm. In this work, axial reaction-rate
traverses for fission in ^ U and ̂ U (F5 and F8) will be
presented as indices of fast and thermal neutron flux
distributions respectively.

Due to their convenience and high sensitivity, the
use of miniature fission chambers is the generally
preferred technique, with the additional use of activa-
tion foils serving to further reduce systematic uncer-
tainties. The 6.7 mm diameter foils were attached to
aluminium strips inserted into the vertical channels.
For the measurement of fast neutron reaction-rates
(F8), the fission chambers and foils were shielded
with cadmium to eliminate the need to correct for the
inevitable presence of trace amounts of thermally
fissile impurities in the aBU.
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The axial traverses thus measured in Cores 5 and
7 are shown in Figs. 5 and 6 respectively. The follo-
wing points are worthy of note:

• The plotted points represent weighted averages of
fission chamber and foil measurements.

• Each traverse was normalised to unity at a system
height of 47 cm. The error bars represent 3o uncer-
tainties.

• For the F5 traverses, a pronounced asymmetry is
observed as a result of the very different reflection
properties of the upper cavity and the lower axial re-
flector. The maximum thermal flux arises in the lo-
wer axial reflector and is much more pronounced in
Core 5 than in Core 7, indicating the better core
moderation of the latter configuration.

• The F8 traverses display more symmetry in the core
region having a peak only slightly biased towards
the larger thermal flux and consequentlyhigher pro-
duction rate close to the lower axial reflector.

Axial reaction-rate traverses at the radial centre of
the system were also calculated for F5 and F8 using
an R-Z TWODANT model. As mentioned above in
Section 0, an S-a angular quadrature was used to
improve the prediction of the neutron flux distributions
in the cavity region. Two sets of detector cross-
sections were used for each of the traverses. These
were:

• core region cross-sections appropriate to very small
amounts of 235U or ^ U smeared into a region of ho-
mogenised graphite/void surrounding the fuel regi-
on.

• reflector cross-sections appropriate to small
amounts of Z35U or ^ U placed in an infinite, homo-
geneous graphite lattice.

The computed axial traverses presented are com-
posites obtained using the reflector and core region
detector cross-sections separately in the appropriate
regions. This simple approach leads to potential in-
consistencies in the core-reflector boundary region
where some form of transition weighting spectrum
would be more appropriate.

Looking again at Figs. 5 and 6, we can see that
the calculated and measured fast reaction-rate distri-
butions (F8) are in good agreement in both cores.
Also, the F5 traverse is well represented by the
calculation in the bulk of the core region, although a
significant discrepancy is seen in the lower axial re-
flector in Core 5. In that core, the thermal reaction-
rate is significantly overestimated by the calculation.

In Core 7, the discrepancies between the experi-
mentally determined axial reaction-rates and the
calculation are generally much smaller. In this case
the F5-traverses are only slightly overestimated by the
calculation in the lower axial reflector.

In the upper part of the core, in the cavity and in the
lower part of the upper axial reflector, there is an indi-
cation that the calculation is slightly underestimating
the F5 traverses. This particular effect is presently
believed to be due to shortcomings in the modelling of
the relatively complex upper reflector assembly.

At present, it is not possible to provide a complete
explanation for the causes of these discrepancies.
However, it will now be seen that the reason is possi-
bly related to the means of preparation of the detector
cross sections rather than to the calculation of the flux
distributions themselves

8 Reduced Generation Time

The prompt neutron generation time A can be defined
as the inverse production rate of prompt neutrons or
alternatively, in mathematical terms, by [21]

J ]**
A __ system 0

J J<t>+i)Zf<])dEdr
(1)

system 0

in which the integration is made over all space (r) and
energy (E) and

v is the neutron velocity,

(j), <}>+ are the forward and adjoint neutron fluxes

respectively,

D is the average neutron yield per fission,

£ f is the macroscopic fission cross-section.

