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APPLICATION OF PHEBUS RESULTS TO BENCHMARKING OF NUCLEAR
PLANT SAFETY CODES

J. Birchley, R. Cripps, S. Guntay, J.P. Hosemann

The PHEBUS Fission Product project comprises six nuclear reactor severe accident simulations, using
prototypic core materials and representative geometry and boundary conditions for the coolant loop and
containment. The data thus produced are being used to benchmark the computer tools used for nuclear
plant accident analysis to reduce the excessive conservatism typical for estimates of the radiological
source term. A set of calculations has been carried out to simulate the results of experiment PHEBUS
FPT-1 through each of its main stages, using computer models and methods analogous to those currently
employed at PSI for assessments of Swiss nuclear plants. Good agreement for the core degradation and
containment behaviour builds confidence in the models, while some open questions remain concerning
some aspects of the release of fission products from the fuel, their transport and chemical speciation. Of
potentially great importance to the reduction in source term estimates is the formation of the non-volatile
species, silver iodide. Current investigations are focused on the uncertainty concerning fission product
behaviour and the stability of silver iodide under irradiation.

1 INTRODUCTION

Switzerland, in common with other countries, uses
source term estimates to formulate emergency proce-
dures for nuclear plants in the unlikely event of an
accident with release of activity to the environment.
The estimates are invariably based on conservative
treatments of the accident sequence, necessitated by
the limited knowledge of the controlling phenomena.
Analyses using best-estimate tools have frequently
indicated substantially smaller releases but, at pre-
sent, knowledge and data are insufficient to place
reliance on the methods, or on the calculated results.
In particular, a sound, technical base for measured
data and analytical methods is required to justify any
revised, realistic estimate of the source term, to estab-
lish guidelines on accident management methods,
and to develop source-term mitigation policies, by
natural processes or engineered safety features, in a
containment.

The PHEBUS Fission Product (FP) project [1] is an
international, severe-accident research programme
conducted by the French Institute de Protection et de
Surete Nucleaire (IPSN). Switzerland, as represented
by the HSK, PSI and the Swiss utilities, is one of a
large number of participating organizations within the
PHEBUS Project. The key feature of PHEBUS is a
"cradle-to-grave" simulation of an accident, using pro-
totypic materials, and capturing the entire portfolio of
processes: transport, material and chemical, and their
causal interaction. The PHEBUS experiments thus
provide a rich and unique source of data on fission
product release, transport and chemical, behaviour
under prototypic conditions, with which to assess,
improve and validate methods for source term evalua-
tion, thereby placing best-estimate predictions of
source terms on a firmer basis.

The programme consists of six experiments. Different
key elements of the various possible accident situa-
tions are highlighted as conditions are modified from
test to test, thus filling in the major gaps in under-
standing. Topics identified for study include the effect
of burnup, steam limitation, boron carbide absorber

material, melting and release of fission products from
a debris bed, management of containment conditions,
and air ingress. The main outcome of the experiments
to date is that (i) material interactions between the
core components accelerate the fuel melting process,
(ii) unexpectedly high gaseous iodine concentrations
are transported to the containment, and (iii) a large
fraction of the iodine is trapped in the form of silver
iodide in the containment sump.

Extensive analysis effort has been undertaken within
PHEBUS, and the related EU 4th Framework Project
'PHEBUS Benchmark' (PHEBEN) [2], to interpret the
experimental results, to evaluate the computational
models, and to validate their application to plant as-
sessment. The present paper outlines the approach
adopted at PSI for the best-estimate assessment of
the source term for a nuclear plant under severe acci-
dent conditions, and shows how the models and
methods are exercised in simulating the various
stages of the PHEBUS FPT-1 experiment [3]. Conse-
quently, the core degradation, fission product trans-
port in the primary circuit, and thermal-
hydraulic/aerosol and iodine chemical behaviour in the
PHEBUS containment during experiment FPT-1, are
analysed using the SCDAP/RELAP5 [4], VICTORIA
[5], CONTAIN [6] and IMPAIR3 [7] codes.

