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INTRODUCTION

Prof. Dr. \V. Kroeger

Head, Nuclear Energy Research Department

The year 1991 was, for the Nuclear Energy Department,
one of transition, marked by the realization of the rational-
izations and programmatic changes decided in 1990. Some
activities have ceased (e.g. ceramics, numerical simulation,
tight lattice core), others have been re-oriented (e.g. fuels
research, use of sodium loop); the goal being to integrate
all remaining major F4 activities into three consistent do-
mains of research, namely safety and safety-related oper-
ational problems of Swiss nuclear power plants, radioac-
tive waste management and safety and technology of fu-
ture reactor concepts, has been thereby largely achieved.
At the same time, the department succeeded in initialing
new projects in ihe framework of its strategic planning, all
with special emphasis on high quality, front-line research
and on supplying a basis suitable for attracting young sci-
entists.

A large part of the department's activities took place by
order of, or in co-operation with, third parties, above all
the Swiss Utilities (UAK/UAF/vSE), Nagra and the safety
authority HSK, as part of the Federal Office of Energy.
Through this active support it became possible to maintain,
to some extent, the mixture of research, scientific services
and ihc corresponding infrastructure at an adequate level.

Reactor Safety

Source term studies aim at estimating the amount of ra-
dioactivity released during severe reactor accidents and the
pertinent release conditions. In phase B of the study for the
Miihlcbcrg NPP (KKM)V five risk-relevant accident scenar-
ios, which had shown large releases in the framework of
similar studies performed for other NPPs of higher power,
were investigated, but the source term figures calculated arc
dearly in some cases by several orders of magnitude) below
the reference values of the HSK for emergency planning.
In another main domain of the activities — investigation
of the retention of aerosol particles and iodine in water —
the construction of a corresponding test facility (the PO-
SEIDON loop) was started, which will also be used in the
framework of the ALPHA project after modification.

The systematic analysis of the development of core
melt-down accidents necessitates, among other things, know-
ledge about the possibility and the mode of failure of a re-
actor pressure vessel (RPV) in contact with a molten core.
In the framework of the CORVIS project, a test facility is
being built to allow investigation on the modelling of an
RPV melt-through and on code development. Three pilot
tests on a smaller scale have demonstrated, in principle, the
feasibility of the experiments. The discrepancies between
experiment and calculations showed the necessity for an
improvement of the models for the prediction in time and
location of failure. Institutes from a total of 12 countries
have committed themselves to participating in this study

and have formed an international task force.
Analysis of postulated accident scenarios also took place

within the framework of the STARS project. Tnc mod-
elling of a hypothetical rod-drop accident for KKM showed
no reactor core damage. The analysis of an ATWS (clo-
sure of the isolation valve of a main steam supply line
without SCRAM), also for KKM, confirmed among oth-
ers things that lowering the primary coolant level can be
an effective means for load reduction, enabling, as ex-
pected, a reduction of reactor power to 20-25%. The RE-
LAP5/Mod2.5 code was used to calculate a loss-of-coolant
accident (LOCA) with double-ended break for the Bc/.nau
NPP, and plant behaviour during different LOCA scenar-
ios was calculated with the TRAC-BF1 code for KKM. The
calculations showed, for these cases, that the maximum core
temperatures remain considerably below design limits.

In order to verify (or disprove) statements postulat-
ing the occurrence of stress corrosion cracking in LWR
components, 6 samples of reactor steel have been exposed
in a high pressure, hot water loop to simulated and con-
trolled BWR coolant conditions. To date, no crack growth
could be observed, although unfavourable test conditions
arc presently deliberately applied, which, in a reactor, ac-
cording to the regulations, should lead to a shut-down within
16 hours.

Finite-element calculations, which accompanied a pipe
damage experiment at the HDR programme (phase 111),
have demonstrated that (he structural-dynamic behaviour
of pipes can be simulated sufficiently well. The experiment
itself showed that, during a blow-down in a fecdwater line
of a BWR with subsequent valve closure, a leak (before
break) can occur only under slrains which lie considerably
above established standards.

After 8 years of work, investigations on fecdwatcr-tank
damage at the Gosgcn NPP have been completed with a
follow-up examination and a final report to the plant oper-
ator; the velocity of crack growth is lower than 2.4 x 1()~6

//m/s. The low ductility values observed during the qual-
ification of the RPV welding scam, in the framework of
the surveillance programme in KKB, could be clearly ex-
plained by means of structural investigations.

In the framework of the activities on contamination
control, austcnitic steel samples have been examined af-
ter exposure in a laboratory autoclave to BWR conditions
in 300 h intervals; the addition of some ppb of Fc and
Zn to the water reduced the deposition of Co on the steel
considerably. A statistical analysis of the water content of
the Lcibstadt NPP (KKL) over 3 years also confirmed this
effect of Fc-addition to the reactor water, but showed the
opposite result for Zn. Finally, measurements in KKL be-
fore, during and after shut-down in summer 1991 showed
that the number of particles and the activity due to Co-60
and Zn-65 increase significantly during power reduction,
while the O2 concentration diminishes and H aO3 appears.



Ill collaboration with ETHZ (LKT), several experiments
with propane were performed in order to investigate the
release of overheated liquids following the catastrophic
failure of conventional pressure vessels. Hie insights won
thereby contribute to a belter understanding of processes
which are also essential in the domain of non-nuclear safely
research.

Waste Management

A new safely analysis for Nagra (KRISTALLIN I) deals
wilh the storage of high-level and long-lived intermediale-
level waste in granitic rock and will lake into consideration
the new information and modelling concepts established
since the project "Gewahr" in 1985. Within this frame-
work, first parameter studies have been performed at PSI
in order to determine the most important parameters in-
lluencing the barrier functions in the far Held; geometry
and material properties of the host rock (matrix diffusion)
have been shown to be the determining factors. Apprecia-
ble effort was put into setting up the thcrmodynumic data
bases, into understanding sorption in rocks on a mecha-
nistic basis (based on surface complexalion) and into (lie
development of a new biosphere model. Concerning the
corresponding model validation, the successful termination
of the 1NTRAVAL phase 1 work and the migration exper-
iment at the Grimsel Test Site should also be mentioned.
The sorpiion data resulting therefrom are consistent with
those generated in laboratory experiments.

A new activity deals with the investigation of the or-
ganic complcxation of elements. Presently, experiments
are performed to identify the radiolylic degradation prod-
ucts of ion exchanger resins, which is important wilh regard
to low-level wastes. First results identify oxalate as a major
degradation product. On the other hand, the complexalion
of radioelements by humic and fulvic acids under natural
pH-conditions is being investigated. These experiments arc
complemented by theoretical evaluations of organic coni-
plexalion constants, which have already led to a preliminary
data base for safety assessments.

Future Reactors

The ALPHA project for the investigation of passive de-
cay heat removal and aerosol retention in advanced LWRs,
decided upon in 1990, started strongly thanks to broad li-
nancial support, especially from UAK and NEFF for related
activities; contracts with EPRI and (IE have been signed.
The concept of the test facility was developed and tenders
for the fabrication of the major components have been in-
vited. First pilot tests on temperature stratification in the
suppression pcx)l were performed. Together with results
from a similar experiment performed at the University of
California at Berkeley, they allow a first assessment of this
important question to be made.

The PROTEUS facility was modified after completion
of ihe FDWR experiments, in order lo accomnuxlalc the
HTR experiments, lo be performed wilh international par-
ticipation. Analytical and experimental preparations arc al-
most complete, and operation and measurement evaluation
of ihc new pulsed neutron source has been carried out. The
experiments will start after delivery of the HTR fuel pebbles
from KFA-Jiilich, probably in February 1992.

Along wilh these two large experimental programmes,
several smaller activities are also taking place, in order lo
maintain technical know-how in specific domains.

In the framework of the European fast breeder re-
actor research programme, safely-relevant sub-tasks on
FBR reactor physics and thermal-hydraulics were defined,
lo be investigated within the nexi live years. The ihermal-
hydraulics part deals with the mixing layer between liquid
Hows of different velocities and temperatures. During first
theoretical and experimental preliminary studies, a plexiglas
test-section running wilh water gave an insight into the be-
haviour of such mixing layers. The results of these prelim-
inary investigations are consistent with theoretical predic-
tions and will be used for ihe design of a similar test-section
using sodium as the flowing medium.

!n the domain of advanced fuels, post-irradiation ex-
amination (in co-operation with the USA) of fuel pins with
microspherc (U-Pu)C fuel, which was irradiated up to a
burn-up of 8% at the Fast Flux Test Facility, have been
completed. Despite the high bum-up, this fuel showed sur-
prisingly low structural moditicalions and a lower fission
gas release compared to pellet fuel. Using the wet chem-
ical process developed at PS I, ii was possible lo fabricate
(U-Pu)N fuel both in the form of dense mierosphcrcs for
direct use and as porous microspheres to be pressed into
pellet form. This will be irradiated in the Phi5nix reactor,
in ihc framework of the CEA programme.

In the future, ii is intended to invest ihc experience
gained hereby in the domain of aclinide transmutation. Pilot
tests with ZrOj as inert matrix material and Cc_,O:, as inac-
tive substitute for transuranic elements have demonstrated
that this process shows good promise for the fabrication of
appropriate fuel targets.

Nuclear Facilities

The safely and security concept for the nuclear installations
at the eastern area of PSI was revised and approved, and
entered ihe realization phase.

Along wilh the implementation of the new Instrumen-
tation and Control for the research reactor SAPIIIR, an
updated concept for safety goals and measures was worked
out. The reactor generated neutrons over a period of 45(X)
hours, mainly for scattering experiments but also for irra-
diation in multiple applications. The newly-built neutron
radiography stalion for the examination of nuclear fuel and
material samples from industry and research is planned lo
start operation at the beginning of 1992.

Together wilh regular courses for technicians, the Re-
actor School also organized during the past year courses
of several weeks duration for power plant staff engineers.

The research activities directed by the Hot Laboratory
were oriented towards a deeper understanding of LWR wa-
terside cladding corrosion. New experimental techniques
allow the preparation of thin film samples, the investiga-
tion of the mclal-oxidc interface by impedance spcclroscopy
and the determination of the cladding burst strength. In
ihc framework of the periodic renewal of the expensive
infrastructure which is necessary for handling radioactive
materials in the Hot Laboratory, the equipment for the
management of equipment waste (wcl chemical incineration
facility, sorting and pressing cell for non-burnable solid ma-
terials, fixbox for liquids) was renewed.



PRELIMINARY INVESTIGATIONS OF TRANSIENTS IN KKL

L. Belblidia and D J , Diamond*

Laboratory for Reaclor Physics and Systems Technology

'Brookhaven National Laboratory, Upton, NY 11973, USA

Abstract

Several plant models for use with the code RAMONA-
3B [1] have been developed to analyze potential transients
and accidents at the KKL (Leibstadt) plant. These models
have ncutronic data files representing a point in time during
Cycle 1 when the burnup was 1400 MWd/t. The primary
difference between the models is in the core representation.
Test calculations of a rod-drop accident without scram with
an eight-core symmetry model and of an MS1V closure test
with a quarter-core symmetry model have been performed
to demonstrate that RAMONA-3B can be used to simulate
such events.

1 Plant Models

Several RAMONA-3B models of KKL have been devel-
oped to simulate potential transients and accidents at Shis
plant. This work was performed within the context of the
STARS project [2] and partly funded by the Swiss Fed-
eral Nuclear Safety Inspectorate (HSK). Some preliminary
investigations were conducted to test the adequacy of the
models. Three core representations have been selected: an
eighth-core model, a quarter-core model, and a full-core
model. KKL core is operated with a control rod pattern
that results in quarter-core symmetry, and therefore, this
representation is the minimum required to accurately model
the core. In order to perform scoping calculations, and also
in the case of the center-rod drop accident, an eighth-core
representation is useful. The full-core model was set up for
special applications (e.g., stability analysis) and for gener-
ating information on rod worths for off-center rods. This
model however has not yet been tested and needs to be sup-
plemented with data from the other models before it can be
used.

In all models, there is one ncutronic channel per fuel
bundle and 25 axial nodes. Hydraulic channels consisi
of four fuel bundles surrounding a control rod blade po-
sition, except at she periphery where different groupings
were used.

2 Input Data

Four types of data are required in order to perform a plant
simulation with RAMONA-3B:

- cross-section library for all lattice types present in the
core,

- burnup and historical void distribution files (even-
tually xenon distributions for noncquilibrium condi-
tions),

- geometry and component data,

- operating and boundary conditions.

The bulk of the information needed has been provided by
KKL [3]. The remaining data needed to represent the nu-
clear steam supply system came from a previous compila-
tion |4] performed in order to develop a KKL plant model
for the TRAC-BWR code. This included basic geometry
within the vessel and steamlinc, and parameters to repre-
sent various components such as the recirculation and jet
pumps, and relief valves. Results from two startup tests (an
MSIV closure test and a loss of fecdwatcr test) also appear
in [4].

RECORD output files from lattice calculations performed
at Eleklrizilats Gcscllschaft Laufenburg (EGL) have been
made available to PS1, and have been used with the code
POLGEN |5) to generate a hot data library for RAMONA.
Distribution flics were also provided and used for generat-
ing RAMONA burnup files.

The fourth type of input specification, that which spec-
ifies a particular event, refers to the operational statcpoini
at which the transient is to siarl and the boundary condi-
tions (including those determined by the protection system)
which define the sequence of events. The initial conditions
and boundary conditions for operation at 100% of rated
power correspond to what had been used in the calcula-
tions with the code PRESTO |6j as the intention was to
make a comparison of initial power distributions from the
two codes. The remaining boundary conditions and protec-
tion systems were modeled to represent a startup test carried
out during Cycle 1. This included high pressure core spray
(HPCS) and reactor core isolation cooling system (RCIC)
actuation on low water level, fecdwater and rccirculalion
pump behavior as a function of time during the event, and
scram on MSIV closure.

3 Test Calculations

The quarter-core model and the eighth-core model were ap-
plied to a main steam isolation valve (MSIV) closure tran-
sient and a center-rod drop accident (CRDA) without scram,
respectively. Only feasibility calculations were completed
al this stage, the goal being to show that RAMONA-3B
can handle these types of transient and that the KKL mod-
els that were developed provided reasonable results. Final
comparisons with test data in the case of the startup tests
will be made after calculations starting from conditions pre-
vailing at the onset of the tests arc performed.



3.1 Closure of the Main Steam Isolation Valves

Because this was just a feasibility study, the initial con-
ditions corresponded to full power rather than the actual
conditions for STP-25. The RAMONA-3B and PRESTO
a.\ial average power distributions are given in Fig. 1. The
agreement is excellent for ihc axial average and good for
the radial average. Note that another tesi of the model will
be conducted using traversing in-core probe (TIP) traces
from the plant. Modifications could be made lo the model
to improve agreement This may be attempted in various
ways. For example, the calculated core void fraction (0.46)
is high relative to the design value (0.41) [4]. This value
may be modified in a number of ways and will have a non-
linear effect on the power. Some of the parameters which
are uncertain and which will affect the void fraction are
the loss coefficients in the vessel. Note too, that a lower
void fraction will decrease the error in eigenvalue which
is currently calculated to be 0.9912. Another consideration
is that the calculated core pressure drop is larger than the
design value.

1.4
RAMONA

PRESTO

10 15
Axiol Node Number

25

Figure 1: KKL initial axial power distribution.

Starting from this initial condition, a null transient was
calculated for one second and then the conditions for STP-
25 were imposed. The imposed conditions were the steam
How through the MSIV, the fecdwater flow rate, and the
rccirculation pump speed as a function of time. The pump
speed increased initially during this event, probably due to
the action of a controller. Since neither a pump controller
nor a fecdwater controller is modelled in RAMONA-3B,
the action of these systems was input as disturbance tables.
The MSIV closed in 6 seconds.

The response of the reactor is shown in Figs. 2 to 6.
Power increases initially due to the MSIV closure and then
decreases due to the scram on MSIV closure. The MSIV
closure causes the pressure to increase until the sctpoints
for relief valve opening arc reached. The fecdwater flow
begins to decrease at 5.2 s, but because the downcomcr
water level goes below Level 2, RCIC and HPCS arc turned
on and the total flow (WFW on Fig. 4) is seen to stay close
to its initial value. The water level initially goes down due
to both the collapse of voids when power is shutdown and
to the increase in pressure caused by the MSIV closure.
However, with the decrease in pump flow imposed on the
reactor, this trend is reversed and level increases.

O.Q i .Q <.O 6.0 8.0 10.0 12.0 14.0 16.0

Figure 2: Relative core power during an MSIV closure.

1.0 6.0 0.0 10.0 12.0 M.D 16.0

Figure 3: Steam dome pressure during an MSIV closure.

TIIS IS)

Figure 4: Fecdwaicr (including HPCS and RC1Q and steam
line flow rales (MSIV closure).



Fuel temperature (shown in Fig. 5) increases initially
due to the energy deposition during the power surge but then
decreases when power is shut down and heat is transferred
out of the fuel rod. The flow rate in the core (shown in
Fig. 6) is determined primarily by the change in pump tlow
and is modified by the opening and closing of valves in
the steam line. The core inlet subcooling is determined
primarily by the pressure in the system. After a long time it
will be more influenced by the colder HPCS water entering
the system.

Figure 5: Average and maximum fuel temperatures during
an MS1V closure.

were considered to yield a k-eff closer to 1.0 and a cen-
ter rod worth that was high enough to cause a problem if
ejected. This process has not been completed. However,
we report on a typical result.

Figure 7 shows a rod pattern used to tesi the ability to
calculate the RDA. The resulting power during the RDA is
given in Figure 8. The rod moves out of the core in the
lime interval from 1.0 to 3.0 seconds. Up to 1.0 second
the calculation is steady. The power spikes are terminated
by Doppler and void feedbacks. Figure 9 shows that the
peak fuel temperature during this event is not as high as
the fuel temperature under normal operating conditions and
therefore, this is a rather insignificant transient in spite of
the large power increase. Figure 10 shows the core inlet
and outlet How rates, which rcllcct the increase in vapor
generation during the event.
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Figure 7: Control rod pattern for RDA analysis (in notches
withdrawn).

Figure 6: Core inlet and outlet How rates (MS1V closure).

The calculation shows all the features of the MSIV clo-
sure test, i.e., HPCS and RCIC arc actuated on low water
level, relief valves are actuated on high pressure, and scram
is initiated on MSIV closure. Hence, the model should have
the capability lo calculate this startup test successfully.

3.2 Center-Rod Drop Accident Without Scram

The eighth-core model at 5% of rated power was used lo
calculate an RDA in order to ascertain thai there were
no problems with the model for this type of analysis. A
checkerboard control rod pattern was first used, as this is
close lo what might be expected at 5% power. However,
since Ihis gave too low a k-eff for the core, other patterns

0 . 0 1.0 2 .9 3.D f . O S.O 6.0 7.0 «.O 9 .0 1 0 . 0 I I . D

Figure 8: Relative core power during a CRDA without
scram.

These results indicate lhat the model should be ade-
quate for RDA analysis for KKL. What is still needed arc
completion of the plant data collection and verification, and
then a search for a rod pattern which would give the highest
worth rod. The sample calculation assumed an ideal prcs-



Figure 9: Average and maximum fuel temperatures (CRDA
w/o scram).

nr.c 15)

I-ijiurc 10: Core inlet and outlet How rates (CRDA w/o
scram)

sure controller (constant pressure), but that condition could
be relaxed in future calculations.

4 Code modifications and corrections

Modifications and corrections to the code have been made
since its implementation at PSI. A major effort was spent,
in collaboration with Scandpower and ABB, in making the
code more robust and in investigating problems due to:

- flow reversal modeling,

- vapor heat generation during rapid heat deposition,
and

- posi-CHF heat transfer.

The problems with reverse flow were satisfactorily re-
solved and some additional options (such as introducing up-
per and lower bounds for the liquid temperature, to avoid
unrealistically large values of superheat or subcooling in
extreme situations) were included in the heat transfer cal-
culation. The new features were successfully tested on three

cases: a two-channel flow model to study (low oscillations
with reverse How, a stability ATWS case, and an RDA case.
The code's robustness has been considerably improved and
a new version has been released. This work is well docu-
mented in a Scandpowcr report |7).

In addition to this, some code modifications and correc-
tions in the trip logic had to be made for the various trips to
be properly activated. The SRV activation logic was com-
pletely rewritten and the low-low set logic was added. Very
recently, a fcedwalcr controller has been implemented and
testing is still under way.

5 Further development

In order to eliminate limitations thai still exist, further de-
velopment work is needed. A list of potential areas is sug-
gested:

- revision of the heat transfer package, particularly for
post-CHF conditions.Thc heal transfer selection logic
should be modified and should distinguish between
DNB-typc CHF ("low quality" CHF) and dryout-typc
CHF ("high quality" CHF). The vapor generation rale
should be modified and superheating of the vapor
should be allowed (possibly through an energy allo-
cation scheme between liquid and vapor in the case
of superheating) [81,

- capability to add water in the upper plenum (core
spray system vs. injection system) and CCFL pre-
dictions,

- other control systems (such as rccirculalion flow),

- option for local pressure calculation in dynamics,

- improve the numerical integration of the mass and
energy equations, and relaxation of the steam line
integration scheme.

6 Conclusions

Some preliminary results from the work on KKL have been
given, and the models developed briefly described, as well
as the input used. Two test calculations were performed
to demonstrate that the models developed can be used to
simulate rod drop accidents in KKL and milder transients,
like the startup tests.
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OVERVIEW OF WORK ON IMPROVING EXISTING LWR CORE DESIGNS
AND DEVELOPMENTS FOR REACTORS OF THE NEXT GENERATION

(J. Abu-Zaicd and R. Brogli

Laboratory lor Reactor Physics and Systems Technology

Abstract

There is an interest in improving current reactors through
minor and localized modifications to reactor system com-
ponents. Improved safety and performance for current and
future reactors is the main goal. The underlying motivation
is to maintain the options for nuclear power in the future.

It can be seen that significant improvements are po-
li.'ntially available through relatively minor modifications.
Specific areas for improvement and an illustrative example
are discussed in this paper. In this specific example, exter-
nal assembly bypass water (an important moderator) was
adjusted during normal operation to keep the reactor criti-
cal at hot full-power. It has been found that a reduction of
about 10% in assembly average enrichment is achievable.
Neither gadolinium nor control rods need to be used dur-
ing normal operation. Reactivity coefficients (negativity)
are increased. Great operational flexibility and core per-
formance arc promised but at the cost of a more complex
control rod drive mechanism.

1 Introduction

The Laboratory for Reactor Physics and Systems Engineer-
ing fosters and supports an effort on creative and innova-
tive thinking towards improvement in existing and future
light water reactors. This helps the nuclear industry and
the utilities as well as providing innovative research topics
in the laboratory to attract young scientists. Possible large
or small design modifications, contributions to improving
safety, capacity factors and fuel utilization arc suggestions
which can only be fruitful, directly or indirectly, in the
framework of good communication between vendors, utili-
ties and the research laboratory.