Whereas the denominator in equation (1) is relatively
system independent, the numerator is very sensitive
to the flux distribution in low velocity regions of the
system, with the consequence that A itself is very
sensitive to the properties of the reflector regions in
systems having large, low absorption reflectors. This
implies that a measurement of A could be used as a
means of investigating the characteristics of the neu-
tron population in the reflector region. Unfortunately, a
measurement of the generation time in isolation is not
practical; instead it is usual to measure the reduced
generation time, namely A/ßs«, although then it is of
course difficult to assign the cause of observed dis-
crepancies to either ße« or A individually. The measu-
rement of this parameter in cores 5 and 7 and its sub-
sequent comparison with calculation will now be
described.
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For the measurement, use is made of the pulsed
neutron source (PNS) technique [22]. By subjecting
the subcritical system to a regular series of brief
neutron pulses, it is possible to measure the respon-
se function of the system. Typical response functi-
ons for several subcritical states are shown in Fig. 7,
in which it is possible to identify the prompt and de-
layed neutron responses. The prompt decay which,
in the absence of harmonic effects, can be represen-
ted by a single exponential exp(otot) and which can
be obtained from a non-linear least-squares fit to the
response is a direct measure of the

100000-

U3

1O0OO:

1000

= -0.13$

p = -0.49$

p = -0.90$

prompt decay

delayed decay

100 200 300 400 500

CHANNEL NUMBER (WIDTH=0.0015s)

Fig. 7: Typical responses to pulsing in PROTEUS
showing variation with subcriticality

prompt neutron lifetime and in the critical state (p =
reactivity = 0), can be related to A/ßeff by

(2)

where

(XQ is the prompt decay constant at criticality,

bj , ^ i are the delayed neutron constants,

where

and the superscript c indicates the critical state.

Unfortunately, due to the increasing difficulty in
separating the prompt decay from the delayed back-
ground when close to criticality (see Fig. 7), it is not
possible to measure ecu directly. Thus an alternative

technique is normally adopted, in which the prompt
decay constants at several, well-known subcritical
states are measured and an extrapolation is made to
the critical state, using a function which expresses
the correct form of the a vs. p relationship around
criticality [23]. This procedure was carried out in
cores 5 and 7, and the results are summarised in
Table 4.

c
0
R
E

5

6

7

MEAS.

A/ßeff

0.278±0.002

-

0.207±0.005

TWODANT

(Jeff

0.007201

0.007216

0.007270

A/ßeff

0.2583

0.1598

0.1835

C/E

A/ßeff

0.931 ±0.007

-

0.886±0.02

Table 4: Comparison of measured and calculated
values of reduced generation time

The main point to be noted from the table is that
the calculations for both configurations show a signi-
ficant underestimation of the reduced generation
time, specifically 7% in core 5 and 11% in Core 7.
Although no measurements of ßaff are currently
available, the calculated value of ßa« is seen to vary
only slightly (<1%) over a wide range of core mode-
ration. This can be physically understood by the fact
that the system contains just two fissionable iso-
topes, namely a5U and 238U, and that only 2 or 3 % of
the total fissions occur in the M U . Changes in the
moderation will only induce changes of a fraction of
a percent in this value and will thus only slightly af-
fect ßetf. It will therefore be assumed here that the
discrepancy in A/ßeff arises from the calculation of A.
This implies that in undermoderated systems (core
5), A is being underestimated by around 7% and in
optimally moderated systems (core 7) by around
11%.

9 Summary and discussion
A considerable amount of information has been
presented here which can be used together to provi-
de an in-depth picture of the neutron physics of this
type of system. Before the implications of the obser-
vations are discussed, some of the results wiü be
summarised once more in
Table 5. The table shows:
• an overestimation of ke« which increases with in-

creasing moderation.
• an overestimate of the thermal detector reaction-

rates in the reflector which decreases with increa-
sing moderation.

• an underestimate of the generation time which
increases in absolute terms with increasing mode-
ration

keff

integrated F5 in
lower reflector

A/ßeff

Core 5

+0.3%

+8.0%

-7%

Core 7

+2.5%

+0.3%

-11%

Table 5: Calculation-experiment deviations for pa-
rameters measured in cores 5 and 7
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Looking first at the overestimation of ka«, it could be
the result of a number of factors, including:

• modelling and/or data inadequacies

• overestimation of neutron productions (fissionable
inventory)

u underestimation of the system absorption, particular-
ly in the reflector region

• underestimation of leakage

Of course the katf results alone can provide no
further information as to the origin of the inadequacy
in the cafculation. Therefore, turning to the A/ßaff re-
sults, the pronounced underestimation could corre-
spond to an underestimation of the thermal flux in the
reflector, which in turn implies either an underestimate
of the neutron leakage or an overestimate of the re-
flector absorption properties. However, a reduction in
the reflector absorption would have the undesirable
effect of increasing the calculated keff and so the im-
plication is that the overestimation in the core 5 A/ßo„
value is associated with an underestimate of the
thermal neutron flux* in the reflector. This result is
consistent with the assumption that a failure to take
into account neutron streaming in the calculation will
lead to lower core leakage and subsequently lower
thermal fluxes in the reflector regions.