2 ANALYSIS OF PHEBUS FPT-1

A major goal of the nuclear safety programme at PSI
is to develop and demonstrate a capability to perform
plant assessments, using computer models which
make best use of up-to-date scientific knowledge, and
which benefit from international evaluation and valida-
tion efforts [8]. A general scheme is indicated in Fig. 1.
Specifically, the main aim is to be able to carry out
integral calculations which encompass the accident
behaviour in the major sub-systems of a nuclear plant:
i.e., core degradation, fission product release, trans-
port in the coolant circuit, and thermal-hydraulic aero-
sol behaviour and iodine chemistry in the contain-
ment.
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Fig. 1: Strategy for plant source-term analysis.

The PHEBUS programme provides a unique opportu-
nity to assess our know-how, and to benchmark the
modelling tools for plant application using integral data
obtained from experiments performed with prototypic
core materials. As a first step towards this goal, we
have analysed separately the various aspects of the
entire sequence, as indicated schematically in Fig. 2.
For each major aspect of the simulation, initial and
boundary conditions are specified by reference to the
experimental data. As confidence in the modelling
capability grew during the course of the benchmarking
exercise, progress was made towards performing
linked calculations using output from one stage as
input to the next, as indicated in Fig. 3, thus reflecting
the strategy for plant analysis.

The benchmarking exercise at PSI has been per-
formed alongside efforts from numerous other partici-
pants in the PHEBUS project, and this combined effort
has enabled improvements in modelling, and up-
graded guidelines for severe accident analysis. The
SCDAP/RELAP5 code calculates the coupled heat-up
and degradation of the bundle, from which the output
is then used directly to calculate the release of fission
products using SASPROG [9], or indirectly using VIC-
TORIA. The latter code calculates both the bundle
release and transport through the coolant circuit and,
in principle, extends the integral simulation in order to
define the fission product source to the containment.

2.1 Bundle Degradation

The SCDAP/RELAP5 code treats mechanistically the
coupled thermal-hydraulics and core damage proc-
esses to calculate the fuel heat-up, cladding deforma-
tion, oxidation, fuel liquefaction, formation of block-
ages, debris and molten regions, and downward relo-
cation. Limitations in present knowledge mean that
some processes are modelled very simply, and are
typically controlled by user-defined options and crite-
ria, for example when liquefied (U,Zr)O breaks
through the layer of oxidised cladding and flows down
through the sub-channels between the fuel rods.
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Experience shows that the timing and occurrence of
the major events in the core damage sequence is
sensitive not only to the boundary conditions (steam
flow, heat balance ), but also to the model options.

Physically-based models for severe accident simula-
tion were available before the start of the PHEBUS
programme, but their modelling capability was rather
limited, and early code versions often suffered from
numerical instability and other run-time problems.
Indeed, the following statements summarise the con-
sensus forecast for FPT-0 bundle degradation [10],
based on the tools available at the time.

"Fuel dissolution would be extremely limited."
"There would be no substantial movement of fuel be-
fore the rods reached the UO2 melting point."

The outcome of FPT-0 dramatically refuted those
expectations, and graphically exposed the inadequa-
cies of our predictive capabilities. Developments dur-
ing the intervening period, which include post-test
analyses of FPT-0, led to improvements which make it
now possible to simulate realistically the PHEBUS
bundle degradation using current code versions.



81

3000

2500

2000

I
E 1500

1000

500 u

800mmTCW10

800 mm SCDAP

70Q mm SCDAP

600 mm TCVV7

600 mm SCDAP

0 4000 8000 12000

Time [sec]

16000

Fig. 4: PHEBUS FPT-1: upper bundle temperatures.
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Fig. 5: PHEBUS FTP-1: lower bundle temperatures.