A large commitment of technical and financial resources
is required to bring about innovations and improvements in
nuclear power plant technology. No research effort can
make more than a minor contribution on this scale. How-
ever, great mutual benefits are possible when our utilities
arc able to stimulate researchers by working alongside them
on subjects of mutual interest arising from practical every-
day questions.

Operational experience of the current generation of LWR
stations has indicated many areas of potentially beneficial
technological improvement of relevance to both existing
and the next generation of LWRs. Improvements seem
possible in fuel assembly and core designs for optimizing
safety, economics and fuel utilization. However, modifica-
tions for the improvement of operation and safely arc only
made if substantial benefits, taking the whole systems into
account, can be realized.

The reactor core is an important part of the design for
safe, flexible and economic operation. In the framework
of natural technical evolution, it is believed thai current
LWR assembly and core designs arc not yet in the final
optimized form, taking into account changing safety and
efficiency goals.

This paper examines some suggestions:
Main areas where we still see the possibility for tech-

nological, safety, economic and operational improvements,
which can be translated to existing plants, include the fol-
lowing:

• Improved fuel management schemes and/or capacity
factors through better utilization of the core periphery1

[1] and local conversion of burnable poisons in the
fuel region.

• Improved core utilization for more total power and/or
extended cycles through changes in fuel rod guide
tubes, removable fuel rods and assembly geometry,
also considering spectral shift.

• Modifying assembly coolability and water modera-
tion management [2] to improve core power density
and/or power peak.

• Improving control rod efficiency and introducing new
configurations.

2 A Case Study

In existing BWR cores, bypass water between assemblies
occupies a large fraction of the core. This bypass water
region is designed mainly to accommodate the control blade
between assemblies.

In principle, first priority on the design of such a by-
pass region is given to the need to accommodate ihc control
blades. The purpose for the existence of water gaps on the
other uncontrolled assembly sides is lo balance the moder-
ation with the sides facing the control blade.

Questions asked in addressing the utilization of this by-
pass water was, first, whether it would be feasible and ben-
eficial to operate a BWR core by adjusting the amount
of core bypass water using water displaccrs for onc-ycar
cycles. Second, is it possible to abandon the use of Gd
(gadolinium) and control blades during normal operation
for reactivity control in existing and also new BWRs? That
might make it possible to require use of the control rods
only for abnormal and shutdown conditions.

Most European utilities currently operate on a onc-ycar
cycle. Typical BWR power density is in the range of 23-26
MW/MT. It is known that the existing control blades do
introduce some difficulties during their adjustment at full
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power condition in current cores. An important difference
between these cores and future cores (say for 18- or 24-
inonth cycles) is that the latter will operate to much higher
bumup levels and power densities than existing cores. This
will enhance the difficulties with the control rods and there-
fore efforts will be required to alleviate these problems.
This can include exploring different design approaches for
optimizing Gd, combined with reasonable and possible al-
ternatives for reactivity control. Having in mind such needs,
an innovative idea was studied concerning the possibility
of introducing water displacers in the bypass region. Our
studies included the following:

1. Examining the feasibility of long-life core designs
that do not use Gd, and control rods for reactivity
compensation for both VO-2 and MOX cores.

2. Investigating the form of the water adjuster, control
rods and their drive mechanism if the Gd were re-
moved and control rods were only used for abnormal
and shut-down situations.

3. Evaluating the broad benefits and related problems
of abandoning use of Gd and control rods for normal
operation.

Present designs of BWRs use control rods in conjunc-
tions with burnable poison, in addition to inlet flow ad-
justments, for controlling the neutron balance in the core.
Although performance to date has been satisfactory, a num-
ber of drawbacks have been identified with this practice
throughout the years:

• Ina major portion of the BWR core (upper part) there
is a strong need for single-phase water to mitigate
the effect of the poor moderator (boiling water) in-
side the assembly. In today's BWR this single-phase
water exists in the bypass water region both outside
and inside of the control rod channels. This bypass
waier is not well utilized and optimi/.cd. In other
words, if the control rod shape is to be changed, then
an optimum bypass water for better moderation and
hence, better assembly efficiency could be achieved.

• Poison (such as gadolinium) mixed with fuel reduces
the fuel's thermal conductivity and increases intra-
asscmbly pin power peaking factors.

• Movable heterogeneous poisons, such as cruciform
control blades, containing boron compounds, moving
in bypass regions, disturb strongly inc core power
shape due to their strong absorptions, necessary for
shutdown margin at all conditions. This means that
careful control blade adjustment is always needed,
requiring that control blade insertion in the core is
minimal, and therefore operational control rod strat-
egy is also restricted.

• Burnable poison fails to burn up completely at the end
of a cycle, which translates into a residual reactivity
penalty, shortening the cycle length.

3 Preliminary results on BWR water
displacer controlled cores

The elimination of the neutron absorber as the instrument of
day-to-day control and operational flexibility has a poten-

tial for economic benefit, and improved uranium utilization.
Our work has focused on BWRs and explored the various
aspects of using bypass water adjustment to remove the
gadolinium and the movable control absorber during nor-
mal operation. Benefits as well as potential difficulties and
problems have been identified. The main objective was to
ascertain the feasibility of the concept in existing BWR de-
signs with minimum changes. An elementary study was
performed in connection with a typical small BWR core.

Increasing the conversion ratio by hardening of the neu-
tron spectrum, which favors resonant capture in U-238,
which either occurs by tightening the lattice and/or by the
introduction of water displaccrs in LWRs for reactivity con-
trol, are not new concepts |3,4,5]. Previous work related
to the BWR case considered, however, only hot full power
(HFP) partial reactivity control by replacing the upper pan
of the existing control blades by a water follower [6,7].
Our aim was to concentrate on how the full HFP reactiv-
ity swing can be controlled by water adjustment, assuming
that cold shutdown control capability is provided by other
means.

A weak absorber, in the form of a cruciform blade (such
as stainless steel and/or zircalloy) with a body larger than
the normal control blade (in thickness and span), could be
sufficient for HFP one-year cycle reactivity control. The
reactivity worth of the bypass water is very strong in the
upper part of the core (~ 85% of the active core region).
A control rod cluster penetrating the hollow water displacer
blades is needed for both transient and shutdown conditions,
as shown in Fig. 1.

Control rod
guide tube

Control rod

Water displacer
blade drive shaft

Water
displacer
blade

Control rod
cluster

Control rods
drive shaft

Figure 1: The Coupled Cruciform Water Displaccr Blade
and Control Rod Cluster
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Two different materials were considered for the body
of a water displacer - stainless steel and zircalloy. The
control rods assumed were identical to typical PWR ones.
The space between the outside sheath of the water displacer
blades (WDBs) and the control rod guide lubes was kept
empty.

1.100

1.000

Assembly wllh WDB (Fuel without Gd):

At Stainless-Steel WDB Type
Stainless-Steel & Zr WDB Type
The original assembly wilh Gd

8.0

Cycle Burnup, MWO/kgHM

Figure 2: UO2 , BWR Core Av. K^, vs. Cycle Burnup for
Different Water Displacer Blade (WDB) Types (2.53% wt
core reload average enrichment)

The assembly type used was an 8x8-2WT arrangement.
One displacer was to be made of stainless steel and the
other of zircalloy with, however, stainless steel control rod
guide tubes. First results of our preliminary study are as
follows. Figure 2 shows the UO2-core average koos as a
function of cycle length for an 8x8-2WT assembly average
of 2.53% wt reload enrichmenL In order to show the effect
of the water-displacers, a typical D-lattice BWR assembly
type, Gd-poisoned with about 9 different fuel enrichment
levels, was also calculated. The arrangement with the wa-
ter displacer required some modifications; these include in-
creasing the wide-wide water gap on at the expense of the
narrow-narrow water gap of the D-lattice to accommodate
the large water displacer, and changing the fuel enrichment
levels (about 4 types) to keep the assembly local power
peaking at about the same level for both cases.

For simplicity, our analysis assumed that the water dis-
placcrs arc all-in at BOC (beginning of cycle) and all-out
at EOC (end of cycle), and are withdrawn linearly with
burnup. With this assumption, Fig. 2 shows that koo as a
function of cycle burnup does not stay constant. In nor-
mal operation, the core average kejj is always unity. This
calculation was performed in two dimensions, and we had
therefore to reserve some reactivity for core leakage, which
we assumed to be 30 mk. It has been found that the core
reactivity at EOC, with 2.53% wt U-235 reload average
enrichment and the water displaccrs is higher than the ref-
erence case with Gd, corresponding to a hypothetical refer-
ence case with Gd of about 2.82% wt enrichmenL In other
words, a reduction of about 10% on the average assembly
fissile content is achievable for the normal one-year cycle
length. The ncutronic influence of using different materials

for the construction of the water displacers is quite signifi-
cant during the cycle, but very small at EOC, where it really
counts.

The application of water displaccrs was also investi-
gated for other cases, including better moderated UO2 lat-
tices (C-lattice) and MOX fuel in a D-lattice form. Similar
results are generally achieved, with the difference that MOX
is more efficient than UO2 and hence the saving is some-
what increased. However, in the other case (C-lauice), the
saving is decreased due to the assembly being well moder-
ated.

In all cases studied, WDBs need more room than normal
control blades. Increasing the wide-wide assembly side at
the expense of the narrow-narrow side decreases assembly
burnup efficiency.

The savings reported here depend strongly on the water
displacer material type, geometry, assembly design and void
confent. In any case, it has been noticed that less variation
of fuel rod composition per assembly can be used for the
same level of local power peaking than in the corresponding
Gd-poisoncd and control blade BWR assembly.

Designing a BWR reactor core, with or without minimal
Gd use for reactivity control, could be of interest. How-
ever, with this comes a new set of unanswered questions
concerning operational strategy, thermal-hydraulics, safety
and problems of modifying the control rod drive mecha-
nism. Thus, the overall economics of this proposal remain
so far unclear. However, if Gd and control blades were to
be abandoned, it is conceivable that the combined benefits
from the improved factors would be great enough to consti-
tute a qualitative improvement in core technology. Prime
factors are: operational flexibility, core performance, ura-
nium utilization and (he elimination of fuel problems related
to the use of Gd and control blades.

A drawback with the use of water-displacers might lie
with the more negative moderator coefficients observed. To
stabilize the core, a higher inlet pressure drop might be
required, leading to somewhat higher pumping power being
needed.

4 Conclusions

Adjusting water content in ihc bypass regions in a typical
BWR core enhances operational flexibility and reactivity
coefficients. Fuel is also well utilized, and a reduction of
about 10% in the reload fissile content is achievable, on
average. This is due to the elimination of Gd and operating
without the use of control rods, in addition to the improved
conversion ratio through water adjustment. On the other
hand, a more sophisticated control rod drive mechanism
and somewhat extra pumping power arc required.

In order to minimize necessary changes in existing BWR
cores, the water displaccr design has to be introduced in a
realistic way relative to current BWR core designs.

The work may continue with the objective of optimiz-
ing burnable poison combinations for the full life of the
fuel, including various water displaccr designs and fuel
management schemes, as well as applying the scheme to
a real case, taking into account operational and construc-
tional constraints.
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Abstract

The Paul Schcrrer Institute has recently initiated the ma-
jor new experimental and analytical programme ALPHA,
which is aimed at understanding the long-term decay heat
removal and aerosol questions for the next generation of
Passive Light Water Reactors. The ALPHA project cur-
rently includes four major items: the large-scale, integral
system behaviour lest facility PANDA, which will be used
to examine multidimensional effects of the SBWR decay
heat removal system; an investigation of the thermal hy-
draulics of natural convection and mixing in pools and
large volumes (LINX); a separate-effects study of aerosol
transport and deposition in plena and lubes (AIDA); while
finally, data from ihe PANDA facility and supporting sepa-
rate effects tests will be used to develop and qualify models
and provide validation of relevant system codes. The paper
briclly reviews the above four topics, and discusses some
aspects of the criteria and scaling used to guide ihc design
of the PANDA experimental facility.

1 Introduction

The Paul Schcrrcr Institute has recently initiated the ma-
jor new experimental and analytical programme ALPHA
(Advanced Li,tit Water Reactor Passive Heat Removal and
Aerosol Retention Programme), which is aimed at under-
standing the long-term decay heal removal and aerosol ques-
tions for the next generation of Passive Light Water Reac-
tors. The ALPHA project currently includes four major
items: the large-scale, integral system behaviour test facil-
ity PANDA (Passive Nachwacrmcabfuhr und Druckabbau
Testanlr.gc); an investigation of the thermal hydraulics of
natural convection and mixing in pools and large volumes
(LINX); a separate-effects study of aerosol transport and
deposition in plena and lubes (AIDA); while finally, data
from the PANDA facility and supporting separate effects
tests will be used lo develop and qualify models and pro-
vide validation of the relevant system codes.

2 PANDA - An integral Containment
Simulation Facility

2.1 Introduction

A good understanding of the behaviour of the relatively
novel containment concepts proposed for ihe future ad-
vanced passive LWRs is of importance when assessing their
safety. These concepts rely on natural circulation cool-
ing modes; their long-term behaviour includes ihc mixing

of steam and non-condcnsible gases, condensation of such
mixtures in parallel condenser units, large open tanks and
water pools, and the mixing of fluids in large pools, air
volumes, etc. Integral containment system behaviour may
exhibit multi-dimensional effects, due, for example, to in-
complete mixing and varying modes of operation of parallel
units. The PANDA facility has been designed to address
such questions at a relatively large scale.

The PANDA facility will consist of a 1.5 MW steam
source and a number of large pressure vessels, typically
4 m in diameter and 8 m high, which can be interconnected
by external piping and may contain internal structures, rep-
resenting the various compartments of a variety of reactor
containments. The vessels will be fitted with instrumen-
tation to measure fluid temperatures, levels, pressures and
flows as well as steam and gas concentrations.

In the first instance, the PANDA facility will be used to
examine multidimensional effects for the General Electric
Simplified Boiling Water Reactor (SBWR) decay heat re-
moval system. The SBWR utilizes two types of condenser
units (Fig. 1) lo remove the reactor decay heat, following
a Loss-Of-Coolant Accident, from the reactor containment
to an outside water pool. First, there arc three Isolation
Condensers (IC) connected to the reactor primary system,
which will be used to remove the decay heal during a re-
actor isolation at full pressure. The PANDA facility will
include scaled models of these units to investigate ihcir
behaviour during an accident; it will not, however, sim-
ulate their high pressure, reactor isolation, decay heal re-
moval function. Second, there are, currently, for the SBWR
and PANDA, two low-pressure condenser units connected
directly to the reactor containment (Drywcll), referred to
as Passive Containment Coolers or PCC units. The ex-
perimental facility PANDA will examine, on a large scale
(1/25 volumetric), the system interactions between the mul-
tiple condenser units, and their heat removal capacity in ihc
presence of non-condcnsiblc gases such as nitrogen and he-
lium (as a simulant of hydrogen). The PANDA system
behaviour tests will extend the data base of previously per-
formed experiments [ 1 ] to a much larger scale, study the
interaction between the various PCC and IC units, and pro-
vide vcrfication of integral system behaviour under a variety
of conditions.

The PANDA simulation of the SBWR (Fig. 2) will
consist of a representation of the reactor pressure vessel
(RPV), reactor containment (Dry well) and suppression pool
(Wciwcll), as well as the Isolation Condenser and Pas-
sive Containment Cooler units and Ihcir associated water
pools. Finally, condensate will be collected in a "conden-
sate catch tank" simulating the Gravity Driven Cooling Sys-
tem (GDCS) pool in the SBWR.
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Figure 1: SBWR Isolation Condensers and Passive Containment Coolers.

2.2 General Guidelines

Euirly during the conceptual design phase of the facility, it
was recognized that it is neither possible nor desirable to
preserve exact geometrical similarity between the reactor
containment volumes and the experimental facility. On the
oilier hand, multidimensional containment phenomena such
;LS mixing of gases and natural circulation between com-
partments may depend on the particular geometry of the
containment building. The general philosophy followed in
designing the experimental facility was to allow such multi-
dimensional effects to lake place by dividing the main con-
tainment compartmenLs in two and by providing a variety of
well-controlled boundary conditions (e.g. imbalances) dur-
ing the experiments, so that the various phenomena could
be studied paramctrically under well-established conditions,
and a behaviour envelope of the system established. Care-
fully conducted parametric experiments can also provide
more valuable data for code validation than attempts to sim-
ulate geometrically, but to an insufficient degree, the rather
complex reactor system. Boundary conditions and the be-
haviour of the interconnections between the various con-
tainment volumes can be controlled externally by software
lo study various system scenarios and alternative accident
paths.

Beyond the general considerations stated above, in de-
signing the PANDA facility and, in particular, the main
vessels, the following general guide lines were followed:

- Full vertical height should be preserved, lo correctly
represent the various gravity head driving forces.

- The system should be modular and use simple in-
terconnected cylindrical vessels to simulate possible
3-dimcnsional effects in the SBWR annular geome-
try.

- Volumes should be minimised lo the extent compati-
ble with the preservation of the scaling factor chosen
and the system behaviour.

The power-to-volume scaling raiio should be pre-
served and should be as large as practically possible.

The experiments will be conducted under reactor pres-
sure and temperature conditions. (The facility is de-
signed for nominal operation at 10 bar and 180 °C).

PANDA I SBWR

Scaling:

Height 1 : t

Vdvm 1:25

P m w 1:25

SBWR /PANDA Comparison

Figure 2: SBWR Containment and PANDA Comparison.



Figure 3 shows the current geometrical arrangement of
ihe proposed PANDA facility with two interconnected Dry-
wells, two interconnected Wctwclls, the reactor pressure
vessel (RPV), and a tank (GDCS Pool) to catch the steam
condensate prior to returning it to the RPV. It was decided
to represent the SBWR Drywcll and Wctwell with two units
in vhe PANDA facility, in order to better examine, in a sys-
tematic manner, the possible spatially non-uniform mixture
of nitrogen and steam flowing through the condenser, IC
and PCC units. U was considered necessary to be able
to investigate the venting and purging of each of the con-
denser units for different mixtures of nitrogen and steam
flowing into each unit, and also to examine the energy de-
position and distribution in the Wclwcll pool, resulting from
the venting of uncondensed steam, under such asymmetric
conditions. The volumetric scaling of the PANDA facility
shown in Fig. 3 is 1/25. Figure 2 shows the elevations of
PANDA relative to those of the SBWR containment. All
the SBWR heights are represented except those below the
top of the active fuel (TAF). The argument for reducing the
facility height by eliminating the fluid below the TAF was
that this liquid is essentially inactive and is not required to
correcUy simulate the gravity heads, or, in the instance of
ihe Wctwell, likely to be involved in the absorption of any
energy passed into the Wclwcll in the form of uncondcnscd
steam. Therefore, for a given facility budget it was con-
sidered preferable to eliminate this volume from PANDA
and so increase the overall scale of the facility. Eliminal-

Scaling:

ing dead volumes also decreases preconditioning times and
fluid inventories and increases experimental flexibility.

2.3 Scaling: The IC and PCC Condenser Units

The 1:25 scaling factor chosen for the PANDA facility is, of
course, a compromise between several factors. On the one
hand there is the requirement to keep the PANDA vessels
within a manageable size and cost, while at the same lime
the desire is to construct as large a facility as possible, to
provide a meaningful basis for extrapolation from the pre-
vious 1:400 scale Isolation Condenser decay heat removal
experiments [ 1 ] to the full reactor scale. A critical factor
that led to the choice of a 1:25 scale was the requirement
that the condenser unit secondary side behaviour should be
representative of the units to be used in the SBWR. Figure
4 provides a schematic of a condenser module; there arc
two such modules per condenser unit in the SBWR (sec
[2] for more details). We can also see in Fig. 4 how it is
possible to construct a unit at the PANDA scale by taking
a slice from an SBWR condenser. Having made the de-
cision to fabricate the PANDA condensers from a slice of
the SBWR units, the only question then is how wide this
should be, and. Fig. 4 and Table 1 show how a 3-tubc-widc
slice corresponds to a scale of 1:25. This is the minimum
width that will permit some tubes to be totally surrounded
by other tubes, in all other respects (height, pitch, diam-
eter, and wall thickness) the PANDA condenser tubes arc
identical to those to be used in the SBWR.

From Table 1, we see that adopting the above procedure

Scaling :

1 :25 lor number ol tubes
1:1 for tube height

lube diameter
and tube spacing

Tubo OD - S0.8 mm
number - 20

PANDA 1C

consists of a
section of the

Figure 3: PANDA Experimental Arrangement. Figure 4: PANDA and SBWR Condensers.
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Table 1: PANDA and SBWR, IC and PCC Scaling.

Low pressure PCC

SBWR:
Number of units: 2 (2 x 50 %)

tubes: 496 (per unit)

PANDA:
Number of scaled units: 2 (2 x 50%)
Scaling Factors:

1:25 for number of tubes
(496/25 = 19.84 -+ 20 per unit)

1:1 for tube height, pitch and diameter

High pressure IC

SBWR:
Number of units: 3 (3 x 50 %)

tubes: 240 (per unit)
480 (for 2 units = 100%)

PANDA:
Number of scaled units: 1 (1 x 100%)
Scaling Factors:

1:25 for number of tubes
(480/25 =19,2 -> 20 per unit)

1:1 for tube height, pitch and diameter

for the IC produces a single unit in PANDA that has twice
the lube area, at the 1:25 scale, of that of an SBWR IC.

This means that the PANDA facility will have three
condenser units, two equivalent to the two SBWR PCCs
and one equivalent to two SBWR ICs.

2.4 The PANDA Vessels and Power Source

A schematic of the PANDA vessels is given in Fig. 3 while
an isometric view is shown in Fig. 5.

As a example of the application of the general guide-
lines stated above, as well as of other secondary considera-
tions, the design of the PANDA Wctwell vessel is outlined
as follows:

- In order to preserve the pressure response of the en-
trapped non-condensible gas, it is necessary to scale
the net Welwcll vapour space.

- To have a correct representation of the evaporation/
condensation processes at the pool surface, it is neces-
sary to correctly scale the total Wetwell pool surface
area.

- To provide a representative volume of water with
which the uncondensed steam vented into the sup-
pression pool can mix; the water pool depth must ex-
tend sufficiently below the condenser vent line. The
suppression pool depth was also required to be large
enough to accommodate at least the topmost main
(horizontal) vent and the Wctwcll-lo-RPV equalisa-
tion line. This was, in fact, the limiting factor in
determining the pool depth.

In this manner it was possible to define the Wetwcll
dimensions. Similar procedures were also used to define
the Reactor Pressure Vessel (RPV) and Drywell. In the
case of the Drywell, the most important parameter lo scale
(for a well-mixed system) is the total volume, since this and
the power level determine the venting time of the Drywell
nitrogen to the PCC units.

The lower part of ihe Drywcll volume surrounding the
RPV was not included in the height of the PANDA Drywell
volume, since it was fell thai possible natural circulation
phenomena taking place in this annular volume (heated on
one side by the RPV) could not be adequately modelled.

The volume of the annular space was, however, included
in the PANDA Drywell volume.