It could be expected that Core 7, having reduced
streaming/leakage by virtue of reduced core voidage
and increased core moderation should exhibit a C/E
value closer to one than Core 5. That this is not the
case can be explained as follows: although leakage
from Core 5 is clearly greater than from Core 7, the
fact that Core 5 is significantly undermoderated me-
ans that fast neutrons leaking to the reflector are mo-
derated, and a significant fraction return to enhance
the thermal population in the core. Thus, the negative
effect of neutron leakage is compensated by the posi-
tive effect of enhanced moderation. In core 7, which is
already optimally moderated, this compensation does
not occur leaving only the negative effect of neutron
leakage and thus larger streaming effects.

Turning now to the reaction-rate distributions, a
somewhat different picture is seen. In this case the
calculation is seen to be overestimating thermal re-
action-rates in the lower axial reflector, which could be
construed as being inconsistent with the above argu-
ment. Two points should be remembered however in
this respect: the reaction-rate distributions presented
here were measured axially in the radial centre of the
system. The streaming/leakage effects discussed
above are more significant in the radial reflector both
because the volume of the radial reflector is much
greater and because the predicted streaming in the
radial direction is some 50% greater than in the axial
direction in this configuration [24]. In short, the reacti-
on rate results presented here are not necessarily
representative of the whole reactor properties.

• as mentioned above, the validity of the detector
cross-section generation procedure used is somewhat
doubtful, with the consequence that discrepancies in
the reaction-rate distributions must not necessarily be
associated with errors in the flux distributions. It
should nevertheless be mentioned, that, in the case of
reaction rates, the application of streaming corrections
would worsen the C/E discrepancies (increased lea-
kage to reflector leading to greater calculated thermal
fluxes here).

Although the picture presented here is far from
complete, it has been shown that the use of several
independent but complementary measurements pro-
vides a deeper insight both to the neutron physics of
the system, and to the general adequacy of the
caiculational techniques (and not solely the ability to
reproduce keff)

It is planned to carry out additional measurements
and analyses which, it is hoped, will help to complete
the picture and thus to answer some of the open
questions arising out of the work presented here. This
additional work will include:

• ße« measurements in core 5 to help confirm the as-
sumption that the C/E discrepancies in A/ßerr can be
attributed mainly to A,

• analysis of control rod worth measurements in the
radial reflector to check consistency with the above
arguments, particularly with respect to the prediction
of flux distributions in the radial reflector which are
difficult to measure with the fission chamber/foit
techniques described here,

• application of more sophisticated cross-section ge-
neration methods for the analysis of the reaction
rate distributions,

• the measurement of core centre reaction-rate ratios
to investigate the components of the neutron balan-
ce within the system

• a study of the effectiveness of streaming corrections
in reducing the discrepancies reported here.
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University level and other Teaching

In the framework of the enhanced co-operation be-
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is Professor of Nuclear Engineering at the ETH
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Reactor Physics and Systems Engineering at PSI, is
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below.
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"Overview of the Fundamentals and Methodology of
Probabilistic Safety Assessment", SVA Vertiefungs-
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Priorities (TG-THSB)", Meeting of OECD/NEA/CSNI
Principal Working Group 2 on Coolant System Behav-
iour, Paris, France, 27-29. Sept. 1995
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Forschungsobjekt?", Workshop on Computational
Sciences, PSI, Villigen, 18. Dec. 1995

BRUCHERTSEIFER H., DRESSLER R., FISCHER ST.1,

GAEGGELER H.

"Hochauflösende Gammaspektrometrie bei der on-line
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DANG V.N., HIRSCHBERG S.

"Swiss HRA Research and ongoing Work in the
Frame of the Coordinated Research Programme",
Seminar, IAEA, Vienna, Austria, 3-7. April 1995

DANG V.N.
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Cycle with a Rock-Like Fuel", Material Research So-
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Industry Research Steering Committee Meeting, Al-
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nungsfeier des Schweizerischen Instituts zur
Förderung der Sicherheit, Zürich, Switzerland, 10.
Oct. 1995

LEDERGERBER G.

"Status of Research and Development on Sphere
Fabrication at PSI", Power Reactor and Nuclear Fuel
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