The current version of the code, SCDAP/RELAP5/
MOD3.2, was used with a simple hydraulic model
comprising a single channel for the bundle region. The
fuel thermal response is chosen for the comparison
with experiment as it provides the most clear-cut sig-
nature for interpreting the bundle behaviour. From the
comparisons in the upper and lower regions of the
bundle, shown in Figs. 4 and 5, respectively, the cal-
culation is seen to simulate correctly the temperature
escalation during the sequence of the power plateaux.
The results show good agreement for the timing and
magnitude of the oxidation peak, and for the subse-
quent drop in temperature after the onset of fuel relo-
cation.

The code also simulated correctly the hydrogen gen-
eration, the fuel movement and consequent voiding in
the middle of the bundle, and the formation of the
molten pool in the lower region. The quantity and
transient evolution of hydrogen generation was found
to be much improved using the more recent code
version, a main reason for which was the inclusion of
a model for oxidation of relocated material. The calcu-
lated end-state of the bundles are shown in Fig. 6.
The calculated relocation and melt spreading are
more extensive than observed.
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Fig. 6: PHEBUS FPT-1: Calculated and observed
bundle end-state.

The discrepancies during the later period may be due
to several reasons, including the uncertainty in the
bundle power, and the tendency of the code to under-
estimate the heat losses from the molten pool. Never-
theless, the quantitative agreement might have been
better if, instead of the same point in time, the same
test termination criterion had been used as in the ex-
periment. Overall, the successful simulation reflects a
general improvement in the capability among the cur-
rent generation of computer codes, and contrasts with
the inadequacies of earlier versions.

2.2 Release from the Bundle and Transport
through the Circuit

The good agreement for the fuel temperature history
gives confidence that the calculated results are suit-
able for prediction of the release of fission products.
Two alternative methods were used: the empirical
code SASPROG, which is based on the correlations
published in NUREG-0772, and which is directly
linked to SCDAP/RELAP5, and VICTORIA-92 (the
pre-peer review version), which models the release
mechanistically via the thermodynamic properties of
the species and the transport in the fuel grains, poros-
ity and pellet-cladding gap. Comparison showed that
both codes gave quite good agreement for the total
release of volatile species (Cs,l,Te) and noble gases
from the bundle, but there were discrepancies in the
time profiles. The releases of semi- and low-volatile
species were poorly predicted generally: the releases
were overpredicted by SASPROG and underpredicted
by VICTORIA.

The release and transport history for iodine (all
chemical forms), as typifying the volatile species, is
shown in Fig. 7. Although the experimental values are
not at this stage definitive, it appears that the VICTO-
RIA calculation has slightly overpredicted the release
of iodine from the bundle, but has underpredicted
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Fig. 8: PHEBUS FPT-1: Iodine release and trans-
port.

the transport to the containment. It is believed that
most of the retention occurred in the upside of the
steam generator tube, where thermophoretic effects
were strong. Figure 8 shows retention was also calcu-
lated due to inertial and turbulent deposition at bends,
and in the downside of the steam generator tube,
respectively, and a small amount of gravity-settling in
the hot leg. The reasons for the discrepancy are un-
clear but are thought to stem from an inability to
model the chemical kinetic processes and their effect
on the iodine speciation, and particularly the volatility.
In addition, VICTORIA predicted similar behaviour for
all the non-gaseous species because the entire con-
densed phase are lumped together, which contrasts
with the observed differences in retention between the
various elements. The calculated release and trans-
port were also found to be unduly sensitive to the
chemistry options in the code. Also, VICTORIA calcu-
lated that all of the iodine was transported as Csl (in
accordance with normal expectations). In contrast, a
substantial fraction of the iodine was transported to
the containment in gaseous form. This unexpected
feature of both PHEBUS FPT-0 and FPT-1 is not ex-
plained by the present analysis.

Despite the acceptable agreement for the overall re-
lease of noble gases and volatile species, modelling
of the controlling processes remains unsatisfactory,

and the calculation cannot be considered reliable
enough to define a source to the containment.