For ease of construction it was considered desirable to
have the Drywell and Wetwell tanks of the same diameter.
Not all processes, and in particular the detailed mixing of
the nitrogen and the steam from the RPV in the Drywcll and
the mixing of the uncondenscd steam with ihe suppression
pool water, can be accurately simulated in a scaled facility
such as PANDA. In these instances separate effects studies,
both experimental and analytical (see Section 4), will be
used to guide parametric studies in the PANDA facility.

Figure 5: Isometric View of PANDA Vessels.
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For example, nitrogen may be injected into the Drywell
to simulate the slow convection of trapped nitrogen from
a compartment with a restricted connection to the main
Drywell.

The last two vessels shown in Figs. 2, 3 and 5, arc
those of the condensate catch tank (labelled GDCS pool)
ard the 1C/PCC water pool. The requirements for these two
vessels are somewhat different from those of the RPV, Dry-
well, and Wetwell. For example, for the PANDA IC/PCC
water pool, in addition to providing sufficient water to keep
the condenser tubes covered for a reasonable time (say 24
hours), the main requirement was one of flexibility. An
element of the design was the requirement that the IC/PCC
units could be re-configured in as many ways as possible,
to follow possible changes in the SBWR design, without
major impact on the programme cost and/or time schedule.
Also, there was a requirement to have the capability of re-
filling the pool, during the course of an experiment, with
water at different temperatures, in order to examine a vari-
ety of possible SBWR long-term dcprcssurisalion strategics.
As can be seen from Fig. 5, the 1C/PCC pool has four inter-

connected compartments and will be placed on the roof of
the PANDA building (Fig. 3).

The power to the PANDA facility will be provided by
electrical heaters placed near the bottom of the RPV (Fig.
6). The heaters are not designed to represent the r-actor
core, but will be placed so thai their tops have the same
relative elevation as the top of the active fuel (TAF) in the
SBWR. The power level required for PANDA was deter-
mined on the basis that a PANDA transient would be ini-
tiated after reactor blowdown and follow the emptying of
the GDCS water into the RPV. These events are predicted
to occur within one hour of accident initiation and reactor
scram, and so the required PANDA power level was set to
be equal to the scaled decay heat one hour after scram. For
a 18()0 MW reactor, the decay heat after one hour is approx.
24 MW and so, for PANDA, approx. 1 MW of power is
required. In order to provide flexibility of operation, the
PANDA heaters will have a maximum installed capacity of
1.5 MW. A controller will bo provided to follow accurately
any given decay heat curve.
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Figure 6: PANDA schematic including piping configuration.
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2.5 Valves, Piping, and other components

The piping configuration of the PANDA facilily is shown
in Fig. ft. and a number of features of the design are worthy
of explanation.

- All the lines (pipes) wili be valvcd to provide maxi-
mum flexibility and ease of re-configuring the system
with minimum cost and time delay.

- Hie schematic (Fig. 6) shows the steam line, drain
line and vent line to each of the condenser units, and
ilie PANDA simulation of the main (horizontal) vents.
'Hie main vents will not be fully scaled, since they arc
not predicted to clear during the course of a PANDA
transient due to the small Drywell to Wctwell pressure
drop, which results from the fact that the PANDA
transients arc not initialed until one hour after scram.

- Also shown are two vacuum breakers, each one con-
necting one of the two Drywell-Wetwell vessel com-
binations. The vacuum breakers arc predicted (3|
to have a major influence on the behaviour of the
PANDA facility and are therefore a critical element
in both the design of the SBWR containment ami
PANDA. Programmable control valves will therefore
IK1 used in PANDA to simulate the SBWR vacuum
breakers; this will allow a variety of SBWR vacuum
breaker designs to be tested with only software, rather
than hardware, changes.

Finally, Fig. 6 shows the water and gas supply lines
that will be used to initialise any given PANDA experi-
ment. Sufficient flexibility will be built into the facility
to investigate the effect on the transient behaviour of, for
example:

- A variety of suppression pool water temperature dis-
tributions, eg. well mixed, stratified, ...

- Water pools in the Drywell to simulate liquid line
breaks, eg GDCS or (C return line breaks.

- A variety of IC/PCC water pool temperature distri-
butions.

2.6 Heat Losses and Heat Capacities

Major factors that can influence Ihe behaviour of a small
scale test facilily, in comparison in the reactor, are the rel-
ative magnitude of heal losses and system heat capacities.
In a wide range of integral lest facilities it has been neces-
sary to go to significant sophistication, including the use of
guard heaters, to reduce heal losses to an acceptable level.
In general, heat losses increase in inverse proportion to the
scale of the facilily, as (he surface area to volume ralio in-
creases at smaller scales. In this respect, PANDA at 1:25
scale is in a relatively good position. In addition, test facil-
ities may have extra heat losses associated with additional
valves, instrument penetrations, etc. Two design goals have
been set for the PANDA facility:

- The heat losses, at all limes during any transient,
should be less than 10% of the prevailing decay heat
level. Initial estimates indicate that this is achiev-
able using commercially available insulation and that
guard healers will noi be required.

- All the piping, RPV, Drywcll, Wciwcll, etc. should
be capable of being configured to separately estimate
their individual heat losses, for the range of power
levels expected during the course of a transient

Finally, tiie heal capacity of a stccl-lincd reinforced
concrete structure, such as a reactor containment, cannot
be simulated by a steel pressure vessel. It is anticipated,
therefore, that additional material with well-defined mass,
material, and geometry will be introduced into the PANDA
Drywell and Wclwcll to provide the required heat capacity.

This will permit the study, in a systematic and controlled
manner, of the influence of heal capacity on the course of
a PANDA transient.

3 Analytical Methods

In order to relate the design and potential behaviour of the
PANDA facility to the SBWR containment when subject
to a Loss-Of-Coolant Accident, the TRACG code is being
used to simulate both ihe SBWR containment and PANDA.
Figure 7, for example, shows a schematic of the TRACG
representation of the PANDA facility, while Fig. 8 shows
the predicted Drywcll and Wetwell nitrogen and total pres-
sures during the first 20 hours of a typical transient. The
boundary conditions of the transient presented in Fig. 8 arc
that all the steam from the RPV is directed towards one of
the two Dry wells (i.e. DW1), and there is no steam How
into the PANDA 1C. Figure 8 shows that the nitrogen re-
maining in the Drywell is vented into the Wctwell in the
first 5,000 s, while the maximum Drywell pressure is not
reached until aboul 20,(XX) s, when the heat removal rate of
the condensers equals the decay heal generation rale. Fol-
lowing this, the Drywcll pressure can be seen to "oscillate"
aboul the Wctwell pressure; bounded on the low side by the
opening of the vacuum breakers and the relum of nitrogen
lo the Drywcll, and on the upper side by the venting of ni-
trogen and steam from the Drywell to the Wetwcll through
the PCC units. This cyclic behaviour ensures that the "lime
averaged" heal removal rale of the PCC units matches the
decaying decay heat generation rate. Further details of
the TRACG calculated transients for PANDA can be found
in [3].

4 The LINX Programme

In support of the large-scale integral system behaviour PAN-
DA tests, an investigation of natural circulation and mixing
phenomena in single- and multi-phasc/multicomponcni sys-
tems in large pools will be conducted. This work wii) rely
heavily on the application of Computational Fluid Dynam-
ics (CFD) tools adapted for multiphase flow and verified
against a range of both large- and small-scale separate-
effects mixing and natural circulation experiments to be
performed at PS I. The areas of interest and investigation
include the mixing ol hot and cold liquids in open pools,
the mixing and energy distribution within liquid pools re-
sulting from the submerged injection (venting) of steam and
gas mixtures, and the mixing of steam, nitrogen and, pos-
sibly, other gases in large, interconnected volumes.

In particular, this programme of work will support the
PANDA experiments and provide additional help in scaling

20



REVISED PCC unit Design

wftfi dirnerwfoni ( m ]

I
•'ML

•1.60

I"-
3.17

Tap of Dry-wall

Figme /: TRACG representation of PANDA.

5 DW 1 AIR PRES.
3 WW 2 AIR PRES.
1 WW 1 PRES.

6 DW 2 AIR PRES.
4 DW 1 PRES.
1 WW 1 AIR PRES.

1S0E-.0J

UJ
a:

DC

o.ooe*oo

1

i-

I I I

^ ^ • . 1 1 1 L

1 1 1

OJXJt+00 1.00C-KM J.0OE+0< 3J0C*0« <.00£+CW S.0X*04 6.00C+W 7.00E*<M e.00J>0<

TIME

Figure 8: TRACG predicted PANDA Dry well and Wctwcll pressures.

the PANDA results to the SBWR, in two broad areas. These
are: the condensation and mixing of the uncondenscd steam
that flows into the suppression pool from the IC and PCCs,
and the mixing of steam and nitrogen in the Drywell. In
the first of the two areas described, there are several phe-
nomena that will need to be investigated separately. For
example, there is the condensation of the steam initially in
the presence of the non-condensible gas nitrogen, and then
there is the mixing of the resultant hot water with the bulk
of the suppression pool as the hot water rises in a narrow
buoyant plume to the pool surface. An initial investigation

of the last of these effects has already been initialed at PSl
|4] with the performance of some small-scale thermal plume
mixing experiments. Figure 9 shows both a schematic of
the plcxiglas tank and electrical heater used in these ex-
periments, and examples of the resultant rise in the water
temperature as the water heated by the electrical heater rises
in a very narrow plume to the pool surface and then spreads
down in a 1-dimensional manner as the hot water replaces
the cold water entrained in the rising plume. These ex-
periments arc being analysed using simple 1-dimensional
models and 3-D CFD codes 14,5].
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5 The AIDA Tests

Under severe accident conditions, fission products in the
form of aerosols may escape from the RPV into the vari-
ous compartments of the reactor containment. It is therefore
possible that the IC and PCC units, which remove the decay
heat, may be subjected to aerosols. The possible formation
of an aerosol layer on the inside tube surface may affect the
heat removal characteristics of the system, and plugging of
some tubes may substantially degrade the condenser effi-
ciency. The long-term pressurisation of the SBWR con-
tainment, following a postulated severe accident, depends
on the continued function of the IC and PCC units, and this
in turn on their aerosol behaviour. The goals of the AIDA
programme arc to:

(a) Experimentally determine the degree of IC and PCC
condensation degradation in the presence of aerosols.

fb) Investigate aerosol behaviour under strong condensa-
tion in condenser tubes.

(c) Provide the basis for the development of a physical
model for aerosol transport in the IC and PCC units.

An aerosol testing facility, including a generation sys-
tem, is under construction. The plasma torches used for
aerosol generation will produce up to three aerosol compo-
nents (Csl, CsOH and MnO) with a maximum concentration
of 10 mg/m:\ 0 to 100% steam to total gas (steam and non-
condcnsiblcs) ratio, a gas (low rate of up to 9(XX) N 1/min,
and a system pressure of up to 5 bar.

A single tube, full height, glass model, subjected to
realistic boundary conditions, will be constructed first, to
visualise aerosol behaviour in a condensing environment.
Two further test sections are planned to produce quantitative
data for aerosol deposition and retention in L'IC upper dome
and tubes of the condenser units.

6 Summary and Conclusions

The major new experimental and analytical programme AL-
PHA initiated at the Paul Schcrrer Institute has been briefly
described. This programme is aimed at understanding long-
term decay heat removal and aerosol questions for the next

generation of Light Water Reactors. The ALPHA project
includes four major items: the large-scale, integral sys-
tem behaviour lest facility PANDA; an investigation of
the thermal hydraulics of natural convection and mixing in
pools and large volumes (LINX); a separate-effects study of
aerosol transport and deposition in plena and tubes (AIDA);
while finally, data from the PANDA, facility and supporting
separate effects tests will be used to develop and qualify
models and provide validation of relevant system codes.

PANDA will consist of a 1.5MW heat source and a
number of large pressure vessels that can be interconnected
by external piping to represent a variety of reactor con-
tainments. In the first instance, PANDA will be used to
simulate the response of the SBWR containment to a Loss-
Of-Coolant Accident. The SBWR uses two types of con-
densers (PCC and IC units) to remove the reactor decay heat
to an external water tank, and PANDA will represent, on a
1/25 volumetric scale, the SBWR RPV, Drywcll, Wetwcll,
and condensers. The PANDA facility has been designed
to capture the asymmetric behaviour of the various IC and
PCC units, arising from the non-uniform spatial distribu-
tion of non-condcnsiblc gases, and their influence on the
condensation process. It therefore uses two large tanks to
represent the SBWR annular geometry of the Drywcll and
Wctwcll. The scaling factor for PANDA (1/25 volumetric)
was determined on the basis that this is the minimum that
provides an adequate simulation of the condenser pool-side
behaviour. To aid the design of the PANDA facility, and to
understand how it might respond to a simulated Loss-Of-
Coolant Accident in the SBWR, the TRACG code is being
used to model a variety of PANDA transients. The TRACG
simulation of PANDA also provides a way of comparing the
system behaviour of PANDA with that of the SBWR.

It is recognised that no scaled experiment can possibly
provide a perfect simulation of all aspects of the physical
behaviour of a full scale system. In response to this, and
to the fact that two areas of particular importance in de-
termining the SBWR containment pressure are the mixing
of the nitrogen (and other non condcnsible gases) and the
steam in the Drywcll and the mixing of the uncondensed
steam flowing into the Wctwell water pool, a companion,
separate-effects program (LINX) was also initiated. LINX
comprises both small- and large-scale experiments and ana-
lytical work, using simple 1-dimensional methods and 3-D
CFD codes, to investigate natural circulation and mixing,
of single- and multi-phasc/mullicomponcnt systems in large
pools.

Under severe accident conditions, fission products in the
form of aerosols may escape from the RPV into the various
compartments of the reactor containment. It is possible
that the IC and PCC units which remove the decay heat,
may be subjected to aerosols. The possible formation of an
aerosol layer on the inside lube surface may affect the heat
removal characteristics of the system, and plugging of tubes
may degrade the condenser efficiency. The AIDA program
is being set up to investigate these phenomena using an
aerosol generator feeding several small-scale test sections.

In conclusion, it is considered thai the various elements
of the ALPHA program will greatly enhance the under-
standing of the response of the SBWR containment and
other similar concepts to Loss-Of-Coolant and other acci-
dents, and will provide a large-scale experimental facility
that can be used for similar studies of other reactor systems.
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ACCIDENT FOR A PWR

D. Liibbesmeyer and S.N. Aksan

Thermal-Hydraulics Laboratory

Abstract

Large thermal-hydraulic system codes arc developed as an-
alytical tools for the investigation of postulated accidents
and transients in nuclear power plants. These best-estimate
codes arc widely used to perform safety and licensing anal-
ysis of nuclear power plants, to optimize operational pro-
cedures and the plant design itself.

Evaluation of the capabilities of these codes is made
by comparing code predictions with measured experimen-
tal data obtained from various types of separate-effects and
integral lest facilities. There is a very active participa-
tion of the Thermal-Hydraulics Laboratory (LTH) of PSI
in these evaluation activities, organized at an international
level by the CSNI (Committee for the Safely of Nuclear
Instillations of the OECD) as well as by the US Nuclear
Regulatory Commission. These activities provide informa-
tion exchange and assurance that the capability for con-
ducting Loss-Of-Coolant Accident (LOCA) and thermal-
hydraulic transient analyses is maintained at the level of
the state-of-the-art. Such know-how is, of course, a pre-
requisite for performing with sufficient confidence thermal-
hydraulic safety analyses for Swiss nuclear power plants
(NPPs) using state-of-the-art, best-estimate codes such as
RELAP5/Mod2.5 and TRAC-BF1.

Calculations and analysis of selected postulated acci-
dent scenarios for some Swiss PWR and BWR plants have
been performed in LTH within the framework of the STARS
(Simulation Models for Transient Analysis of Reactors in
Switzerland) project. In this report, as a selected example,
model development, best-estimate calculations and the anal-
ysis performed on a Westinghousc 2-loop PWR for a 200%
LOCA using the RELAP5/Mod2.5 code will be presented.
After establishing the plant calculations for stationary con-
ditions, in good agreement with measurable, nominal val-
ues of the reactor, the calculations predicted all the ma-
jor phenomena which arc expected during a 200% LOCA
(e.g. depressurization during blowdown, rapid increase of
cladding temperatures, blowdown quench due to running
pumps, second heal-up of cladding, final quench). Calcula-
tions show that the maximum cladding temperatures in the
core of the reactor do not exceed 1040 K and remain much
below the licensing limit of 1480 K. Comparisons between
our RELAP5/Mod2.5 calculations performed with realis-
tic and state-of-the-art assumptions and the safety analysis
of the vendor, each performed independently, confirm the
general behavior of the plant for large break LOCA.

1 Introduction

One of the main objectives of the research programme in the
field of thermal-hydraulic transient analysis for Light Wa-
ter Reactor (LWR) Safety in LTH is to develop the know-
how necessary for analyzing nuclear power plant thermal-
hydraulic transients ranging from operating transients to ac-
cidents — specifically LOCAs — with best-estimate codes.
This research also contributes to the realistic modelling
of two-phase flow and heal transfer phenomena related to
LOCA and other transients, including those leading to se-
vere core damage.

Within the framework of this objective, there is very
active participation by LTH in the International Code As-
sessment and Aplication Program (ICAP) of the United
States Nuclear Regulatory Commission (USNRC), and also
in the activities organized by the Committee for the Safety
of Nuclear Installations the (CSNI) of (he OECD. Activi-
ties within CSNI (e.g. establishment of the CSNI Separate-
Effects Test Validation matrix as a part of quantitative code
assessment and unccntainty analysis, investigations of code
user effects [ 1 ] for the thermal-hydraulic system codes, and
participation in International Standard Problems (ISPs), etc,
as well as independent assessment activities conducted ac-
cording to agreements with the USNRC) provide assur-
ance that the capability for conducting LOCA and thermal-
hydraulic transient analysis is maintained at the state-of-
the-art level. Such know-how is, of course, a prerequisite
for performing with sufficient confidence thermal-hydraulic
safety analysis for Swiss nuclear power plants using state-
of-the-art codes such as RELAP5/Mod2.5 and TRAC-BF1.
The main results of some of the computer code assess-
ment activities using RELAP5/Mod2 and TRAC-B have
been summarized in |2]. The experience gained from the
code assessment and analytical model development work
is utilized to perform safety analysis and calculations for
thermal-hydraulic transients and breaks. In this report, one
of the cases calculated and analyzed for a 200% LOCA in a
two-loop Westinghousc Pressurized Water Reactor (PWR)
will be presented.

These calculations have been performed independently
from the Safety Analysis report for this PWR, and using
realistic and besl-eslimatc assumptions and boundary con-
ditions. The use of best-estimate methods and conditions
instead of the standard evaluation model provides the ad-
vantage of a more realistic description and thus better in-
formation on plant behavior. The calculations presented,
and their subsequent analysis, indicate that the calculated
maximum core temperatures arc well below the values set
by licensing criteria and independently confirms the safety
analysis calculations of the vendor.
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2 Two-Loop PWR Modeling for
a 200% LOCA

The reactor to be investigated is a Two-Loop Pressurized
Water Reactor (Wesiinghouse) with a nominal thermal power
of 1130 MW,j. A sketch of the reactor is shown in Fig. la
and a scheme of its basic nodalizaiion is given in Fig. lb.

As seen in Fig. lb, ihe modeling of the primary system
using the RELAP5/Mod2.5 code [3] may be split into seven
main parts, which may be distinguished by their "capital
component" numbers : (1 . . . ) Reactor Vessel, (2 . . . ) Intact
Loop, (3 . . . ) Broken Loop, (4 . . . ) Pressurizer, (5 . . . ) Steam
generator -A-, (6 . . . ) Steam generator -B-, and (7 . . . ) ECC
systems [4].

2.1 The Reactor Pressure Vessel (RPV)

The RPV (1 . . . ) consists of two inlet flanges, a split dewn-
comcr, separated into intact and broken loop sections con-
nected by a bypass (J-114; further in the text, junctions (J)
are always indicated by italics and volumes (V) by bold
characters), the lower plenum, the upper plenum with two
outlet flanges, the dome and the entire reactor core between
the lower and the upper plena. To improve numerical stabil-
ity, the boundaries of the subvolumes which on the down-
llow side constitute Ihe downcomcr and on the riser side
the lower plenum, upper plenum and dome lie at the same
axial heights [5].

To take care of the radial power distribution, the core
itself is represented by a bypass channel (pipe, V-155), and
subdivided into 7 subvolumes and three heated zones. The
"hot" zone (V-151) is subdivided into 19 subvolumes, of
which the first 18 are heated, and represents the four bun-
dles with the highest bundle power factor (huwth = L35).
The "medi" zone (V-150) represents 77% of all bundles
(fi«r.rf/f=L14) and the "side" zone (V-152) represents the
outer ring of bundles in the core (f|,uridj(;=l-14). Both medi
and side core zones are subdivided into 13 subvolumcs, of
which 12 are healed. For all three core zones, the hydro-
dynamic subvolumes are not equally sized but they were
dimensioned so that the spacer grids arc always located
at a subvolume boundary. The grid itself has been taken
into account by using a junction area reduced by 8% and a
friction coefficient of 1.2. No crossflow has been assumed
between the three zones, because one of our previous in-
vestigations using junction elements between the different
nodes of the heated channels had shown that the amount of
mass exchanged in the transverse direction remained negli-
gible during the whole transient [6].

The fuel pins have been modeled by heat structures. In
contrast to the other two zones of the core, where one heat
structure represents the n equivalent fuel pins associated
with the zone, the hot zone is heated by two separate heat
structures, one representing the n— 1 equivalent fuel pins of
the real four bundles with the highest bundle power factor
of hundu « L35, and the other a single "hot pin" with the
maximum allowable linear power (in our case 36.75 kW/m),
to cover the worse-case scenario. The fuel pins themselves
arc each radially divided into 10 nodes for the "medi" and
"side" zones, i.e. three radial nodes for the cladding, one
for the gap and six for the fuel (3/1/6), and 13 radial nodes
for the "hot" zone fuel pin and the "hot pin" (4/1/8).

2.2 Intact and Broken Loops

The Intact Loop (2. . . ) consists of the hot leg (6 equally
spaced subvolumes), the loop seal (6 subvolumes), the pri-
mary coolant pump and the cold leg (7 equally spaced sub-
volumes).
For the primary coolant pumps (of the Westinghouse type),
the available code built-in characierstics have been used.
Since the pumps are assumed to stay online during the tran-
sient, no pump coastdown has been taken into considera-
tion.
The Broken Loop (3 . . . ) is nearly identical to the intact
loop except for the logic of simulating the break, which is
modeled by three valves — one "intact valve" (vlv-37-7),
which is open before starting the transient, and one up-
stream (vlv-371) and one downstream break valve (vlv-
.'{7.9), which open at the beginning of the LOCA when the
"intact valve" closes. The fluid in the primary circuit then
discharges through the two break valves, depending on the
pressure in the "containment", which has to be defined as
a boundary condition.