2.3 Thermal-Hydraulic and Aerosol Behaviour in
the Containment

The thermal-hydraulic response of the containment is
determined almost entirely by the sources and sinks
of gases and energy. In order to simulate a reactor
containment in a facility as small as PHEBUS, the
walls are kept slightly superheated to avoid unrepre-
sentatively large areas for condensation and deposi-
tion (thermo- and diffusio-phoretic). The scaled heat
transfer surfaces are simulated by a condenser of
appropriate area, and kept at a controlled tempera-
ture. A simple two-node model (representing the main
volume and the sump), which was used with the
CONTAIN code, gave excellent agreement for the
pressure response, as is seen from Fig. 9. Indeed, a
somewhat similar global response was obtained using
a highly detailed CFD model [11]. It is noted that the
pressure response is determined almost exclusively
by the balance of gaseous inflow, condensation and
sampling, which appear to be fairly insensitive to the
detailed flow pattern. It is to be expected, however,
that the highly simplified noding represents perfect
mixing and instantaneous transport of steam to the
condensing surface, resulting in excessive condensa-
tion. For this reason, the best agreement was ob-
tained when the active condensation area was re-
duced by 30 percent, in order to counter this excess. It
is interesting to note that attempts to improve the spa-
tial resolution by axial refinement of the noding gave
much poorer agreement. The zero-dimensional model
of a single compartment is most clearly in tune with
the modelling concept of CONTAIN, which lumps to-
gether the effects of the various transport processes,
including the flow patterns; some of these processes
are suppressed in the one-dimensional noding.

There remains some uncertainty in the experimental
mass flow and characteristics (size distribution and
hygroscopicity) of the aerosols entering the contain-
ment.
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Fig. 9: PHEBUS FPT-1: pressure history in con-
tainment.
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Despite this difficulty, the CONTAIN model gave fairly
good agreement for the airborne aerosol concentra-
tion over the uncertainty range of the source. Figure
10 shows how the peak and subsequent rate of de-
crease vary as the source parameters are varied
within that band. Excellent agreement for the airborne
concentration was obtained with mass source pa-
rameters within the band of experimental estimate; the
calculated particle size was also in close agreement
with experimental data, as shown in Fig. 11. Agglom-
eration initially causes an increase in the size, but this
is limited since the larger particles settle rapidly. The
major contribution, about two-thirds of the calculated
deposition, was due to gravity-settling, while the re-
mainder was by diffusiophoresis at the condensing
surface, a result which is also broadly consistent with
the experiment. The data also show that a small but
non-negligible fraction (ca. 5%) of the aerosols were
deposited on the walls, but, since no thermal gradient
or flow pattern could be represented, the wall deposi-
tion could not be calculated. Overall, however, the
therefore supports the magnitudes provided by the
experimental team, and indicates that the CONTAIN
models provide a good simulation of the aerosol be-
haviour in a single compartment region.

2.4 Iodine Chemistry in the Containment

Experiments FPT-0 and FPT-1 exhibited two highly
interesting and somewhat unexpected features con-
cerning the iodine chemistry. A non-negligible fraction
of iodine was transported into the containment in
gaseous form; the presence of silver in the contain-
ment sump caused a large fraction of the iodine to be
fixed in the form of Agl, which is essentially insoluble
and non-volatile. The presence of gaseous iodine is
not fully explained, but may be due to one or more of
the following causes: (i) the released iodine did not
react fully with caesium, but was transported in ele-
mental form, or as another (volatile) compound;
(ii) iodide compounds reacted with the organic paint to
produce organoiodide; (iii) radiolytic oxidation of Agl in
the sump constituted a source of molecular iodine,
some of which was released to the gas space, accord-
ing to the prevailing chemical conditions.

The role of the various processes is being investi-
gated by PSI, in collaboration with JRC and CIEMAT
(Spain) [12]. The PSI-developed code IMPAIR3 de-
scribes the iodine chemistry aqueous and atmos-
pheric conditions, including the radiological sources.
The code was extended to include three reactions
involving silver, using data derived from recent ex-
periments [13]:
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Figures 12 and 13 show the results of preliminary
analyses. These indicate that the quantity of silver
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Fig. 11: FTP1 Post-Test Calculation with IMPAIR3.

present in the sump would be expected to have pre-
vented any release of molecular iodine to the gas
space, provided enough of the silver is oxidised to
Ag2O to fix all the iodide in the form of Agl. Since the
Ag + I" reaction is much slower than the others, one of
the uncertainties in the estimation is the extent of oxi-
dation. Calculations predict more than 99% of the
iodine is in the form of Agl if the silver is 10% oxi-
dised, and 97% at 2% oxidation. With a nominal Ag/I
molar ratio of 50, the latter case corresponds to only a
marginal availability of Ag2O, resulting in a small (2-
3%) fraction of the iodine in a potentially volatile form
(l2 and organic).