2.3 The Pressurizer

The Pressurizcr (4 . . . ) is composed of the surge line (V-
400, 9 subvolumes), connected to the hot leg of the intact
loop, and the entire pressurizer vessel (V-420, 7 subvol-
umcs). A spray line (V-430) links the cold leg of the intact
loop via the spray valve (.l-i'M?) to the lop of Ihe pressur-
izer. Both the spray valve and the pressurizer heater, a
heal structure which is attached to the lowest subvolumc
of the pressurizcr vessel, arc controlled according to the
original plant settings by ihe pressure control system of the
pressurizer. In case of a 200% LOCA, this control system
ceases to function within a few seconds after initiation of
ihe transient because of the rapid emptying of the prcssur-
izcr vessel.

2.4 The Steam Generators

The two Steam Generators ( 5 . . . and 6 . . . ) are of the U-iube
type. Each of the SG models consists of 8 subvolumcs on
the primary side modeling the inlet and outlet plena as well
as ihc U-tubes themselves — 10% of which have been as-
sumed to be plugged.
The model of the secondary side is composed of the boiler.
the stcam-walcr separator (the RELAP5/Mod2.5 built-in
ideal steam separator model has been used), the dryer, the
recirculation lines and the feed water supply. The model of
the secondary side also includes a control unii for control-
ling the feed water flow into the SG as a function of the
water level in the boiler (the code built-in function "FEED-
CTL" has been used).
Heat is exchanged from ihe primary lo the secondary side
of the steam generator via the walls of Ihc U-tubcs, whith
arc modeled by 8 heat structures, each having 7 radial zones
(8 nodes).

In the course of a 200% LOCA transient, both of ihc
steam generator secondary sides will be isolated after a few
seconds of the transient, i.e. both the steam and the Iced
walcr valves will be closed.
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Figure 1: Sketch of a Two-Loop WcsLinghousc PWR (a.) and its nodalization (b.).

2.5 The Emergency Core Cooling System
(ECCS)

The ECC-injcction system (7 . . . ) comprises two totally in-
dependent systems, namely the ECCS -I- and -H-. ECCS
-I- consists of two High Pressure Injection System (HPIS)
pumps connected to one tee and then distributed into four

different lines, two injecting into the upper plenum of the
RPV and two to each of the two cold legs near the RPV
flanges separately. ECCS -II- consists of one HPIS (with a
slightly different characteristic) supplying one line to each
of the two cold legs, and two accumulator outlet lines, one
for each cold leg (each combined injection point is situated
near each primary system pump).
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The two different types of HPIS have been modeled as
"limc-dcpcndcnt junctions" controlled by the pump charac-
teristics (A////>/.s-=f(p,,,,m,, i<-f) )• One junction in each of
ihc lines acts as a flapper valve modeled by a very high
reverse energy loss coefficient (=10-°).

RELAP5/Mod2.5 built-in accumulator models have
been used to model the two accumulators. Each individual
accumulator opens when the pressure at the injection point
falls below the accumulator pressure (5.27 MPa) and closes
before it becomes completely empty. The latter is necessary
in order to avoid an "execution error", probably due to the
unsatisfactory handling of non-condcnsiblcs (nitrogen) by
RELAP5/Mod2.5.

For the calculations, it has been assumed that one out
of the two HPIS of ECCS-1 fails (single failure criterion).

3 Discussion of the Results of 200%
LOCA Calculations

3.1 Stationary Initialization

Before starling any transient calculations, the whole model
has to be initialized to stationary conditions. For this initial-
ization, additional control systems have been used, namely:

• to control the pump speed for achieving correct vol-
ume Hows in the two loops,

• to control the setting of the two SG secondary-side
sicani valves for achieving the right primary systcr
cold leg coolant temperatures,

• to control the prcssurizer heater or the setting of the
spray valve for achieving the correct prcssurizcr pres-
sure.

With this steady-state initialization procedure, thermal-hy-
draulic conditions very close to the nominal values of the
plant have been achieved; some of these thermal-hydraulic
initial conditions, together with the assumed boundary con-
ditions, arc presented in Table 1.

Table 1: Initial and Boundary Conditions

Power =

Maximum linear power at hoi spot =

Power profile =

Radial power distribution =

Maximum fuel gap conductance ~

Power decay =

SG secondary-side lube plugging =

Status of HPIS =

Status of primary coolant pumps =

Primary system pressure =

Cold leg coolant tcmncraiurc =

Hot leg coolant temperature =

Primary coolant mass flow s=

SG secondary-side pressure -

SG secondary-side steam (low =

1130 MW

36.75 IcWAn

Chopped cosine top skewed (f.,,,= l-38)

BOL condition

0.55 Wn i * 3 K- '

ANS-81979 curve (starts when « „ , , > 0 ">j

10% each

One of three pumps failed

Doth running during the whole transient

155 MPa

556.5 K

5873 K

6950 kg/s

4.65 MPa

313.7 kg/s

3.2 Transient calculations

The "reference case" has been calculated by starting from
thermal-hydraulic conditions very close to the nominal val-
ues of the plant. The results of these calculations are shown
in Figs. 2 to 4.
The sequence of events has been listed in Table 2 and in
Fig. 2; for some main events, the associated trip settings
are displayed, together with the primary system pressure as
a function of time. In the plot, the trips are shown as ON
(value=l) and OFF (value=0), except for the ECCS, where
accumulators -A- and -B- each have ON-values of 0.4 and
the HPIS an ON value of 0.6.

The transient starts by fully opening the break valves.
Immediately after the break valves open, flow stagnation
and consequent flow reversal lake place in the core region.
Within 0.01 seconds into the transient, due to the rapid
pressure decrease in the primary system (Fig. 2, thick line)
and especially in the broken loop cold leg, the set point
for accumulator B is reached and it starts to inject water
into the cold leg B. This water which is injected into the
broken loop cold leg mostly spills out of the break into the
containment. The injection out of accumulator -A- began
roughly 5 s later, when the pressure in the intact loop finally
fell below 5.25 MPa (Fig. 2).

When the cosine-weighted, averaged void fraction in the
core reached a value of 0.5, the nuclear chain reaction at
nominal power is assumed lo stop and the power is switched
to the ANS-1979 decay heal curve ("start decy" ON in
Fig. 2).

Out of Ihc four possible criteria (high and low pressure
and high liquid level in the prcssurizcr, as well as the con-
tainment pressure) which may trigger the reactor protection
system (RPS) and safety injection (SI) signals, the contain-
ment pressure is the dominant one. The RPS signal initiates
the isolation of the two SG secondary sides, with a delay of
2 s, and taking a further 13 s to fully close Ihe steam and
feed water valves (SGSS valves in Fig. 2). The SI signal
starts the 2 HPIS, which arc assumed to be ready 30 s later.

TIME (s)

.F>Ho-A iiJOnpi.ii? [ i c u i •

CCS biKo.iiSOnpi.-] « c . , i 3

<IMn nwitiwipteiij c«c«c i

Figure 2: Primary system pressure and status of system
trips as a function of time.

Foitccn seconds after the initiation of the transient the
core has been emptied of water, and the refill of the RPV
slarts after 2J s. It takes anoiher 21 s until the claddings
of the four different fuel pins reach their highest tempera-
tures.
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Table 2: Sequence of EVENTS for the 200% LOCA

Event

BREAK opens

Flow reversal in the core

End of subcoolcd blow-down

Stan of accum. -B- injection

Stan DECAY HEAT curve

RPS signal

SI signal

Cladding temperatures exceeded

saturation

Critical heal llux exceeded

Suirl of isolation of SG secondary

sides

Start of accum. -A- injection

Core empty

End of downcotner bypass mass

dow

RPV empty

Prcssurizcr empty

Start of refill of lower plenum

Start of HPIS injection

Start of core refill

P e r reached: notpins

HOT

MEDIum

SIDE

Accutn. -B- empty

Accum. -A- empty

Core quenched

END of transient

Condition

Defined

*>„,, < 0

Ti <T,

Pcctdi,tl> < 5 27 MP

annul > 0 5

/Wlainm >O.I2GMP

Z'coMloM.m > 0.126 MP

Tir > T,

/( < 5 • 10 Win K

RPS + 2s

P,<*H,,A < 5.27 MP

level,;,,,,, < 0.02111

Icvclji/'v < 0.2m

level , , , , , , , , , , , , < 1%

S I * 30s

leve l . . , , , - , , < 1 %

level.,™ -A < 1 *

level , . , , > 2.8 m

Time

(s)

0

0.01

0.05

0.08

0.47

1.29

1.29

1.5

2.0

3.29

4.89

14.0

18

20

20

21

31.29

35

42J

423

46

41

90

91

120

120

Remarks

After stationary run of 2s. Break oc-

curs in cold leg -B-, U . the cold leg

not connected to prcssurizcr and in the

middle between pump and RPV flange.

Almost immediately

Broken loop cold leg

Decay of reactor power according to

ANS-1979

First of four criteria

As RPS signal. Initiation of the HPIS

Feed water and steam valves close

within another 13 s

Inuict loop

1034 K at core height 2.2 m

972 K at core height 2.2 m

703 K at core height 1.7 m

538 K at core height 1.7 m

Quenching of last noao of (he "hot pin"

at core height 2.7 m

Cpu lime CttAY-YMP = 5984 s

Reflooding of the lower part of the core starts at around
72 s. Finally, the whole core is quenched and reflooded
after 120 s. The reactor is then in a safe condition and the
transient is assumed to have finished.

As a characteristic result of our RELAP5/Mod2.5 sim-
ulation, in Fig. 3a, the calculated cladding temperatures of
all of the four different fuel pins (hot pin, HOT, MEDIum
and SIDE zone) are displayed at the core height where
maximum power occurs, as a function of time. Whereas
no significant rise of the cladding temperatures can be ob-
served for fuel pins of the MEDIum and SIDE zones, the
two different kinds of pins in the HOT zone experienced
temperature rises up to 1040 K (hot pin) and 990 K (HOT
zone).

In Fig. 3b, the total ECC mass flow as a function of time

has been displayed, together with the liquid level in the hot
zone of the core. Up to 90 s, the ECC mass flow has been
dominated by the contribution of the two accumulators, the
rise in the mass flow a< 30 s just indicates the start of the
two HPISs. The liquid level in the hot zone (as given
additionally in Fig. 3b) stays at the minimum level for at
least 20 s before its recovery starts as a consequence of the
ECC injection.

In addition, in Fig. 4, the cladding temperatures of the
hot pin have been again plotted, in a 3-D arrangement as
a function of time and axial position. It can easily be seen
that the core heat-up mainly took place in the upper half of
the core whereas the cladding temperature rise in the lower
pan is rather small.

Comparison of the independent RELAP5/Mod2.5 cal-
culations and vendor calculations using W COBRA/TRAC
[7] are shown for the cladding temperatures at 2.3 m ax-
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cladd-T (HOT)
cladd-T (lioi pin)
cladd-T (MEDl)
cladd-T (S!DE)

i liqu.lcvel (HOT)
ECC-massllow

TIME (s)

Figure 3: Cladding temperatures of the four different fuel
pins at core height 2.2m (a.) and ECC mass flow and liquid
level in the hot zone of the core (b.) as a function of time.

Figure 4: Cladding temperature of the "hot pin" as a func-
tion of time and axial position.

ial height for four fuel pins in different zones of the core.
These comparisons very clearly indicate that the large break
LOCA behavior obtained from both codes is similar and
they both capture the main phenomena very close to each
other. Primary system pressure history behavior calculated
by both codes also agree well. The maximum cladding
temperature calculated by the vendor is 1130 K — 90 K
higher than the RELAP5 calculations. The quench times arc
about 15 seconds later for RELAP5, which is mainly due
to quenching temperature difcrcnccs in the codes. WCO-

BRA/TRAC calculates quench temperatures around 850 K
and RELAP5 around 650 K. It has to be also noted that one
of the main differences between the calculations came from
the initial heat-up phase. Even though heat-up gradients arc
the same for both cases, RELAP5 initial heat-up starts 5 sec-
onds later due to relatively strong negative core mass flow.
Since the WCOBRA/TRAC code is a proprictury code, it
is not possible to give a quantitative discussion of the dif-
ferences in the predictions. But close agreement between
both calculations provides confidence in the results.

Sensivity studies and studies of the effects of modeling
on the results, namely of the location of the break in the
cold leg, the "scram time" when not using a kinetics model
(i.e. the time when the reactor power is switched from
nominal power to a decay heat curve), the modeling of the
ECC-injcction into the broken loop, and finally the impor-
tance of the upper plenum injection (which is physically
not modeled by RELAP5/Mod.2.5), have been performed
and arc presented in |4j and |8 | .

TIME (s)

errhpin usohpti-7
hoi pin WCSTINGH.

cITuEDO?

Figure 5: Comparison of Ihc cladding temperatures, in dif-
ferent zones of the core at the maximum level, between the
vendor and RELAP5/Mod2.5 calculations.

4 Conclusions

For a Wcslinghousc 2-loop PWR (1130 MW (1), a simu-
lation model has been developed to perform bcsi-eslimaic
calculations and analysis for a 200% Loss-Of-Coolant Ac-
cident (LOCA) using the thermal-hydraulic transicnl code
RELAP5/Mod2.5.

After establishing the plant state for stationary condi-
tions (in very close agreement with the measurable, nomi-
nal values of the reactor), calculation of the transient part
predicted all the major phenomena which arc expected dur-
ing a 200% LOCA (e.g. deprcssurization during blowdown,
rapid increase of cladding temperatures, blowdown quench
due to running pumps, second heat-up of cladding, final
quench).
It could be demonstrated that:

• For the whole transient, the cladding temperatures
remained much below the licensing limit of 1480 K.
96.7% of all the pins at no time exceeded 700 K, and
the remaining pins did not reach more than 970 K.
It should be noted that swelling or ballooning occurs
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when the zircaloy cladding is heated to temperatures
above about 960 K with an internal pressure that ex-
ceeds the external coolant pressure [9,10]. Even the
cladding temperature of the pin with maximum al-
lowable linear power (hot pin, 36.75 kW/m) did not
exceed a temperature of 1040 K.

• Concerning fuel failures, one can safely exclude a
significant amount of metal-water reaction because of
the low temperatures reached during the transient in
most parts of the core. This is also the case with ven-
dor calculations [7]. Consequently, no further anal-
ysis has been carried out for detailed fuel behavior.
In fact, the amount of heat and hydrogen produced
by zircaloy metal-to-water reaction becomes increas-
ingly significant as temperatures exceed 1200 K [9].

Comparisons between our RELAP5/Mod2.5 calculations
with realistic and state-of-the-art assumptions and the safety
analysis calculations of the vendor (which were perfonned
independently of each other) confirm the general behavior
of the plant for a large-break LOCA. The results presented
in this paper also indicate that the calculated maximum core
temperatures are well below the values set by the licens-
ing criteria and independently confirm the safety analysis
calculations of the vendor.

[9] 'Compendium of ECCS Research for Realistic LOCA
Analysis', NUREG-1230 (December 1988).

[10] D.A. Powers and R.O. Meyer, 'Cladding Swelling and
Rupture Models for LOCA Analysis', NUREG-0630
(April 1980).
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COMPARISON OF TRANSURANUS CODE CALCULATIONS WITH
RESULTS FROM THE INTERNATIONAL FUELS PROGRAMME
TRIBULATION

c.ott

Laboratory for Materials Technology and Nuclear Processes

Abstract

The well-defined fuel rod tests from the international TRIBU-
LATION programme have provided a large amount of fuel
and performance data for computer code verification and
validation. This report describes the calculation approach
used to simulate fuel rod behaviour with the TRANSURA-
NUS code. The calculated fuel rod deformations and fission
gas release results are very close to the measured values,
showing the ability of the TRANSURANUS code to model
fuel rod behaviour in steady-slate or transient conditions.

1 Introduction

In studying the behaviour of nuclear fuel in a reactor, a cen-
tral tool is the mathematical mode! used to simulate key be-
haviour mechanisms, such as fuel and cladding swelling and
growth, fission gas release, and build-up of stresses in the
cladding. These and many other mechanisms arc functions
of the operating temperature of the fuel, which varies spa-
tially (radial and axial temperature distributions) and with
fuel power levels. A key factor influencing the temperature
of the fuel is the coefficient of heat transfer from the fuel to
the cladding, across the fuel-cladding gap. This gap is gov-
erned by pellet densification (shrinkage) and swelling mech-
anisms, and time-dependent reduction in clad diameter (clad
creep-down) due to higher external system pressure. AH
of these complex, interdependent, time- and temperature-
dependent mechanisms can only be treated as a whole by
a detailed fuel behaviour model (computer program) which
attempts to represent mathematically all the important re-
lationships. Such models can normally only be verified by
simple measurements made at the end of fuel rod irradiation
(fission gas release, rod dimensional changes, fuel struc-
tural changes) or, exceptionally, in expensive and difficult-
to-interpret test irradiations using specially designed instru-
mented fuel rods in materials test reactors (measurements
of cladding strains, internal rod pressure build up, fuel
ccntcrline temperatures). The TRANSURANUS fuel rod
code is one of a number of comprehensive codes devel-
oped over recent years and made available to researchers
and fuel designers. It was selected as a code for general
use at PSI after an evaluation exercise involving other sim-
ilar codes, such as COMETHE (BelgonucICairc), INTER-
PIN (Studsvik), STAV (ABB-Atom) and FRAPCON (USA)
11J. TRANSURANUS was developed initially at the Kern-
forschungszentrum Karlsruhe (as URANUS) and later at
the European Institute for Transuranium Elements — EITE
(as TRANSURANUS) — by Dr. Klaus Lassmann and co-
workers [21. It was chosen by PSI as being a flexible,

modular code with many built-in model choices according
to the problem to be solved; it could handle both Light Wa-
ter Reactor as well as Fast Reactor fuels under steady-state
or unsteady-stale (transient) conditions, with different fuel
and cladding materials of interest to PSI; and it was well
supported by its original developer and in use by a number
of notable fuel organisations, safety authorities and utili-
ties. Last but not least, TRANSURANUS was a code built
up and verified on international results of fuel experiments
and was not a fuel vendor code having models of relevance
only to one or other vendor's fuel designs and materials.
The importance of this and the resulting problems will be
seen later.

2 Code verification using fuel
irradiation results

To a first approximation, a code such as TRANSURANUS
is only as good as the input data which is fed into it. Only
when complete and accurate data on the fuel rod design,
materials, and materials property data are available can the
correctness of the models be judged. The user must also
be aware of the validity of the models in the code and the
range of fuel rod results against which they were validated.
This is why most vendor codes are very good at predicting
the performance of that vendor's fuels, but less good ai
dealing with fuel from a different source.

Further, ihe validity of a code is also strongly dependent
on accurate knowledge of conditions in the reactor (the
timc-dcpcndcnt power variations over its lifetime, coolant
flows and temperatures, neutron spectra, etc). Finally, the
accuracies of the end-of-life (EOL) measurements with
which the code predictions arc compared should be known.
This too is often difficult, given the problems of making
measurements and analyses on irradiated fuel rods, either
in the reactor pool or in shielded hot cell facilites (Post
Irradiation Examination — PIE).

A useful source of data on fuel behaviour is the number
of special experiments carried out in power or materials
testing reactors on well-characterised fuel rods. Because
of the expense of such test programmes, these arc often or-
ganised as international programmes lasting up to ten years,
and also have the advantage of containing fuels of differ-
ent designs from more than one source, which are tested
under a range of conditions. Such programmes have been
the "High Bum-Up Effects Programme" on LWR uranium
oxide fuels, "GAIN" and "GAP" on gadolinia-containing
fuels, and PRIMO — a programme studying the behaviour
of mixed oxide fuel under pressurised water reactor condi-
tions. PSI has taken part in all of the above programmes,
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giving it access to the detailed fuel and experimental results,
often via PIE made in our own hoi cells.

Even in such programmes, with much of the fuel rod in-
formation carefully and systematically recorded, some key
information remains missing or hidden. This may be be-
cause the fuel supplier is not able to supply all the data,
ov vhc date can only be determined once the experimental
results are seen. Examples are the need to know the ac-
tual open porosity in the fuel pellet and the range of pore
sizes in the fuel (this governs the pellet dcnsification and
swelling behaviour and fission gas release), or fuel densi-
ficalion in the reactor, or the in-reactor creep behaviour of
the actual cladding batch used. Such information is often
only imperfectly known (if at all) and must often be inferred
by EOL observations and interpretations — using the same
fuel code which is to be verified.

The method of verifying and interpreting the results
of fuel irradiation tests, using TRANSURANUS and fuel
results from the TRIBULATION programme, is described
here.

Table 1 Main Parameters of the Fuel Rods used in the
TRIBULATION programme.

Ivarlobla

Powder
Typ»
Port former

Pellet
Outer diameter
Intwr rJJameier
Langih
Dish depth
Shoulder
Chamlers
Density
Enrichment
Gram slit
Sintering

Cladding
Outer diameter
Inner diameter
Thickness

Mctall. Treatment

Fuel rod
Diametral gap
Prepreasurkal.

Unit

•

mm
nv/)
mm
mm
mm

STD
%

micron
%TD

mm
mm
mm

•

micron
Bar

BN

ADU
No

8.04

12
0.3
1.0
No

94t-1
8.25/5.76

10-13
0.07-0.74

9.50
8.24

0.63
CWSH

M0 0/2.5(1

200
1/20

W

ADU
Yes

8.19

13/7
0.3/0.2

1.1
SomeW3

S4«-1
8.2615.74

10-14
0.3

9.50
8.36
0.57

CWSH
475C/5-7I I

165
13.8

FGA1/2

IDB
Yes

8.19
• Z2.25

14
0.3/-

1.1

No
M<-J

4.92/3.09
8 -9 /11 -16

1.03/0.72

9.50
6.36
0.57

CWSR
475C/3-6h

165
31.0

QBR J

AUC
Mo

6 23

10
0.2/0J

1.2

res
B4..1

3.19
7

0.82/1.46

9.63
8.43
0.60

CWSR
460C/2.5H

200
14.2/26

3 The international fuels programme
TRIBULATION

The TRIBULATION programme (Tests Relative to High
BUmup Limitations Arising from Transient Incidents Occur-
ring Normally in LWRs) ran from 1980 to 1989 [3]. It was
organised by Bclgonucldaire and participants were SCK/CEN
Mol, PSI, NOK, EdF, FRAGEMA, UKAEA, MHI (with
Japanese utilities), Studsvik, B&W, US DOE, EPRI and
Wcsiinghousc. As its title implies, mid-life transients (ANSI
Class II criteria) were applied to selected rods to determine
any effect on reaching a high bum-up (of the order of 70
GWd/tU). As well as demonstrating no deleterious effects
of mid-life Class II transients, the programme provided a
large amount of fuel and performance data for code verifi-
cation.

Fuel of different sources was included — ADU fuel of
BN and Wcstinghouse, IDR fuel of Fragema and AUC fuel
of the former BBR group. Various design parameters were
tested, such as pellet L/D ratio, pellet geometry, cladding
thickness and type, and fill-gas pressure (Table 1). In all, 48
rods were tested, divided into ten groups, with each group
containing at least four rods.

All rods were given a base irradiation in the BR-3 PWR
to around 20-40 GWd/tU (preconditioning) before all rods
from each batch of four sibling rods were non-destructivcly
tested. One was then destructively examined and two were
given a transient test in the BR-2 MTR. One of these was
subsequently destructively examined. The other was only
non-dcstruclivcly tested and then returned to the BR-3 to
complete a high bum-up irradiation, along with the fourth
rod which had only had an intermediate non-destructive
examination. Figure 1 shows the test procedure for a typical
group, from which the real effect of the mid-life transient
can be unambiguously derived.

The non-destructive examinations made at Mol included
visual examination, eddy current testing, neutron radiogra-
phy, gross gamma scanning, profilometry and length mea-
surement. The destructive tests made at various laboratories
included rod puncture and fission gas analyses, fuel ccr-
amography, and retained fission gas and bum-up analysis.

It is not the purpose of this report to discuss the result

of the transient tests, except to say that the powcr-ramped
rods showed no major effect — the diametral changes after
the ramps were small and, in many cases, the ramp defor-
mations disappeared during the subsequent irradiation. Fis-
sion gas release was only influenced by the ramp for very
high terminal power levels and longer hold times. Fuel rod
design and fuel type had the strongest influence on high
bum-up performance. The ADU fuels exhibited pellcl/clad
mechanical interactions (PCMI). ADU without pore former,
and IDR fuel, show less PCMI, and AUC fuel had a strong
dcnsification resulting in fuel column shrinkage and lack of
strong pellet/clad contact. The more cold-worked cladding
of the W and FGA rods showed stronger clad creep-down,
which increased with lower fill gas pressures. The pel-
let geometry (chamfered, dished or annular) influenced the
ridging pattern on the cladding profiles. Figure 2 shows the
different dcnsification and swelling behaviour of the differ-
ent fuel types, as indicated by the intermediate and EOL
fuel column length changes.

O
| Nominal Power: 200 - 400 W/cm

I

DE

Power Excursion Rate 6%/s
How tin*. 1 or 10'

Bum-up- 20-40 GWdnM

Preconditioning Transient

up 10 70 GWdtM

Continuation

Figure 1: Basic Irradiation Scheme Used for Each Rod
Group in the TRIBULATION Programme.
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Figure 2: TRIBULATION Fuel Column Length Changes
as a Function of Burn-up.

All of the factors summarised above arc of interest to the
fuel modeller, in particular, since all rods were irradiated
in the same reactor under similar conditions and over the
same periods of operation. The final significant variable
was, however, the differing patterns of the power history to
which the groups of rods were deliberately exposed.

4 Measured EOL length changes in
the fuel rods

Fuel-column length was measured by neutron radiography
after each irradiation phase. The results arc plotted in
Fig. 2, which gives the fuel column growth as a function of
rod average burn-up. Fuel length is very sensitive lo fuel
properties and irradiation conditions.

To a first approximation, the fuel swelling rate can be
considered as a linear function of the burn-up. The slope
of the linear least squares fit of the fuel rod data shows that
the fuel of the BN and W rods behave similarly, despite the
presence of pore former in the W powder used for pellet
fabrication. The broad range of length changes of the BN
fuel is correlated to the different operating conditions.

In the FGA group, the annular pellets (FGA 2) show
higher elongation and higher swelling rate compared to the
solid pellets. This is related to the pcllct-to-pcllet loading
at the interfaces. Concerning the BBR rods, no elongation
occurred. Due to Vhe sivong densification of this fuel type,
the fuel columns show a length reduction of up to 0.6%.

The as-fabricated fuel porosity was about 5% of the
theoretical density. A fraction of this initial porosity disap-
pears during irradiation (called "unstable" porosity). This
is related to the dcnsification of the pellets, where the fine

porosity is removed under the neutron flux. A fraction of
the "stable" porosity also accomodales grain swelling and
this is given by the intersection of the least squares fit line
and the y- axis.

The fraction of ihc FGA 1 fuel porosity which acco-
modaics grain swelling is large, which is consisten: with
the use of pore former in the powder. This fraction is very
similar for BN and W fuels, but is somewhat higher in the
latter due to fabrication with pore former.

The rods increased in overall length due to irradiation
growth. Figure 3 shows cladding elongation versus the fast
(E > 1 MeV) neutron fiuence. The influence of the cladding
fabrication process is noted by the difference in growth
between BN/BBR rods and the W/FGA 2 rods, which had
a higher degree of cold working. A qualitative estimation of
the percentage reduction in cross-section in manufacturing
is given by the slopes of the least squares fits. The greater
length change in the FGA annular pellet rods compared to
the solid pellets can be correlated with fuel column length
changes.
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Figure 3: TRIBULATION Fuel Rod Length Changes as a
Function of Bum-up.

5 Method of treating the key
TRANSURANUS modelling param-
eters

As a result of the different fuel and rod behaviour shown
above, and due to the lack of some precise information on
in-pile fuel densification, fuel swelling rates and cladding
irradiation and thermal creep, use was made of the diftereni
irradiation histories within one set of rods. The calculation
approach was to adjust some model parameters or code in-
put data in order to get the correct fuel and cladding dimen-
sions and deformations in the unramped fuel (sec Fig. 1)
at the end of the base irradiation (pre-conditioning) period.
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Once these parameters were adjusted, they were maintained
for the calculations for all the other rods of the same group
for the later power histories. This section describes these
parameters within the corresponding code subroutines.

a) The first parameter concerned is the minimum poros-
ity of the fuel at the end of the fuel densification, a
phenomena which occurs early in life and leads to
shrinkage of the fuel column. The empirical model
selected calculates the sinter porosity as a function of
the burn-up according to the following relationship:

Pbu = Pco + (Po~ (1)

where:

n- =
P™ =

' o ~~

buo =

6.x =

The PM

sinter porosity

minimum porosity

fabrication porosity

bum-up constant

average bum-up in

input data cannot be

the slice

equal to zero, but it
could be quite small, as in the case of the BBR rods
(about 1% T.D).

b) After this initial fuel restructuring, the volume in-
crease in the fuel caused by solid and gaseous fission
product has been modelled by considering the linear
correlation proposed by Lassmann and Moreno [4J:

A(AV/V) = SAbu (2)

where:

kS = swelling rate (I/at. %)

Aim = bum-up increment during time step At

In this model, gaseous swelling is not considered sep-
arately but is included in 5 . The standard value (0.01)
of S was found to be too high and was adapted to
match the observed swelling rates for the precondi-
tioning period.

c) The cladding growth has been modelled using the
MATPRO [5] swelling correlation forZircaloy. The
variable in this correlation is the neutron fluence, and
the cladding length is calculated according to the fol-
lowing expression:

Al/l = 1.407 x 10- l f i [e 2 4 O 8 / T ] (4>O 0 5 (3)

x {l-Zfz)(l + 2cw)

where:
Al
T

fractional cladding change in length

cladding temperature (A')

<J>/ = fluence (n/m2) for fast neutrons

(E > 1 McV)

fz = texture factor for the tubing axis (0.05)

cw = cold working factor

The model only gives the axial strain due to irradiation-
induced swelling, and the radial and tangential com-
ponents are set to zero. In addition, the multiplication
factor 2 of the cold working factor is questionable,
and here the entire expression (1 + 2cw) has been
adjusted.

d) In order to gel the correct cladding profilometry for
the different rods at the end of the basic irradiation
phase, two coefficients (k^ and k2) have been intro-
duced in the expression of the local creep rate and
adjusted. The general correlation for the local creep
rale can then be written as

where:

sT = thermal creep rate

e* = irradiation creep ra'£

The coefficient k\ multiplies the local thermal creep
rate and has been determined to obtain the hoop strains
observed in the hottest part of the fuel column, whereas
the k2 factor has been adjusted to describe the exper-
imental clad strains observed in the upper and lower
parts of the fuel rod.

It is not possible to comment here on all the numerical
values considered for the different materials, but it must
be pointed out that the temperature, deformations and fis-
sion gas behaviour cannot be calculated in isolation with-
out making certain assumptions. For these calculations the
TRANSURANUS standard model of fission gas release was
selected.

6 Results

Forty-eight fuel rods of various designs, cladding types and
fuel fabrication processes were irradiated, but only a selec-
tion are referred to here concerning calculations and com-
parisons with the experimental results. The comparison is
restricted to the fuel and cladding length changes at end of
life (EOL), cladding hoop strains and fission gas released
from the fuel. The cladding hoop strain evolution is illus-
trated using a set of four rods from the Westinghouse group,
W 3. The results presented here cover 28 of the rods in the
TRIBULATION programme.

6.1 Fuel and rod length changes

6.1.1 Fuel Elongation at EOL

Figure 4 shows the comparison between the calculated re-
sults of the TRANSURANUS code and the measured val-
ues. For each group of rods there is good agreement, even
for the BBR fuel, which showed large shrinkage at EOL
(bottom left of figure). For this, it must be pointed out that
a low porosity at the end of densification was taken (about
1% T.D.), but this rather large densificauon agrees with the
pore size distribution, which is around the 1 micron level.

6.1.2 Cladding elongation at EOL

The calculated cladding elongation values at EOL compared
to the measured values expressed in % arc plotted in Fig. 5.
Again the agreement is good and the deviations observed
arc within those of the measured values (sec Fig. 3).
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Figure 4: Calculated and Measured Fuel Column Length
Changes for 28 TRIBULATION Fuel Rods at End of Life.

strains are in good agreement, however, the calculations
do not exhibit gap closure. The severe transient test (343
W/cm peak power for 10 minutes) on rod 23 increased the
cladding mean diameter by only around 0.1% in the max-
imum power zone, compared with rod 22, which did not
sec the transient and which had virtually unchanged calcu-
lated values. From this small difference it is not possible
to say whether the changes occurred during the transient
or during the pre-irradiation phase. During cycles 4C and
4D1 a large amount of fuel cladding interaction occurred.
This interaction was high enough for rod 26 to exceed the
initial cladding diameter. The discrepancy observed be-
tween the calculated and measured cladding hoop strains in
the hot zone of the fuel column can be attributed, as men-
tioned before, to the calculated gap closure, which occurs
later during the irradiation period than in reality. In the
case of the upper and lower ends of the cladding, however,
where the cladding continues to creep down, the agreement
is good. Due to heterogeneities in fuel swelling between
rods 26 and 27 (and thus in the mean diameter evolution
of the cladding), the different EOL hoop strains observed
cannot be attributed to the power ramp seen by rod 26.
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Figure 5: Calculated and Measured Fuel Rod Length
Changes for 28 TRIBULATION Fuel Rods al End of Life.

6.2 Profilometry

The fuel pellets of the W 3 group were fabricated with
UO-i powder, using the ADU route, and large pores in the
finished pellet are due to additives acting as pore form-
ers. The enrichment was 8.26% 235U. The cladding was
Zircaloy-4, with a thickness of 580 fim, and the fuel rod
was pressurised with helium at 13.8 bar. Figure 6 shows
the mid-plane linear heat generation rate in the fuel ver-
sus the irradiation lime, as well as the corresponding EOL
cladding hoop strain along the fuel column length for each
rod of the W 3 group (test matrix nos. 22, 23, 26 and 27).

After the first irradiation phase (cycles 4A and 4B),
the cladding shows strong creep-down due to the coolant
pressure. The flattening of the experimental hoop strain
curve in the central region indicates pellet-cladding con-
lact or interaction. If calculated and experimental hoop

6.3 Fission Gas Release
Fission gas release measurements have been made by punc-
turing the plenum. The standard URGAS [6] FGR model
provided in the TRANSURANUS code package has been
used in the calculations. In this model, the stable fission
gases xenon and krypton diffuse through the grains and
collect on the grain boundaries, where they accumulate in
bubbles until the maximum capacity (atoms/m2) of the grain
boundary is reached. When this saturation level has been
reached, the gas is released into the free volume of the
fuel rod. The attenuation of gas mobility due to intra-
granular trapping and resolution from fission gas bubbles
is described by a so called "effective" diffusion coefficient.

Figure 7 shows a comparison between measured and
predicted gas releases. Agreement is quite good, except for
one rod from the FGA 1 group (31) and three from the W
3 group (24, 26, 27). In this latter group, FGR is athermal
at low burn-up (sec power histories of Fig. 7) and shows
an acceleration of gas release wilh bum-up and increased
power levels, which URGAS seems to underpredict

7 Discussion

Since PSI was a participant in the TRIBULATION pro-
gramme and had access to the irradiation results, the cal-
culations made here could not be done in the form of a
"blind" exercise. Had it been so, then the results would
have differed considerably from those shown here. On the
other hand, the collection of groups of rods with identical
conditions and only different power histories allowed a cal-
ibration of the code to cover the many unknowns in the
actual in-pile parameters important for fuel modelling.

In fuel performance modelling, the requirements are to
describe the fuel behaviour in steady-state and transient con-
ditions up to, and including, rod failure. In developing
detailed subroutines for these areas, it must be noted that
fundamental aspects such as fuel temperatures and fuel clad
dimensions must be calculated correctly before such prob-
lems as the detailed modelling of gas release mechanisms
can be addressed.
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Figure 7: Calculated and Measured Fission Gas Release for
TRIBULATION rods using the URGAS model.

On the other hand, the performance of any code is gov-
erned by the quality of its basic materials properties data.
The data are usually obtained from specially designed out-
of-pile experiments on irradiated and non-irradiated mate-
rial, as well as from in-pile experience. These results are
dependent on the specifics of the test in question and their
use for a real calculation depends also on the judgement
of the code user as to whether the conditions apply to the
case in question. The material constants must be chosen by
the user as input to the code, but each of these has its own
range of validity and uncertainty. Within this uncertainly
range the calculation results reported here for 28 of the rods
of the TRIBULATION programme can be considered to be
very close to the observed values.

In addition, and in order to judge the effects of the
various uncertainties in the final predictions, it is necessary
to systematically measure the variation in the predictions
by varying the input data, using for instance a Monte Carlo
method of calculation. This will soon be possible at PSI
for the TRANSURANUS code, when (he updated version
with statistical options becomes available.

Once having achieved the correct fuel and cladding di-
mensional calculations for the whole set of fuel rods from
the TRIBULATION programme, detailed modelling of the
fission gas release mechanisms, validated by experimen-
tal data which allows separate effects to be investigated
(i.e athermal FGR at low and high burn-up, thermal FGR
under steady-state and transient conditions, as well as the
threshold temperature effect), is to be undertaken and im-
plemented in the code.

In order to estimate the variation of the code predictions
inherent in the uncertainties in the material property data,
the statistical version of the fuel code based on Monte Carlo
methods should be used.
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8 Conclusions

The well-defined fuel rod tests with various fuel and design
parameters, and the large number of non-deslructivc and
destructive examinations made during the TRIBULATION
programme, have generated an extensive database for the
validation of fuel rod behaviour codes.

After some basic adjustments on fuel swelling and clad-
ding creep rales, as well as cladding cold working factors
and fuel densification porosities, the calculated results ob-
tained from 28 rods using the integral fuel behaviour code
TRANSURANUS are very close to the measured values,
showing the ability and flexibility of the code to model
fuel behaviour in steady-stale and subsequent transient con-
ditions.
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Abstract

The analysis of water-side corrosion of zirconium alloys
lias been a field of research for more than 25 years, but the
details of the mechanisms involved still cannot be put into
a coherent picture. Improved methods are required to es-
tablish the details of the microstructure of the oxide scales.
A new approach has been made for a general analysis of
oxide specimens from scales grown on the zirconium-based
cladding alloys of PWR rods in order to analyse the mor-
phology of these scales, the topography of the oxidc/mcial
interface and the crystal structures close to this interface:
a) Instead of using the conventional pickling solutions, the
Zr-alloys are dissolved using a "softer" solution (Br2 in an
organic solvent) in order to avoid damage to Ihc oxide at
the oxide/metal interface to be analysed by SEM (scanning
electron microscopy). A second advantage of this method
is easy etching of the grain structure of Zr-alloys for SEM
analysis; b) By using the particular properties of the oxide
scales, the corrosion-ralc-dctermining innermost part of the
oxide layer at the oxide/metal interface can be separated
from the rest of the oxide scale and then analysed by SEM,
STEM (scanning transmission electron microscopy), TEM
(transmission electron microscopy) and electron diffraction
after dissolution of the alloy. Examples arc given from ox-
ides grown on Zr-alloys in a pressurized water reactor and
in autoclaves.

1 Introduction

Corrosion of zirconium alloys in the water of Pressurised
Water Reactors (PWRs) has been studied for more than 30
years, but details of the mechanisms involved are still the
subject of research. With today's more sophisticated tech-
niques, such as TEM and Raman spectroscopy, the struc-
tural and crystallographic details of the oxide phases at the
interface between metal and the oxide scale can be revealed.
However, much remains to be done to understand the mech-
anism of transformation of the alloy into the initial protec-
tive oxide layer and the subsequent changes in this layer
as it moves away from the interface as the oxide thickness
increases. Some new techniques of sample preparation arc
described here, aimed at throwing more light on aspects
only superficially treated to date. These are:

i) Morphology, crystal structure and defect structure of
the oxides which are studied from large area samples, es-
pecially at the oxide/metal interface, both at the oxide and
at the metal side.

ii) The topography of the oxidc/mcial interface which
is analysed by SEM, especially in the resolution range of
10 nm to 0.5 /<m, i.e. at higher resolution than used before.

iii) The defect structure of ceramic materials, which is
analysed by fracturing appropriate samples and studying the
fracture surfaces. In brittle materials, the fradurc surfaces
follow the "weak points" of the material. This method
has been applied with great success to irradiated and non-
irradiated nuclear fuels. It can also be applied to the oxide
scales of the cladding materials of PWR fuel rods to study
their oxide morphology.

vi) By applying this fracture method alone, or in combi-
nation with other preparation methods, one can furthermore
produce undamaged oxide specimens at certain locations
within the oxide scale for investigation by electron optical
methods like TEM, STEM, SEM and electron diffraction.

Item i) requires, as the essential prerequisite, the iso-
lation of undamaged larger parts of the oxide scales from
the supporting alloy and a suitable method for revealing the
grain structure of the alloy near the oxide. Once this prob-
lem has been solved satisfactorily, the specimen preparation
for treating ii) to vi) can be developed in a systematic way.

An important boundary condition for this development
was that most specimens had to be prepared from highly
irradiated PWR claddings, and only very few samples came
from autoclavcd non-irradiated sections of cladding tubes.

2 Dissolution of Zirconium-Based
Alloys

The traditional method of dissolving and etching zirconium
and zirconium-based alloys is to apply "pickling solutions"
which essentially consist of 45% HNO;i, 5 to 10'X HF and
the water (see, for example, the pioneering work by B.
Cox on the investigation of the oxide/metal interface of
relatively thin oxide layers on zirconium, Zircaloy-2 and
Zircaloy-4 [I]).

After it was realized that pickling-typc solutions a) ci-
ther require relatively long times for dissolving Ihe alloy or
else attack the oxide at the interface, and b) do not reveal
the alloy grain structure in the desired way, a systematic
study of the dissolution behaviour of Zr-alloys was per-
formed. The exposed oxide at the oxide/metal interface
was analysed by SEM at magnifications > 20000 times.
Attack can then be recognized by comparing details of the
oxide topography directly at the borderline between metal
and oxide with oxide further away from this borderline,
where the oxide had been exposed for longer times lo the
acid or other solutions, as shown in Fig. 1. The limitations
which the acid dissolution method imposes on the experi-
mental possibilities can be recognized from a recent paper
on the electron microscopical analysis of oxides in Zr2.5Nb
|2). Consequently, a method used previously for corrosion



studies on iron [3] was modified, in which the metal was
dissolved in a solution of iodine in an organic solvent. Sev-
eral solvents were tried and bromine was substituted for
iodine. Eventually another method, which in a somewhat
different context had been used previously to strip very thin
oxide films from zirconium metal [4], produced satisfactory
answers to both problems a) and b) above. Segments of the
irradiated claddings are placed in a solution of 5 to 10%
bromine in elhylacetate at about 7(KC. The solution has to
be agitated to avoid supcrsaturation of the solution near the
metal surface, and the organic solvent has to be dry. The
acid solutions dissolve the alloys uniformly (i.e. without
attacking the grain boundaries), whereas the Br, solution
attacks the grain boundaries preferentially and in this way
reveals the grain structure of the alloy (sec Fig. 2).

lt .»3«lkU 380E3 CEC-ITU

Figure 1: Attack on the oxide at the oxide/metal inter-
face by a pickling solution. Nolc the difference in the mi-
crostructure of the exposed oxide between the surface far
away from the oxide/metal boundary line, label A, (oxide
damaged) and close to this line, label B. The metal surface
is labelled C.

Figure 2: From left to right are shown in (his SEM micro-
graph: Exposed oxide al the oxide/metal interface, hydride
precipitates in ihc alloy, and alloy grain structure after par-
tial dissolution of the alloy in the Br>-solulion.

3 General Morphology of Oxide Scales

When fracturing the oxide scale of an irradiated or auto-
clavcd cladding tube, with thickness y( in the range 5 to

1(X) jim, one obtains, in general, a step-like fracture surface,
as shown in Fig. 3. This SEM micrograph demonstrates that
the total thickness y, is composed of a scries of layers with
thicknesses y< mostly in the range 1 /<m < y, < 2 //m, but
sometimes larger, i.e. up to 4 //m. In part, the oxidc/oxidc
interfaces between ihc layers arc exposed by the fracture
surface and their detailed investigation by SEM can give
an indication of the type of structural defects distributed in
the interfaces between the layers.

Figure 3: Fracture steps of typical Zr-alloy oxide scale pre-
pared from an irradiated fuel rod cladding. The water-side,
label W, of the scale is seen at the top of the micrograph.
At the bottom, label B, the back of the oxide layer adjacent
to the alloy (oxide/oxide interface of the "active layer") is
exposed.

The existence of a layer structure for such oxide scales
has been known for a long time. It is revealed by dark/bright
fringe systems which can be observed under polarized light
at 200 times or 500 times magnification on mechanically
polished cross-sections of autoclave oxidised and irradiated
PWR cladding materials. It is further accentuated by the
presence of apparent circumferential cracks and porosity.
In the present context, the new aspect of the investigation
is that, by studying the topography of the fractured ox-
ide/oxide interfaces between adjacent layers, it is possible
to obtain information on the mechanism of layer formation.

Figure 4 is a schematic diagram of the layer structure
in the oxide scale on PWR cladding. On the water side,
the first oxide layer is the result of so-called pre-transition
oxidation kinetics. Then follows a scries of intermediate
oxide layers with thicknesses y, and, finally, adjacent to
the alloy phase, one has the last oxide layer, in which the
currently active oxidation mechanism operates. We shall
call this the "active layer", because all changes in oxide
morphology and crystal structure which occur in this layer
during corrosion are supposed to reflect back on the cor-
rosion mechanism and thus affect the corrosion rate. The
methods for its investigation will be discussed in the next
Section.

4 Analysis of the Active Layer

4.1 Previous Work and Problems

At present the most advanced method applied to the study
of the active layer and the adjacent alloy is TEM of ihin
transverse sections of the active layer, which also include
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Figure 4: Schematic drawing of the layer structure of oxide
scale on PWR cladding with pre-transilion layer, intermedi-
ate layers and the oxide of the active layer at the oxide/metal
interface.

the alloy/oxide interface and the adjacent alloy [5,6]. This
method can give structural information over a wide range
perpendicular to the oxidc/mctal interface and views only
a very small area parallel to this interface. Thus the oxide
morphology and crystal structure cannot be related to the
topographical characteristics of the oxide/metal interface,
as it exists for a given alloy and metallurgical treatment.
Hence, transverse TEM of the active layer with the adjacent
alloy requires ccr plcmcntary infocmaiioa as follows:

i) It is necessary to establish the topography of the ox-
ide/metal interface.

ii) Over larger areas of the oxide/metal interface the
local morphology of the ZrO2 (i.e. of the active layer)
should be correlated with its crystal structure.

Hem i) has never been treated in a systematic way be-
fore. Item ii) has been analysed previously by TEM only
in small areas in the transverse direction [5,6], or in model
experiments on thin electron-transparent films which had
been stripped from zirconium metal foils after oxidation in
air or oxygen at temperatures in the range 300 to 450"C,
which corresponds to the pre-transition state of the oxide
(sec e.g. 14,7)).

In principle, the method used by Sabol ct al. [8| comes
relatively close to the requirements of ii). In this work,
prc- and post-transition oxide specimens were prepared for
TEM parallel to the oxide/metal interface. Oxide foils of
thickness between 1 and 9 /im were stripped from Zircaloy-
4 coupons and thinned by mechanical abrading and ion
milling. Unless special precautions are taken, ion milling
may modify the micro defects in the oxide. No TEM results
from irradiated oxide scales have been reported in the open
literature.

4.2 Analysis of Oxide Topography and Mor-
phology at the Oxide/Metal Interface

Both the topography of the oxide/metal interface and the
morphology of the oxide at the interface arc closely related
to the mechanism by which the alloy is transformed into
oxide. Thus these two aspects should be described quan-
titatively and related to those parameters which arc known
(or are supposed) to affect the oxidation rate under operat-
ing conditions(scc Table I).

Fig. 5a) gives an example from an autoclave experiment
.showing the oxide at the oxide/metal interface at relatively
low magnification (5000 times). One can recognize more
or less steep "hills" or "ridges" and, in between, "valleys",
"canyons" and "hollows". The diameters or lengths Li of

Table I: Parameters Affecting the Water-side Corrosion of
PWR Cladding

1. Type of Alloy
2. Heal Treatment of Alloy (e.g. iate /3-quench,

SRA, RX)
3. Inpile Operating Conditions:
3.1 Reactor Thermohydraulics
3.2 Water Chemistry
3.3 Axial Position in Fuel Rod:

- Coolant Temperature
- Heat Rating and Neutron Flux
- Thickness of Oxide Layer
- Time (Burnup)
- Temperature at Oxide/Metal Interface

4. Oxide Growih under Autoclave Conditions:
- Temperature
- Pressure
- Attacking Medium (water, dry O2, steam)
- Chemicals (LiOH, etc.) and their concentrations.

the topographical hill and ridge elements are usually found
to be in the range 2 //in < L] < 30 //m. The differences in
height H i between the lop of the hills and the bottom of the
canyons vary roughly in the range 0.5 /*m < H[ < 2 /im.
Furthermore, the surface of this "landscape" is densely cov-
ered by mini-hills (or flat cusps) whose diameters usually
vary in the range 0.2 /<m < L2 < 1 ftm. In Fig. 5b) a hill of
scale L, is shown at higher magnification. Here it is clear
that even the mini-hills of scale L2 are resolved into finer
details. These are often heaps or bundles of "sticks" with
diameters L3 in the range 20 nm 'a 100 nm and length L3 of
about 0.4 )im to I //m. In oxide scales grown under irradi-
ation, the geometry of the sticks often (but not always) can
hardly be recognised because there is no separation between
them, contrary to Fig. 5b). In this case, the oxide at the
interface may have the form of a cauliflower surface. The
parameters L ; of the oxide/metal interface are collected in
Table II. By comparing the topography of different cladding
materials it is possible lo correlate certain characteristic de-
tails of the interface (e.g. the size and shape of the hills of
scale L)) or other parameters with parameters of Table I.
Such an analysis always has a statistical character.

4.3 Investigation of the Oxide in the Active
Layer

4.3.1 Properties of the Active Layer and its Prepara-
tion for Analysis

As shown in Fig. 4, the active layer is bonded on one side
by an oxide/oxide interface to the next intermediate oxide
layer and on the other via the oxidc/meial interface to the
cladding alloy. Its local thickness ya may vary strongly
between nearly zero and about 2 fim, as the range of height
differences Ht of Table II indicates. Thus, if it were pos-
sible to separate the active layer from both its adjacent
intermediate oxide layer and from the alloy il should then
be possible to find regions transparent to 200 keV electrons
for analysis within ihe area of the active layer itself, as
well as at its fractured edges. In a modern transmission
electron microscope these regions could then be analysed
in transmission by STEM, TEM and electron diffraction.
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Figure 5: Typical topography of the oxide at (he oxidc/mctal
interface of a Zircaloy-4 cladding: a) Hill structure at the
scale L! with mini-hills at scale L->; b) At higher magnifi-
cation the mini-hills can be resolved into heaps or bundles
of "sticks" at scale L;}, sec Table II.

4.3.2 Results

The active layers of all Zr-alloys analysed so far show, in
principle, two distinct types of areas transparent to 200 keV
electrons. These arc shown schematically in Fig. 6. The
thicker area, called Type I in this figure and comprising
the largest part of the specimen surface, is clearly related
to the "sticks" of Fig. 5b) and Table II. In fact, SEM mi-
crographs of this area show that Fig. 7a) represents a part
of the oxide at the oxide/metal interface with "sticks" seen
end-on. The related electron diffraction patterns Fig. 7b)
and c) belong to monoclinic ZiO2 and show a rather sym-
metrical pattern of strong reflections (Fig. 7b)), which can
be changed drastically by lilting the specimen (see Fig. 7c)).
Patterns of this, or at least a very similar, type had been
found previously by Ploc |4] in thin foils of ZrO-2 grown
on coupons of rolled and annealed crystal bar zirconium,
the surface of which had been carefully cleaned and elcc-
trolytically polished before oxidation. In Ploc's paper the
electron diffraction patterns have been analysed in detail.

7777/// ////Z7//- y/y/y

Table II: Topographical Elements in the Oxide/Metal Inter-
face

Element

Hills, Ridges (diameter, length)

Differences in Height
(Ridge - Canyon)

Mini-hills

Slicks, Platelets (diameter, thickn.)

Length

Scale [ftm]

L,

1-2

L,

L.t

= 2 - 3 0

« 0.5 - 2

= 0.3 < 1

= 0.02-0.1

= 0.4 - 1

The surfaces of the oxidc/oxidc and oxidc/mctal types of
interface can be analysed by SEM, provided the surface has
been sputtered with gold.

By first "straightening" a ring segment of cladding ma-
terial, the adjacent oxidc/oxidc interface is transformed into
a fracture surface and the rest of (he oxide scale is spallcd
off. Subsequently the alloy is dissolved and the isolated
parts of the active layer arc placed on specimen grids for
the electron microscope.

Figure 6: Tcniative schematic drawing (based on available
STEM, TEM and SEM results) of the two types, I and
II, of transparent areas as they arc observed in the "active
layer" of an oxide scale. Type I: The TEM electrons are
transmitted mainly through "sticks" along their axes. Type
II: The TEM electrons traverse a relatively thin layer of
fine-grained oxide.

The thinner, more transparent areas of Type II belong
to an oxide layer with uniform thickness of < 10U nn;,
showing at first sight little structure apart from the fact that
it may have wrinkles (see Fig. 8a)). In order to avoid the
formation of artefacts, this specimen has not been sputtered
with gold. Thus the closed Debyc-Schcrrer rings in the as-
sociated diffraction pattern of Fig. 8b) do not stem from
gold, but represent the fine-grained crystal structure of this
film, which consists of a mixture of tetragonal and mon-
oclinic Zrf>>. The diffraction pattern of Fig. 8b) can be
easily indexed if the innermost Dcbyc-Schcrrcr ring, com-
posed of the two dotted symmetrical arcs, is identified as
monoclinic (001). The following, very broad and intense
ring (called A in Table III) and the subsequent thinner, but
still very bright, rings B, C and D can be shown to be the
combinations of the most intense tetragonal and monoclinic
reflections given in Table III. A more detailed analysis of
this layer is lo be published |9].
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Figure 7: Type I oxide structure in a transparent part of the
active layer of an autoclaved Zircaloy-4 specimen: a) TEM
of oxide structure showing "sticks" seen end-on. The diam-
eter of the marked "stick" is 55 nm; b) Electron diffraction
pattern of area a). The closed Dcbye-Schcrrcr rings arc due
10 gold sputtered onto the specimen for calibration and for
the SEM analysis. Other reflections belong to monoclinic
ZrO-r, c) By tilting the specimen, diffraction patterns of dif-
ferent symmetry can be obtained. An explanation of these
pseudo-epitaxial diffraction patterns has been given by Ploc
(41.

5 Conclusions

fn order to show the grain structure of oxide scales grown
on irradiated zirconium alloy claddings, new techniques

Figure 8: Type II area of an active layer oxide. The spec-
imen stems om the same autoclave sample as Fig. 7, but
the specimen was not sputtered with gold: a) TEM micro-
graph of a Type II area surrounded by Type I oxide, see
Fig. 6. The vertical edge of the micrograph corresponds to
1.5 /im; b) Electron diffraction of the Type II region of the
micrograph a). Apart from the innermost dotted segmented
monoclinic reflection (001), all other rings of high intensity
arc combinations of the reflections shown in Table III.

Table HI: Identification of the overlapping monoclinic and
tetragonal reflections in the electron diffraction pattern of
Fig. 8b.

Combined
reflections Tetragonal Monoclinic

A 111 111 + 111
B 002 + 200 200 + 020 + 002
C 202 220 + 022
D 113 + 311 222+131 + 203

have been developed which:

a) allow a "soft" dissolution of the zirconium alloy, to
free large areas of the oxide at the oxide/metal interface for
detailed analysis by SEM ai high resolution, also using the
same method for etching the alloy,

b) systematically use the fracture properties of the oxide
scales during specimen preparation, for analysing the oxide
morphology by SEM and the oxide crystal structure close
to the metal/oxide interface using SEM, TEM, STEM and
electron diffractometry.
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MODELLING THE RADIONUCLIDE MIGRATION FIELD EXPERIMENT
AT THE GRIMSEL TEST SITE
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Waste Management Programme
Laboratory for Reactor Physics and Systems Technology

Abstract

In the migration experiment at the Grimsel Test Site, the na-
ture of nuclide transport through fractured cystalline rock is
being investigated. The model developed al PSI to analyse
migration field measurements is presented and applied to
recent experimental results. It is capable of describing the
main features of nuclide transport. Having calibrated the
model with a non-sorbing tracer, it is possible to fit it onto
measurements for the weakly sorbing 22Na and the more
strongly sorbing 85Sr using the sorption constant as the only
free parameter. Sorption constants determined from the
field experiment are consistent with complementary labora-
tory experiments, giving support to the possibility of pre-
dicting the effects of sorption on the field scale (metres),
based on measurements on the laboratory scale (centime-
tres). The results of the Grimsel migration experiment are
an important contribution to confidence in both the model
and data.

1 Introduction

Disposal in deep-lying crystalline rock formations is an op-
tion for the isolation of high-level radioactive waste from
the biosphere. To aquire extensive knowledge of a similar
type of rock, NAGRA has, since May 1984, been operat-
ing the Grimsel Test Site (GTS), which is located at a depth
of 450 m in the crystalline rock of the Aare Massif of the
Central Swiss Alps. The radionuclide migration experiment
at GTS is a multidisciplinary study aimed at investigating
solute transport in fractured media. Extensive ficldwork
is complemented by a substantial programme of hydrody-
namic, chemical and transport modelling, along with sup-
porting laboratory studies [1].

Model calculations are required to transform the results
from the migration field experiment into improved knowl-
edge of nuclidc transport behaviour and, finally, to more
accurate safety assessments of radioactive waste reposito-
ries. The model developed at PSI will be presented and
applied to the analysis of recent measurements. From the
modeller's point of view, the most interesting objective of
the analysis is to provide an answer to the question: "How
reliable are model and data in describing radionuclidc trans-
port through a fracture system in cystalline rock?"

2 The Model

In the migration field experiment at GTS, an unequal dipole
flow field is generated in a water conducting fracture. It is

achieved by injecting water into the fracture and, at a sec-
ond location 5 m away, extracting water at a higher rate. To
investigate nuclide transport, tracer nuclides are mixed into
the injected water and their time-dependent break-through
concentrations are measured at the extraction point. Nat-
ural Grimsel water from the fracture (NGW) is used for
injection, to ensure that sorption is not changed by water
chemistry. These experimental features have to be kept in
mind in order to understand the basic ideas of the model.
A detailed description of the model is given in [2] and a
presenlation of Ihe concept in [3].

The hydrological part of the model relies on the ex-
perimental observation that the migration zone is pan of
a planar fracture with a very fiat hydraulic potential (J4],
Fig. 9a, bore-holes 4 and 6). Therefore the assumptions
in the model that the fracture can be represented as a 2D-
aquifcr of constant properties and that the potential field
is an unperturbed dipole field (only dependent on position
and pumping rates of the injection and withdrawal well)
arc good approximations. The resulting flow field can be
described by analytical expressions for the stream function
which are solved numerically; as depicted in Fig. 1. The
fracture is represented by a horizontal plane (which, in ihe
Grimsel massif, is orientated so that the x-axis is almost
horizontal and the y-axis almost vertical). Its width is en-
larged by a factor of 10 to indicate the different layers of
water flow separated by fracture infill material. Since the
flow is symmetric with respect to the x-axis, only the partial
view y > 0 is shown. It is interesting lo note the following
features:

- The flow field can be divided into 2 regions: The
first (indicated as the darker part) containing the wa-
ter injected at P* and flowing to PU); the second con-
taining external fracture water flowing from the outer
boundary S to PU). At the extraction point Pu,, the
two flows, completely separated in the fracture, arc
mixed in the borehole so that the tracers from the first
region are diluted by the external water,

- The shape of the first region is only dependent on the
pumping rate ratio Q,,,/Qi. The closer Qu,/Q, is to 1,
the greater this region is (covering the whole plane
xy for QuVQi = 1). In the migration experiment, a
value of Qu./Qi = 15 was chosen, which led to a
narrow flow region for the injected water (P, to Pu,
= 5 m, ymar = 0.6 m). This has the advantage that
the influence of fracture heterogeneities is minimized
and that none of the injected water should be lost,
even taking into account perturbations of the idealised
theoretical flow field in the experiment.

- The flow field has a stagnation point where the border
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Figure 1: Dipole flow field of the migration experiment

of region 1 crosses the negative x-axis. A mass trav-
elling from Pj towards this point would need an in-
finitely long time to reach it. This has to be taken
into account in the numerical calculations.

- The streamlines representing the flow field divide the
total water flow from P< to Pw into equal fractions.
They indicate that the largest part of the flow is con-
centrated near the axis PjPw (high velocities and short
flow paths with small variations of velocities and
paths). Only a minor part of the flow is located near
the border of region 1 (relatively small velocities and
long flow paths with large variations). Therefore the
dipole flow has the effect that a nuclide tracer pulse
injected with the water at Pi is broadened and ac-
quires a tail during transport to Pw. The magnitude
of this effect is dependent on Qw/Q,. For the large
value realized in the experiment, the dipole effect is
relatively small.

- Flow velocities and transport times arc dependent on
the absolute values of the pumping rales Q; and Qu,
as well as on the average flow width fa (e = flow
porosity, a = fracture width).

According to the requirements of nuclide transport cal-
culation, the flow field is divided into a number of stream
tubes, each bounded by two streamlines, which determine
the flow within the tube. The flow within a tube is then
approximated by a characteristic ID-flow. Finally, the total
flow field is represented by the complete set of ID stream-
tube flows.

The nuclide transport part of the model is based
on a dual porosity concept. The fracture partially filled
with rock material is modelled as several plane, parallel,
water-conducting zones separated by infill regions which
are themselves porous, as indicated in Fig. 2. The rock ma-
trix outside the fracture is assumed to be impermeable. In
the water conducting zones, onc-dimcnsional nuclide trans-
port is governed by advection and dispersion — the latter
accounting for interconnections between the zones and for
sorption heterogeneities along the flow path. Nuclidc dif-
fusion into the stagnant pore water of the infill regions is
calculated perpendicular to the advective transport direc-
tion. Sorption is taken into account under the assumption
of instantaneous equilibrium and a linear relationship be-

tween concentrations in the liquid and solid phase. The
linear relationship holds for cases where the sorbing tracer
is injected at concentrations far below natural concentration
(as in the current experiments with radiotraccrs). Nuclide
dispersion in the inlet tubing, measured by a light conduct-
ing technique, is taken into account by a time-dependent
input flux boundary condition. At the outlet, a free outflow
boundary condition is applied.

Figure 2:
transport.

Modelling the migration fracture for nuclidc

The numerical calculations arc performed with the com-
puter code RANCHMD [5J. It derives a set of time-depend-
ent ordinary differential equations from the two, coupled
partial differential equations for transport in the water con-
ducting zone and diffusion in the infill zone, by the La-
grange interpolation technique. Time integration is per-
formed by Gear's variable-order predictor-corrector method.

Separate nuclide transport calculations arc performed for
each hydrologica! stream-tube flow. The final calculated
brcak-lhrough curve at the outlet is the superposition of
the individual time dependent brcak-lhrough concentrations
weighted with the ratio of hydrological stream-tube flow to
total hydrological outflow.
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3 Analysis of Experimental Break-
Through Curves.

The measured results of the migration field experiment are
break-through curves. Position and form of these curves
yield information concerning the processes governing the
transport of the tracers inside the fracture. The model en-
ables us to deduce from this information an averaged and
simplified, but nevertheless characteristic, picture of tracer
transport through the fracture.

The analysis is outlined here for the example of recent
experimental results, and is more fully described in [6]. The
experiments are documented in [7]. The measured results
received from SOLEXPERTS were break-through curves of
the non-sorbing fluoresceine, the slightly sorbing 22Na and
the more strongly sorbing 85Sr, injected simultaneously into
the fracture. The analysis of these curves was performed
in the following steps:

- The theoretical break-through curve of the non-sorbing
lluoresccinc was fitted to the measured concentra-
tions. As depicted in Fig. 3, it was possible to rep-
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matrix diffusion in the model in order to account for
the tail.

- Based on this fit, the average flow width ea (compare
Fig. 1) was calibrated, which involves a consistent
determination of the average hydrological velocities
for the different stream tubes. The remaining fracture
parameters were fixed in a way which was consistent
with the calibration and in accordance with a geolog-
ical structural analysis [8]. These values were kept
constant for all nuclidcs.

- In addition to the calibration above, the following 3
transport parameters were deduced from the fit, which
in principle could be nuclidc dependent:

Longitudinal dispersion length, a^ (fluoresceine)
= 0.2 m.

Diffusion constant for the infill zone, D,,
(fluorcsceinc) = 10~10 m2/s.

Porosity of the infill zone, £r(lluorcsccinc)
= 3 • 10-'-.

- The theoretical break-through curves of the sorbing
tracers were fitted to the experimental results. As
shown in Fig. 4, good agreement was obtained for the
slightly sorbing 22Na, as well as for the more strongly
sorbing 85Sr, by adjusting only the average sorption
constant Kd for the infill material (the slightly lower
tailing in the experimental 85Sr curve is due to a
change in the fracture flow during the long 85Sr run).
It was not necessary to alter the transport parameters
a;., eP, Dp. This is a strong indication that most sorp-
tion takes place in the pores of the infill material, as
assumed in the model. In addition, we can say that
the parameters ^(fluoresceine) and Dp(fluoresccine),
describing diffusion into the infill, are also good ap-
proximations for 22Na and 85Sr. There are no notice-
able effects resulting from sorption heterogeneities,
leading to a change in dispersion length, or from a
large sorption at the surfaces of the water conducting
zones, leading to retardation and peak reduction of
the break-through curve without additional tailing.

The following equilibrium sorption constants, aver-
aged over the mylonhic infill material (mainly fault
gouges and sheet silicate), were deduced from the fit:

Kd (Na) = (0.08+° n
n*) • 10 - 3 m3/kg

Kd (Sr) = 10-3 m3/kg

Figure 3: Break-through curves for the non-sorbing tracer
lluorcsceinc show good agreement between experiment and
theory, provided matrix diffusion (MD) is included in the
model.

resent position, amplitude, width and tail of the ex-
perimental curve closely by the model (the deviations
during the rising part of the curve are not serious, tak-
ing into account the logarithmic time-scale). This is
a strong indication that the model describes the main
processes of tracer transport correctly. An additional
calculation, without matrix diffusion into the fracture
infill (NO MD), shows that it is necessary to include

These values represent the average ratio of nuclidcs
sorbed per unit mass of infill |mol/kg] to the nuclidc
concentration in the stagnant pore water of the infill
[mol/m3]. They are dependent on the inner surfaces
available for the sorption. The relatively large lo-
tal errors reflect estimated model uncertainties. The
fitting errors are an order of magnitude smaller.

4 Comparison of Sorption Constants

Under the Grimsel migration programme, additional exper-
iments have been performed to complement the migration
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Figure 4: Break-through curves for the sorbing tracers 22Na
and S5Sr show that the model can represent the main fea-
tures resulting from the sorption process.

field experiment. From these experiments, average sorption
constants for the migration fracture (AU96) were deduced.
The complementary experiments can be characterised as
follows:

- In the sorption experiment [9], ¥Ld values are de-
termined from changes in equilibrium nuclidc tracer
concentration in water samples (NGW) to which a
small quantity of crushed rock material was added.
The values for AU96 were deduced from the results
in [9], taking into account the different mineralogical
composition of migration fracture and laboratory rock
samples as well as the influence of rock preparation
for the material "loosely disaggregated". Both cor-
rections were performed using corresponding cation
exchange capacities from [10].

- In the rock water interaction experiment [ I I ] , Kd

values are determined from changes in chemical com-
position of water samples to which a small amount
of crushed rock material was added. The influence
of water chemistry on the sorption process is taken
into account and Kd values corresponding to NGW
are produced. The values for AU96 were deduced
from the results in [11], in a similar manner to that
applied for the sorption experiment.

- In the infiltration experiment [12], water (NGW) is
forced through small rock samples (4 cm) from AU96
by high pressure. Break-through curves from nuclide
tracer pulses injected into the infiltration water arc
measured. They provide an experimental basis for
the determination of Kd similar to the migration field
experiment. The values for AU96 arc taken from
[12].

- The hydrogeochemical experiment [10] uses the same
fracture and a similar dipolc flow field as the mi-
gration field experiment Instead of break-through
curves from tracer pulses, the integral response to a
step change in chemical composition of the injected
water is analysed. Kj values for NGW were derived
from the changes in the nuclidcs contained within
the fracture, taking into account the influence of wa-
ter chemistry on the sorption process. The values for
AU96 are taken from [101.

In Table 1, the sorpiion constants from the different
Grimscl experiments, including the migration field experi-
ment (last line), are listed in order of increasing complexity.
They show the following features:

- The different Kd values from the sorption experiment
demonstrate the large influence of rock sample prepa-
ration. They indicate that "loosely disaggregated"
samples provide results which are most representa-
tive for the field. In the following comparison only
these values are considered.

- The agreement of the complementary experiments
with the migration field experiment is good. The
Kd 's correspond, in general, within the stated errors
and to within a factor of 3. The only value showing
a larger deviation is the result from the sorption ex-
periment for Na, which is a factor of 5 higher (but
not orders of magnitude greater).

Table 1: Comparison of sorpuon constants from the different experiments in the Grimscl migration programme.

EXPERIMENT

LABORATORY

FIELD

SORPTION (< 6.1 ;<m)

SORPTION (< 250 >im)

SORPTION (loosely disaggregated)

ROCK WATER INTERACTION (= loosely Uis.)

INFILTRATION

HYDROGI-OCIinMICAL

MIGRATION (dual pomsily model)

Na

1.3 ± 0.4

0.85 ± 0.04

0.43

0.11 -0.15

O.I -0.3

0.2UJ?

n.08il![|;

Sr

41 ± 4

25 ± 1

13

6 - 9

7.r;
10t!,°
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- Additional calculations indicate that an uncertainty of
Krf corresponds lo a similar uncertainly in maximum
outlet concentration of the migration field experiment.

- The Kjj's for Sr determined in the laboratory exper-
iments are astonishingly close to that derived from
the migration measurement. The K / s for Na arc
systematically higher, on average by a factor of 3.
This indicates that the laboratory experiments for the
more strongly sorbing Sr represent the field belter
than those for the weakly sorbing Na.

- The hydrogeochemical experiment shows the same
trend in nuclide dependence as the laboratory exper-
iments. The reason is that, in the hydrogeochemical
experiment, an average nuclide-indcpendcnl cation
exchange capacity is deduced from the field mea-
surements, from which the nuclide-specific K / s arc
derived using the selectivity coefficients Kc from the
rock water interaction experiment.

5 Conclusions

From the analysis of the migration field experiment, the
following conclusions can be drawn:

- The model is able lo characterise the main features
of tracer transport in the migrauon fracture.

- The break-through curves for the sorbing tracers '-''-'Na
and "5Sr can be described by the model using the
sorption constant Kd as the only free paramenter. (It
is possible to calibrate the flow parameter fa and to
initially determine the transport parameters aL, Dr

and ep by an analysis of the break-through curve for
a non-sorbing tracer.)

- Because of the encouragingly good consistency of the
K / s from different experiments in the migration pro-
gramme, we can stale that laboratory measurements
can produce sorplion constants which are representa-
tive for the field (if extreme care is taken in selecting
and preparing the rock samples).

- Model predictions of sorption effects in the field (on
a scale of metres), using K / s from laboratory exper-
iments (on a scale of centimetres), are possible. The
uncertainty in the predicted maximum outlet concen-
tration in the field is expected to be of the order of a
factor 3.

- The Grimsel migration experiment is a very useful
lest of model and data. The results of the analysis
are an important step in building up confidence in the
calculational methods and data for predicting nuclidc
transport through fractured cystallinc rock.
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RADIOACTIVE WASTE DISPOSAL
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Abstract

Borosilicate glasses will probably be used as immobiliza-
tion matrix for toxic nuclides in the Swiss repository for
high-level radioactive waste. The major threat to the re-
sistance of these glasses is aqueous corrosion, which was
found to proceed at rates inversely proportional to the con-
centration of silicic acid in the contacting solution. Con-
ventional glass corrosion models cannot be used to predict
the release of radionuclides in the repository environment,
since they do not consider the influence of diffusive trans-
port and sorption of silica in the compacted bentonite sur-
rounding (he glass. An alternative model, developed at PS1,
provides a tool for estimating these effects. This model pre-
dicts an acceptable acceleration of the glass degradation if
realistic parameters for silica sorption in bentonite arc used.
Fully realistic predictions, however, remain unachievable,
because other processes regulating the silica concentration
in solution (such as the dissolution and precipitation of sil-
icates) cannot be modelled using present knowledge.

1 Introduction

l.i Borosilicate glass as waste form for the
Swiss high-level waste repository

In the concept for a Swiss High Level Waste (HLW) rcpos-
itory, the properties of the material used as immobilization
matrix for the radioactive waste will play an essential role
in the safely assessment. This is because the release rate of
radionuclidcs from the waste form, which is the innermost
protective barrier, will affect the migration of radiotoxicity
through the other barriers inside and outside the repository.

Among the various options for a waste form material,
borosilicatc glass has been given preference in many coun-
tries. The multiple barrier concept for Ihc Swiss HLW
repository [1 | foresees that glass cylinders of 150 1 each
will be placed in massive steel canisters in underground
tunnels at about 1 km depth, probably within ihc crysiallinc
basement of Northern Switzerland. The tunnels (of 3.7 m
diameter) will be finally sealed with compacted bentonite
(Fig. 1).

The massive steel canister is assured to delay the earliest
possible contact of the waste matrix with aqueous solution
for at least 1000 years after the intrusion of water into the
bentonite, and should provide a highly reducing environ-
ment, in which most rcdox-sensitivc radioloxic elements arc
less soluble than under oxidizing conditions |2 | . The thick
bentonite annulus will provide low permeability and will act
as a colloid filter (colloids arc vehicles for sorbed radionu-
clidcs). It will also retard the release of radionuclidcs into

Steel cantsie1

HLW glass matr.«

Highly compacted beniomte blocks

Figure 1: Schematic overview of the multiple barrier con-
cept for an HLW repository in Switzerland. Borosilicate
glass, the confinement matrix for the radionuclidcs, will be
the innermost barrier.

the surrounding rock through the combined effect of sorp-
tion and slow diffusion. In the base case accident scenario,
aqueous solutions would resalurate the bentonite, corrode
the steel canisters, and finally attack the radioactive glass.
The main requirement for the waste matrix is its ability to
limit the release of radiotoxic substances to acceptable val-
ues. The release rates should be compatible with a waste
form lifetime of approximately 100 ka. Borosilicate glasses
arc favorable materials because they ca.i incorporate con-
siderable amounts of nuclidcs inside the (Si,B)O4 network.

During the production of the waste forms, melt temper-
atures are low enough to prevent the vaporization of volatile
radionuclidcs (Cs.Ru). Pure silica glasses, which are more
resistant to aqueous corrosion, cannot be used because they
melt at too high a temperature. Another essential advantage
of a glassy matrix is well-known and economical produc-
tion technology. On the other hand, the use of glasses
as HLW confinement material imply dangers that must be
carefully assessed. Glass is prone to rccrystallisation and
phase separation, by virtue of its intrinsic thcrmodynamic
instability. This could lead to modifications of its corro-
sion behaviour in aqueous solutions, but the effect of these
processes appears to be negligible [3]. In addition, thermal
stresses caused by post-production cooling lead inevitably
to severe fragmentation of the glass. This fracturing offers
an increased surface area to corrosion by aqueous media,
which is the main threat to the immobility of the radionu-
clidcs.
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1.2 Class corrosion and nuclide release
When borosilieate glasses undergo attack by aqueous so-
lution, two major corrosion mechanisms are observed | 3 | :
a) interdiffusion of alkali ions from the glass and protons
(or hydronium ions) from the lcachant; b) dissolution ol
the (Si.B)O., structure (network dissolution). The former
process, Ahich is dominant at pH values less than 8, leads
to the formation of a hydratcd surface layer. Diffusion
through this layer becomes slower as the layer thickness
increases, which becomes evident in the dependence of the
alkali release rate on the square root of time.

At sonic lime, and also as a consequence of the more
alkaline conditions established when glass is leached in a
closed system, network dissolution becomes dominant. It
is this killer mechanism which is relevant for glass corro-
sion on the time-scale of the repository lifetime. Therefore,
the term glass corrosion will refer exclusively to network
dissolution in the following discussion. When the network
is dissolved, in a first phase, all elements are released into
solution according to their molar proportions in the glass:
they dissolve congruent))'. Most elements like Na, Si, Al,
Mg, however, sexm start to precipitate in secondary alter-
ation products. In this case, the ratios of the elemental
owv'vnYYirtwns m suluikin do not match those in the glass.
I-Jements behaving in this way aa' said to dissolve incon-
gruenily. Ineongruenl dissolution is responsible for the for-
mation of porous alteration layers, in which sparingly sol-
uble elements are enriched while highly soluble elements.
like U, Li, Mo, are depleted. The solution concentrations
of these congruenily dissolving elements (notably boron)
can be used as a measure of the extent of glass corro-
sion. Nevertheless, experimentalists often do not take care
in demonstrating that these elements really do not occur as
precipitates or sorbates in the alteration layer.

The formation of secondary alteration products is an
important retention mechanism for many radionudides [4].
Because many radioactive elements (the actinides for in-
stance) have very low solubility limits under the chemical
conditions thought to exist in the repository, a large fraction
of the released radionuclid'"s will be fixed in the alteration
layer. However, in the SWJ.S safely assessment strategy,
radionuclide release is conservatively assumed to be con-
gruent, so that the glass corrosion rate as a function of lime
has the meaning of a source term function for the release
of radiotoxic substances from the glass.

2 The kinetics of glass corrosion

2.1 The kinetic equation

A large number of glass leaching experiments have been
performed in recent years in order to elucidate the mecha-
nisms and the time dependence of the glass corrosion pro-
cess. Perhaps the largest database is made up of the results
of the JSS project, an international, interlaboratory exper-
imental programme to which PSI, sponsored by NAGRA,
has participated actively. The other sponsors were SKB
for Sweden, and CR1EPI for Japan. The results of these
experiments led to an empirical relation, after which the
corrosion rate is linearly dependent on the concentration of
silicic acid in the solution contacting the glass 15]:

) ( I )

where /r is the glass corrosion rate, expressed as the mass of
glass corroded per unit time and unit exposed surface area
jkg.m -.s" ' |, k is the corrosion rate in silica-free solutions
(('=(1), (' is the concentration of silicic acid |mol.m~i1|, and
.1 is an empirical constant |nr'.mol~ M-

As the glass corrodes, silica from the glass >s released
into solution. The rate of corrosion then decreases pro-
portionally with the concentration of silicic acid in (he
aqueous phase. The silicic acid concentration cannot in-
crease indefinitely. A glass-specific limiting concentration
is reached, which probably corresponds to the precipita-
tion of an SiOj solid. When this "saturation" concentra-
tion is Reached, glass corrosion proceeds at a minimum rate
(/(",„,, saturation rate). Typical values of k are around 1.0
Ig.m -.day" ' ) . whereas !{,,„ values arc typically a factor
of l():l lower. There is, however, a still unresolved contro-
versy concerning the meaning of this empirical parameter.
It is not clear whether the saturation rale is artificial, due to
the difficulty of measuring very small changes of the boron
concentration in solution, or if it is a true material constant.
Recent F'rench measurements have confirmed lhai the val-
ues of /{,,„ for a specific glass tend to decrease with the
accuracy and the run-time of the experiments [6|.

In view of these findings, saturation rales derived from
short-term experiments lup to \ year run-iimc) can be used
as conservative estimates of the long-term corrosion rales
for nuxiclling purposes. Currently, long-term experiments
with a run-time of 5 years are being carried out at PSI, in
order to obtain a belter definition of this parameter.

2.2 Factors affecting the kinetics of glass cor-
rosion in the HLW repository.

If a glass form in the HLW repository undergoes aqueous
attack, many chemical and physieal processes are expected
to control the glass dissolution kinetics. These processes
lead often to competing effects, i.e. one accelerates the
glass corrosion, while the other acts as inhibitor. Some of
the parameters and processes regulating the glass corrosion
kinetics arc:

1) Temperature. Changes in the thermal regime have a
profound effect on the glass corrosion kinetics. As temper-
ature increases, the glass corrosion rale increases exponen-
tially according to the Arrhenius law.

2) L'ijfusivity. The low diffusion coefficient of com-
pacted bentonite leads to high concentration gradients in the
porewatcr contacting the waste form. The expected high
silicic acid concentrations close to the waste form would
contribute to slowing down the corrosion kinetics.

3) Fracturing of the Rlass. When the glass form is
chilled after production, fragmentation due to thermal stress-
es occurs, increasing the surface area cxposablc to chemical
attack.

4) pi I of the solution. Al pH > 8.5, the deprotonation
of silicic acid becomes important. At fixed bulk silica con-
centration, glass corrosion will t>e faster in a more alkaline
solution.

5) Sorption of silica in bentonite. This process removes
silicic acid from the pore water in contact with the glass,
leading lo enhanced corrosion kinetics.

6) Precipitation of silicates in the glass alteration layer.
The formation of siliceous secondary products on the glass
surface limits the flux of silica from the glass to the solution.
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This affects the silicic acid concentration in solution, and
consequently the glass corrosion kinetics.

7) Precipitation I dissolution of silicates within the ben-
tonite. Precipitation removes silica from the aqueous phase,
accelerating the corrosion kinetics, while dissolution acts in
the opposite direction.

8) Inhibition by cationic adsorption. Adsorption of Pb'-'+

and Cd'J+ on the glass surface can lead to a considerable
decrease of the glass corrosion rate. However, the inhibit-
ing effect of Pb2 + was found to be transitory, while Cd~ +

is too toxic to be used as an additive in the repository [7].

3 Models of glass corrosion kinetics

3.1 Grambow's model

An excellent review of models dealing with glass corro-
sion kinetics can be found in two PSI reports by Graucr
|3,8]. Among the various approaches, one, which seemed
to be promi.sing in view of the application to the safety as-
sessment for the Swiss HLW repository, was selected for
careful examination [9]. This model was developed by B.
Grambow [5j and applied especially to the interpretation of
glass leaching experiments. It is based on the coupling of
the basic kinetic equation with chemical equilibrium cal-
culations. Grambow's approach implicitly assumes that it
is possible to predict the reaction path of the glass-water
reaction, which leads to the computation of the silicic acid
concentration as a function of the amount of glass corroded.
The silicic acid concentration is supposed to be controlled
by the dissolution or precipitation of silicates, the identity of
which is inferred by calculating the saturation indices of po-
tential solids in the leachatcs of glass corrosion experiments.
Those solids having a saturation index close to zero are then
required to be in equilibrium with the aqueous phase dur-
ing the simulated glass dissolution. The simulation is made
with the gcochemical code PHREEQE, a program for cal-
culating the thcrmodynamic equilibrium concentrations of
dissolved species in dilute aqueous solutions.

The main result of these calculations is the concentra-
tion of silicic acid as a function of the reaction progress.
For each reaction step, a dissolution time is then calcu-
lated through integration of the kinetic equation (program
GLASSOL). It could be shown that this model cannot al-
ways account for the observed boron concentration vs. time
curves without resorting to an unspecified mechanism for
silica retention in the glass alteration layer. That is, the
model curve can fit the observed data only if one assumes
that up to 70% of the silica released from the glass is ei-
ther sorbed on alteration products, or fixed in unidentified
siliceous precipitates. This failure originates in the inability
to predict the correct assemblage of solids controlling the
solution chemistry.

Most of the minerals used in reaction path models arc
ideal crystalline phases, which are usually not detected in
the alteration layers by conventional experimental techniques.
There arc good reasons to believe that many alteration prod-
ucts forming at low temperatures (< 100°C) are amorphous
precipitates which cannot be modelled by means of a thcr-
modynamic approach [4]. For modelling purposes, the use
of an empirical parameter for the fixation of silica in the
alteration layer seems therefore more appropriate than the
ihcrmodynamic approach described above (sec Section 3.2).

Grambow's model was judged unsuitable for safely as-
sessment purposes, mainly because it docs not take into
account the coupling of the glass corrosion kinetics with
the diffusive transport and sorption of silica in bentonite
[9|. It was conceived as a means of interpreting the results
of glass dissolution experiments in which small amounts of
glass powder, or a monolith, arc leached in a free solution.
In some experiments, powdered magnetite and bentonite
in small quantities have been added to simulate repository
conditions. However, the conditions established in these
experiments differ considerably from those which would
be encountered in a damaged Swiss HLW repository. Un-
der repository conditions, the bcntonite/waler ratio would
be much higher, enhancing the effect of silica sorption on
bentonite. The dissolved silica would ultimately migrate
out of the repository (open system). Finally, the cylindri-
cal shell geometry of the repository is not reproduced in
classical glass leaching experiments.

3.2 An alternative model

An alternative model, taking into account the peculiariues
of the Swiss HLW repository, has been developed recently
at PSI 110). This model takes into account all processes
and parameters listed in Section 2.2, except the effect of
inhibitors (point S) and the precipitation/dissolution of sil-
icates within the bcnionite (point 7). The latter process
was not considered, in order to keep agreement with the
arguments which led to the rejection of the "mineral equi-
librium approach" used in Grambow's model. Not only are
most of the solids precipitated during the low temperature
interaction between water and bentonite unidentified, but
their kinetic behaviour would be in any case unpredictable.
The model couples the glass corrosion kinetics (expressed
by equation (1)) with diffusion in a linearly sorbing porous
medium (lhc bentonite). The diffusion equation in cylin-
drical geometry is solved numerically with the appropriate
boundary conditions (program GLADIS).

At the inner boundary (glass/bentonite interface), the
coupling between corrosion kinetics and diffusive transport
is expressed by applying Fick's first law: the net flux of sil-
ica into the bentonite porcwatcr, given by a modified form
of equation (1), must be proportional to the local concentra-
tion gradient. At the outer boundary (bcntoniic/gcosphere
interface), a constant concentration condition is maintained.

The linear sorption of silica is described by a retarda-
tion factor, which can be incorporated as a constant in the
diffusion equation. An analytical solution for stationary
diffusion can be derived, which fixes the steady-state con-
centration at the glass-bentonitc interface. One of the more
striking results arising from this model is thai the steady-
slate concentration can be lower than the saturation con-
centration for some parameter combinations (Fig. 2). This
means that, in some cases, the final corrosion rate is pre-
dicted to be higher than the saturation rate. In other words,
there arc conceivably cases in which the diffusive trans-
port, rather than the precipitation of a SiO2 solid, controls
the final glass corrosion rate.

Figure 3 shows the modelling results obtained with a pa-
rameter set optimized for the Swiss HLW repository. The
parameter varied is the distribution coefficient for silica in
bentonite (Krf), which quantifies the extent of sorption. It
is defined as the ratio of the sorbed concentration [mol/kg
sorbeni] to the dissolved concentration [mol/m3]. The Krf
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glass
bentonite

Figure 2: If the steady-state interfacial silica concentration
(C,.,) is lower than the saturation concentration (C.,nt), the
final corrosion rate is controlled by stationary diffusion, not
by chemical constraints. In this case the final rale is higher
than the saturation rate.
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Figure 3: Modelling results with a parameter set optimized
for the HLW repository conditions. The results arc pre-
sented as the volume percent of available glass corroded as
a function of time.

vativc Kj value is used. The experimental verification of
these predictions is precluded by the enormous time-spans
involved.

The use of natural analogue models can give useful
hints on the possible performance of borosilicatc glasses
in a repository environment, but cannot be considered a
verification of this kind of calculation, since the leaching
conditions in natural experiments arc not known accurately.
What can be done is a short-term verification of the model
with appropriate experiments, in order to gain some confi-
dence in its capabilities. This has been done by testing the
model against the results of specific experiments conducted
at CEA, Marcoule (France). In these experiments [13),
small borosilicale glass wafers were leached under condi-
tions similar to the repository environment The wafers
were surrounded by a smectite paste filling the vessel cavity
(smectite, a clay mineral group, is the main constituent of
bentonites). The paste was saturated with a natural granitic
groundwatcr, which corroded the glass under static condi-
tions. Figure 4 shows the results of this test; the experimen-
tal data cannot be reproduced without assuming that silica
is sorbed by the porous medium. Moreover, the Krf values
inferred by the model closely match the range extracted
from the available literature data.
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Figure 4: Comparison of model calculations with experi-
mental data obtained at CEA [13!. NLOLASS is the mass
loss of the glass normalized to 1 m2 of exposed surface
area. The raw data (open circles) were corrected for the
estimated weight of the alteration layer (solid circles).

is varied from zero (no sorption) up to 0.5 [nr'Vkg], which
is the maximum value found in the literature [11], This
value appears to be unrcalistically high, especially if com-
pared with Krf's extracted from other, more relevant ex-
periments 112], which typically yield values 5 to 10 limes
lower. However, it can be used for conservative calcula-
tions.

The model predicts that about 20% more glass would
be corroded after 100 ka corrosion lime, if this conservative
K,( is used. This is acceptable as long-term performance.
Nevertheless, the enhancement of the corrosion kinetics due
to the sorption of silica is more pronounced in the tran-
sient phase (before the steady-slate is reached); after 10 ka,
more than double the amount corroded when no sorption
is assumed should have been degraded when the conscr-

4 Conclusions

The alternative model presented above has some limitations.
As it cannot predict the kinetics of silicate dissolution and
precipitation (a process which surely does lake place in the
bentonile porcwater), it docs not yield realistic predictions.
Another simplification inherent in this model is the elimi-
nation of the steel canister; the glass cylinder is supposed
to be in direct contact with the compacted bcntonilc. This
is clearly a severe drawback, but since the steel corrosion
products arc, like bentonitc, effective silica sorbents, the
same model could be used to estimate their potential effect
(if the corrosion products arc treated as a homogeneous
porous medium).

In spite of its limitations, the model is useful as a tool for
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predicting the potential effects of a specific process on the
glass performance against corrosion. The results lead to the
important conclusion that silica sorption in bentonite is not
a threat to the safety of the Swiss HLW repository. The pre-
dicted long-term enhancement of the corrosion when silica
is sorbed is of the order of a fraction of the amount degraded
when no silica is sorbed; the corrosion rate is not increased
by factors. Such semi-quantitative models are thus valuable
tools in dctcrminig whether potentially dangerous processes
arc relevant or not to the safety assessment.

(I l l K.H. Tan, "The effect of interaction and adsorption
of silica on structural changes in clay minerals', Soil
Sci., 139, pp. 300-307 (1982).

[12) R. Sicver and N. Woodford, 'Sorption of silica by clay
minerals', Geochim. Cosmochim. Acia, 37, pp. 1851-
1880(1973).

(13) N. Godon, 'Effel de mate'riaux d'environnement sur
l'altcration du vcrre nucl<5airc R7T7 - influence des
argiles', PhD thesis, Universite" d'Orldans (1988).
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Abstract
One of ihc worst possible reactor accidents is the loss
of coolant; since ihc core continues to produce heat, it
will eventually melt, forming a mixture of materials called
'curium'. The COrium Reactor Vessel Interaction Studies
(CORVIS) research project concerns the modes in which
the Reactor Pressure Vessel (RPV) can fail under the action
of the curium.

H is argued that three core failure paths are representa-
tive. Of these, the critical one is the formation of a melt
puol ai ihe bottom of the RPV. This pool can cause a vari-
ety of RPV failure modes, which are studied by experiments
and computations in parallel. In our pilot experiments, a
large crucible represents the RPV, while the melt is simu-
lated by Thermite, a mixture which develops very intense
heat when reacting.

The compulations rely on a system of Finite Element
codes, each of which can adequately model one aspect of
the process. This review describes the tests presently com-
pleted, the measurement and recording techniques and the
result evaluation procedure, as well as the uncoupled code
modules and the computations performed so far. Finally,
an ouiKx>k on future, planned activities is given.

1 Introduction

Reactor core melting accidents are extremely unlikely to oc-
cur; for presently operating nuclear power plants of Western
design, the estimated probability per plant and per year is
approximately of the order of magnitude 10~6. Neverthe-
less, accidents in which the reactor core melts will always
rank at the top of the public interest in nuclear safely, since
they could have the worst impact on the plant far-field envi-
ronment. The release of radioactive particles during various
core melting processes can be prevented or significantly re-
duced by automatic or manual intervention, if the specific
failure mechanisms of the core surrounding structures arc
adequately understood. Thus, a comprehensive knowledge
of all possible failure mechanisms is important in order to
further improve the emergency handling guidelines, to as-
sist in designing safely-molivated upgrades and to produce
even safer designs for future reactors.

In this report, for simplicity we subdivide a typical, se-
vere core melting accident into three major processes, as
indicated in Fig. 1: the actual core melting after a loss
of coolant, reactor pressure vessel (RPV) failure due to
thermal attack by the melt and lo Ihc possibly increased
pressure, and finally what we here call the out-of-vesscl
phenomena, i.e. all subsequent processes, such as the inter-
action between the efflux of core melt and ihc concrete of

the basemat. Core destruction and the out-of-vcsscl phe-
nomena have been extensively investigated world-wide and
arc nowadays relatively well understood, but so far, little
knowledge has been gained concerning RPV failure pat-
terns.

The purpose of the research project CORVIS, which was
started by PLS in 1991, is to contribute to filling this gap in
our knowledge. To this end, various core melting induced
RPV failure modes are assessed and the consequences re-
garding further accident evolution arc estimated. CORVIS
includes both a series of experiments, in which RPV walls
carrying penetrations as in typical nuclear power plants in
Switzerland (Fig. 2) are attacked by melt, and, in paral-
lel, the development of a computational model in order to
numerically simulate the failure process.

In this report, some safety-relevant problems related to
severe core melting accidents are introduced, and the actual
stale of the CORVIS activities is summarized, including
preliminary results and a short outlook on future CORVIS
activities.

2 Possible RPV failure modes

After a loss of coolant in the primary circuit of a nuclear
power plant, the reactor core might dry out and its tempera-
ture rise in an uncontrolled way, if all possible measures lo
remove the residual heat fail. Subsequently, the core may

Reactor Building

Safety Containment

Reactor Pressure
Vessel

Core

Concrete Basemat

Figure 1: Sites of accident processes. A: core melting,
B: melt penetrating RPV, C: oul-of-vessel phenomena.
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begin to melt. So far, in all our CORVIS studies, for sim-
plicity we have assumed that three different limiting cases
of ihennomeehanical interactions at the RPV wall (Fig. 3)
span the envelope of all possible reactor-specific scenarios
resulting from the complex core melting processes.

In the first ease, solid or molten core debris concentrated
around penetrations wiJJ primariJy auack ihc penctfalion
walls and the weldings between the penetrations and the
RPV. In the second case, the dried-out lower RPV head is
loaded by a jet of molten material, e.g. falling from a puddle
floating on a grid plate. In the third case, all of the molten
material falls at the same lime out of the RPV internal
structures and forms a pool in the lower RPV head, either
remaining stationary or beginning to move in a localized
How pattern (convection cells).

The molten core material directly heats up the RPV
wall with its penetrations, and this is a principal cause for
a possible RPV failure. In actual core melting scenarios,
residual water possibly present might slow down the heating
of the structures affected and reduce the destructive effect
of the melt on the RPV. The elevated temperature weakens
liie RPV and Hie remaining, still communicating part of
the primary circuit. High pressure, if present, has a strong
effect on the state of stress; the load level might cause a
mechanical failure of the primary circuit. In any case, both
the stress distribution in the RPV wall and the consequences

PWR BWR

Figure 2: Number and geometry of different penetrations
in the RPV lower head. PWR: pressurized water reactor,
BWR: boiling water reactor.

Debris Jet Pool

Figure 3: Assumed load cases for the RPV.

on further accident evolution are so strongly influenced by
the internal pressure that in the following we consider the
low and high pressure scenarios separately.

In the low pressure scenario, at the moment of RPV fail-
ure, there exists no significant pressure difference between
the inside and the outside of the RPV; i.e. the pressure in
the primary circuit has been reduced by severe accident
management measures or by mechanical failure of the pri-
mary circuit anywhere else but in the RPV, for instance in
a surge line of a prcssurizcr. In this case Ihe RPV fail-
ure mechanism is essentially a pure melting process and
the mechanical loads arc less important. After a certain
time, the melt perforates the lower RPV head and flows out
through one or several holes of various sizes. With respect
to safety considerations, the most relevant parameters arc
the lime until this failure occurs and the time-dependent
melt mass outflow. These parameters will decisively in-
fluence the out-of-vcsscl phenomena, e.g. the interaction
between the core melt and water possibly present in the
reactor cavern may result in massive steam generation.

In the high pressure scenario, the major concern is the
question whether the RPV will fail globally or locally. In
the global failure mode the lower RPV head would fully
tear off circumfcrcntially near the welding to the cylindrical
part of the RPV. The explosive mass transfer into the cavern
is accompanied by high reaction forces on the RPV; these
forces together with the remaining high pressure might de-
stroy the supports and lift off the RPV. In the case of a
local failure, the number, locations and cross-sectional ar-
eas of the openings arc important parameters, since they
determine the increase of pressure and temperature in the
safely containment and thus arc relevant for its integrity.

In the following, some high pressure RPV failure pat-
terns arc considered, in particular with respect to the ques-
tion whether the initial leakage is local or global. The
situation is relatively simple, if the lower RPV head is im-
pinged upon by a melt jet. In this case, the RPV wall is
cither locally perforated by ablation, or the jet material ac-
cumulates to a pool in the bottom head. The situation is
more complex if the lower RPV head is filled by core de-
bris or by a pool of molten material; various situations have
to be considered in this case. The RPV might fail locally
if penetration weldings located at the inner surface of the
RPV arc melted. In this case, the tubes under high pressure
might be ejected and become projectiles (if not prevented,
for instance simply by the geometry of the design). If no
tube ejection occurs, the melt might destroy the penetration
walls inside the RPV, flow into the remaining regions of
the penetrations and heal them from inside. Local failure
will occur, if the penetration wall is melted by the thermal
attack, and thus the melt can flow out. If ihc melt reso-
lidifies and plugs the inside of the penetration, no pressure
reduction in the RPV occurs and the potential of a global
failure is still present.

According to present-day knowledge, core melting un-
der high pressure is more prohaWc than under low pressure,
but the problem posed by an RPV failure under low pres-
sure remains relevant, since scvcrc-accideni management
procedures actually enjoin a timely pressure reduction, be-
fore the failure.
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3 CORVIS Strategy

(t would be highly dangerous and very expensive to exper-
imentally investigate real core melting accidents; therefore,
only small-scale experiments with non-radioactive materials
can presently be carried ouL When transferring the results
from such experiments lo real situations some difficulties
arise due to the following three factors:

Firstly, the large number of heterogeneous physical pa-
rameters prevents complete scaling. Secondly, the whole
process is essentially affected by the strongly nonlinear
temperature dependence of material properties over the en-
compassed temperature range from 300 °C to 2000 °C,
which, for example, for steel includes all possible material
behaviour from solid up to fully fluid. Furthermore, the
radiation and conduction heat transfer arc also temperature
dependent, and the melt front advances, i.e. the boundary
at which the melt and the still solid RPV interact varies
with lime. Thirdly, both the low-pressure and high pressure
scenarios have to be considered, but only the low pressure
scenario can be experimentally investigated with acceptable
effort.

Thus comprehensive computational analysis has to ac-
company the tests, in order to allow the transfer to real
reactor configurations. Advantage can also be taken from a
computational model when investigating various RPV pen-
etrations. Several penetration configurations have to be in-
vestigated, since the RPV failure mechanism is strongly
inllucnccd by the number, the material and the geometry of
the penetrations. From Fig. 2 it can be imagined that purely
experimental investigations of several lower RPV head con-
figurations would involve great effort. In a computational
model, at least the complex penetration geometries can eas-
ily be included; nevertheless, the large number of penetra-
tions and their nonsymmetric distribution in space remain
a problem of effort. To numerically assess a fully three-
dimensional model is very expensive, but with acceptable
effort plane or axisymmctric structures can be calculated.

With all these difficulties in mind, a strategy was chosen
for CORVIS which is based on the assessment of simplified
experiments and which is subdivided into three stages, as
shown in Fig. 4. In the first stage, the essential aspects of
the RPV wall failure process is phenomcnologically stud-
ied with experiments which are simplified by the following
restrictions: The experiments are carried out without pres-
sure loading. The lest configuration is axisymmclric and
the RPV lower head is approximated by a circular plate
with one optional penetration, located in the plate center.

experimental
failure mode
assessment

computational
model
development

assessment of real situations

Figure 4: CORVIS strategy.

The stochastic core melting process is, for simplicity, con-
sidered to be one of those shown in Fig. 3. With respect
to the potential of a global RPV failure in the high pres-
sure scenario, the case of a melt pool concentrating around
wall penetrations is regarded as the most critical one in real
situations, and therefore it will be taken first It has to be
stressed that, in order to simulate as closely as possible situ-
ations which are typical for Swiss RPVs, no simplifications
were made with respect to the penetrations geometry and
material, i.e. the penetrations and the appropriate weldings
in the experiment are identical to those of Swiss nuclear
power plants. Thus, with respect to the penetration fail-
ure mode, especially telling results are expected from the
experiments themselves.

In the second stage, the computational model, which ac-
tually is run in parallel with the experiments and which to
some extent has already influenced the design of the exper-
iment, is tested by comparison of calculated and measured
results, and improved if found to be inadequate.

It is planned that, in a third stage, Ihc computational
model will be used to numerically simulate real RPV fail-
ure scenarios. It can be assumed that, if a comparable
experiment can satisfactorily be predicted and followed up
by use of a computational model containing the relevant pa-
rameters, it should be possible lo apply this model to real
cases with sufficient confidence.

The CORVIS project is being followed by an interna-
tional task force with members from about twenty different
institutions and ten different nations, who provide scientific
advice and who participate in ihc work-sharing with respect
to the analysis and interpretation of the experimental results
and to the development of the computational model.

4 Experiments

So far, three pilot experiments have been performed on a
simple test facility. For each experiment, a melt crucible
(fixed onto a tripod) was produced out of a 500 mm-long
piece of pipe (structural steel St 37, inner diameter 468 mm,
wall thickness 20 mm) with a bottom plate welded to it.
The bottom plate was 25 mm thick in the first experiment
and 35 mm in the next iwo; it simulates the RPV lower
head, bul so far did not contain any penetrations. Only ihc
wall (not the bottom) was insulated, using a 50 mm-ihick
layer of Magnesital, a material based on MgO and used for
the insulation of blast furnaces. Each crucible was filled
with about 100 kg of Thermite, a mixture of ferric oxide
and aluminium. Once ignited, this mixture is chemically
reduced to a mixture of iron and aluminium oxide, in a
reaction which is accompanied by a reduction in volume
and is strongly exothermic (the material heats up to about
2400 °C).

The Thermite mixture therefore produces a hot pool
of molten iron and aluminium oxide, which is assumed to
model a real core melt pool with sufficient accuracy. The
aim of the pilot experiments was to show that ihc heat pro-
duced by the Thermite reaction suffices to melt-through a
bottom plaie of about 30 mm thickness, as predicted in de-
sign calculations. Further aims of these experiments were to
test different measurement methods and to increase knowl-
edge of the bumup process of Thermite and ihc insulation
properties of Magncsital.
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5 Computational Model

The essential numerical part in the computational model
is a finite clement (FE) program; here, the one used is
the well-known ADINA (Automatic Dynamic Incremental
Nonlinear Analysis) program package, incorporating sev-
eral main programs and a set of pre- and post-processors.
The program of computations, as it has been applied dur-
ing the design calculations, encompasses three successive
stages (Fig. 6).

In the first stage, a thermal analysis is carried out, with
different thermal boundary conditions which simulate the
thermal attack on the RPV wall. The code AD1NA-T al-
lows for all kinds of boundary conditions as well as for
arbitrary temperature dependence of the material constitu-
tive properties; however, only material laws for solids are
available. A further restriction is that, in the thermal anal-
ysis, only the original geometry of the structure can be
considered; thus deformations which, for instance, result
from the thermal expansion or from the melting material,
are not taken into account.

In the second stage, an uncoupled stress analysis is per-
formed assuming the thermal loads computed before, but
without any further interactions with the thermal analyses.

Fe2O3 + 2 Al A(2O3 + 2 Fe

Figure 5: Bumup process in the CORVIS experiment.
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Both dead weight and pressure can be applied as mechanical
loads. Again, ADINA allows arbitrary, nonlinear stress-
strain relations, ranging from elastic to fully plastic and
viscous creep behaviour, with temperature dependence.

In the third stage, the solution found in step increments
of time must be checked to verify whether the RPV is lo-
cally or globally failing. For this obvious check, special ter-
mination criteria must be used within the computer code,
to establish from which conditions onwards the character
of the problem is fundamentally changed, e.g. by corium
outflow.

One of the main problems in developing the computa-
tional model is today's lack of successful applications of
the FE method in the field of thermomcchanics in the high
temperature range of solid metals. The reasons for these
difficulties are that material behaviour and thus the incor-
porated material laws are complex and that the required
material properties for temperatures in excess of 600 °C
are scarce in the published literature.

Special care is required in the calculation of the temper-
ature and stress fields due to the shock-like thermal loading.
The high temperature gradients might easily lead to numer-
ical difficulties or inaccuracies.

6 Preliminary Results

The mclt-lhrough time and some major parameters for the
pilot experiments are summarized in Table 1.

The thickness of the bottom plale seems to influence
mainly the location of melt-through. Melt-through occurred
after 54 s in the center of the bottom plate in experiment
1 (Fig. 7a), releasing all the molten material. During the
experiment the bottom plate was deformed downwards, but
in the final cooling phase it bent upwards. In experiment 2,
a hole was formed in the bottom plate after 65 s at a point
next to the insulation, and a little later at a second place
on the opposite side (Fig. 7b). Not all the molten material
llowcd out, indicating a temperature of the melt near to the
solidification temperature of the aluminium oxide (about
2050 ' C).

Experiment 3 showed the same result as experiment 2
but with a melt-through time of 125 s. As a result of ihc
longer preliminary drying time of the Magncsital, there re-
mained less water in it to be vaporized by the hot Thermite,
and therefore a less violent stirring of the molten pool oc-
curred. An obvious consequence of this behaviour could be
observed on the protection shield at the top of the crucible:
the shield could not be reused after the first two experiments
whereas it was hardly attacked in ihc third experiment.

Experi-
ment

number

1
2
3

Table 1:

Bottom
plate
thick.

25 mm
35 mm
35 mm

Experimental parameters

Melt-through

Time Location

54 s center
65 s edge
125 s edge

Magncsital
Water

content

4 %
t> %

5 %

Drying
time

3 d
3 d
14 d

Figure 6: Computational strategy.
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One observes on both cross-sections (Fig. 7) the forma-
tion of an excavation at the edge of the insulation, which
may be formed by strong convection cells. Since natural
convection seems to be very low, the driving force is as-
sumed to result from the vaporisation of water present in
the Magncsilal.

The evolution of the temperature was measured by ther-
mocouples (Fig. 8). Ordinary NiCr-Ni thermocouples were
used to monitor the temperature along different profiles
through the bottom plate and the wall. The temperatures on
the outer surface of the bottom plate will be used to calibrate
the thermographic measurements which allow a contact-free
determination of the temperature along the whole surface
to be made.

The progress of the reaction front within the Thermite
was observed in the vertical direction with the help of a
special insulated lance with four W-WRe thermocouples.
These thermocouples were destroyed about 10 s after ig-
nition due to the heat of the melt and its violent mixing.
To perform the desired task, primarily the insulation of the
lance and the protection of the thermocouples itself have to
be improved.

The deformation of the bottom plate was measured by
inductive transducers which were fixed on a reference base
350 mm away from the bottom plate. The cores of the trans-
ducers were elongated by rods made of ccrarric, to reduce

Magnosital

Bottom plate 25 mm

- - - " ~ ~ - - tg

a) Experiment 1

Magnesital

_ _ _ __ Bottom plate 35 mm .nn

b) Experiment 2

Figure 7: Crucible cross-sections with mcltcd-through bot-
tom plate (after the experiments).
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excessive expansion effects due to the increased tempera-
ture. At the bottom plate, the transducers were fixed by
tungsten wires, which act as flexible joints. After an initial
deflection, the bottom plate started again to sag after about
100 s in the third experiment. In general, the measurements
where continued up to the final destruction of the bottom
plate or the reference base.

With the computational model and by use of fairly rough
FE models, like the one shown in Fig. 9, approximate values
for the melt-through times in the pilot experiments could
be determined. The temperature distribution in the crucible
was calculated for two different thermal boundary condi-
tions, A and B.

In the case of boundary condition A, due to the limi-
tation that ADINA-T requires the melt to be a solid (i.e.
it is a pure conduction model), any melt flow is restrained
and thus no convection or stratification is taken into ac-
count. However, convection and radiation arc considered
on the whole outer surface of ihc crucible. Figure 10 shows
the calculated temperature distribution for the 35 mm-lhick
bottom plate, three minutes alter the melting process be-
gan. At this time the melting front, i.e. the isolinc with
a temperature of 1450 "C, has not yet reached the outer
surface of the bottom plate and, therefore, a bottom plate
failure would not be expected yet, even if one takes into
account the fact that the material strength is dramatically
reduced in a certain temperature range below the melting
point and thus the bottom plate might already fail at tcm-

C5

];•)

St37 B

Figure 9: FE model with two different thermal boundary
conditions, A and li.

Temperature "C

— -wo.

- - 0

Figure 8: Instrumentation used in the third experiment.

Figure 10: Calculated temperature field for case A and
a 35 mm-thick bottom plate, ihrcc minutes after mcliing
initiation.
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peraturcs lower than the actual melting point. The large
discrepancy between the measured and calculated failure
times might be explainable by possible convection effects
in the experiment.

In the case of boundary condition H, the thermal in-
lluencc from the melt on the crucible is approximated by
maintaining the constant, maximum melt temperature at the
initial contact surface, during the whole melting process.
Thus a high temperature loading with maximum convec-
tion plus additional melt healing is assumed.

For the third pilot experiment. Fig. 11 shows the lime
dependence of the temperature in the center of the crucible
bottom plate outer surface (point P in Fig. 8) for all ihrec
situations; as calculated with the thermal boundary condi-
tions A and li, and as measured.

The calculated time histories were shifted arbitrarily by
12 s, due to lhe unknown time of the Thermite burn up, in
order to give good agreement with the measured icmpcr-
aiure when it starts to increase at the considered location.
Il can be seen that, for the plate center, the measured lime
history lies between the Iwo calculated ones, as could be
expected from the chosen boundary conditions. However,
it has to be stressed again that, in ihc experiment, leakage
occurred at the edge of the Magncsilal layer and not at the
plate center. Unfortunately, no measured Icmpcralurc/lime
history is available for the experimental failure location, bul
since, in the calculation, the center is the holiest spot on the
bottom surface, it can be concluded thai the short failure
times of the experiment cannot be expected from ihc pre-
sented calculations. It will have to be investigated whether
erosion is relevant in the failure process and how it could
be included in the computational model.

As a further result of ihc design calculations it was
found lhat, in our tests, it would not be possible lo melt
plates thicker than approximately 50 mm with a single
charge of 24(X) "C hot mcll only and without additional
healing. Furthermore, results were obtained, for example,
wilh respeel to the RPV wall penetrations. These investiga-
tions allowed us to estimate ihe behaviour of various pipes
with different diameters and wall thicknesses, when they
are filled with melt. For further experiments, approximate
pipe dimensions were determined such lhat cither ihc melt

resolidifies, and thus blocks the pipe, or the pipe fails due
to wall melting.

7 Future CORVIS activities

A larger facility (Fig. 12) is now under construction at PS1
which allows the use of a larger amount of Thermite (up to
2000 kg) in crucibles wilh thicker bottom plates (100 mm)
and penetrations. The facility will consist of separate re-
action and experimental crucibles, mainly lo have better
defined initial conditions in the experimental crucible than
in the pilot experiments. Another purpose of the separate,
larger reaction crucible is lo hold the initial large volume of
ihc Thermite and to better control the exhaust gas. When
the reaction has subsided, the melt is poured in a channel

Failure Time
in Experiment -
2 3

I

Calculation A

- Calculation B

Experiment 3

Dntail:

Experimental
Crucible
with
Arc Heating

100 200 t [S]

Figure 11: Calculated and measured tcmpcraturc/limc his-
tory at Ihc center of Ihe bottom plate outer surface. Figure 12: Fulurc CORVIS test facility.
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from the reaction crucible into the experimental one. It
is thereby possible to use either the complete melt or the
iron or the aluminium oxide alone, since the latter arc sepa-
rated in different layers in the reaction crucible due to their
different densities.

Prc-calculations have shown that the stored heal of the
melt is too small to meli-ihrough the envisaged thick bouom
plate. Therefore, arc heating will be installed to balance
the heat losses (mainly due to radiation) and to keep the
temperature of the melt as constant as possible. At the
moment, preliminary experiments are under way which will
determine whether the arc can be ignited in Ihe aluminium
oxide, or in the iron under a layer of aluminium oxide.

Further improvements in measuring techniques have to
be undertaken in the ncxi experiments. The above-mentioned
thermocouple lances should be produced of tungsten, which
is very temperature resistant over a long time. The thcrmo-
graphic measurements will be performed with higher scan-
ning rates (about 25 Hz), thus enabling us to determine the
evolution of the temperature at mclt-lhrough more accu-
rately. To monitor the deflection along the whole surface
of the bottom plate, we shall test a novel and coniacl-frcc
method, based on the Moird technique.

With respect to the computational model it is planned to
closely follow up all tests, so as to improve and to validate
the model as it is applied. Compared to the computational
model as it was applied in the design stage, one major im-
provement should be the more sophisticated consideration
of the liquid behaviour of the melt. ADINA-F, the fluid
flow analysis program of the A DIN A system, should be
included in the computational model; thereby, convection
could be taken into account.
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