A sensitivity study, in which only the Ag + l2 reaction is
modelled, resulted in less than half of the iodine in the
form of Agl. Most of the remainder is I" in solution,
with a smaller fraction (6%) as l2. Since the Ag + l2
reaction is relatively fast, the smaller conversion to
Agl is a consequence of the low dose rate in experi-
ment FPT-1, which resulted in a slow radiolytic oxida-
tion of iodide to l2. Therefore, the effects of radiolytic
oxidation of I" appear to have been minor in FPT-1.
Not addressed in this study is the stability of Agl under
irradiation, which remains an issue under investigation
at PSI in ongoing collaborative work.



84

Iodide {" mpi i o Aq Ch

Time [s]

Fig. 12: FPT-1: IMPAIR3-calculated iodine concen-
tration in containment atmosphere.

Molec ihr Iodine (Atmo )10 Ag CK

10-

nr"

1010

| 10""

I io12

|

10" "

10 1 5

10-16

- I I I I -

Time [s]

Fig. 13: FPT-1: IMPAIR3 calculated iodine concen-
tration in containment sump.

3 SUMMARY AND CONCLUSIONS

The analyses indicate significant progress towards the
primary aim of demonstrating capability to model the
entire sequence and behaviour in all of the main sub-
systems during a reactor severe accident. The results
for bundle degradation and containment response, in
particular, provide a good deal of confidence in the
predictive cabilities of the respective tools. In contrast,
the modelling of release, chemical speciation and
transport of fission products, lags somewhat behind.

The good simulation of bundle heat up, hydrogen
generation and degradation owes much to the efforts
of code developers and investigators during recent
years, and the lessons learnt from PHEBUS FPT-0,
which exhibited much greater degradation and hydro-
gen generation than were predicted using the tools
available at the time. Although the late phase of core
damage is not specifically addressed by PHEBUS, the
ability to reproduce the melting and relocation indi-
cates some capacity to address the damage escala-
tion, culminating in core relocation to the reactor ves-
sel lower head.

Despite the simplicity of the containment model used
with the CONTAIN code, excellent overall agreement
for the thermal-hydraulic response and aerosol behav-
iour were obtained. This supports the choice of code
and the lumped-parameter modelling approach to
simulate those features of the containment behaviour
addressed by PHEBUS FPT-1. More detailed models
would be required to calculate the species distribution,
in order to address issues such as hydrogen deflagra-
tion and detonation.

Reliable simulation of release, transport and chemical
speciation of fission products could not be achieved
with the available version of VICTORIA. Discrepan-
cies between the retention of the various species,
particularly iodine, appear to stem from inadequacies
in modelling of the chemistry, and its effect on volatil-
ity during release and transport. As a consequence,
the code has overpredicted iodine retention in the
circuit, and failed to differentiate between retention
characteristics of the different species. The transport
of iodine in gaseous form is also not explained. The
uncertainties thus revealed make it necessary to ana-
lyse the aerosol and iodine chemical behaviour in the
PHEBUS containment separately from the release
and transport, using experimental results to define the
source.

The factors which control the iodine chemical behav-
iour are complicated and, as yet, unclear, but the
presence of silver in the containment sump appears to
play an important role in limiting the release of mo-
lecular iodine to the gas space. Investigations are in
progress to determine the stability of Agl at prototypic
dose rates, and to extend the modelling capability of
the IMPAIR3 code.

The findings from the exercise have increased our
knowledge of the key processes, and this know-how is
being incorporated into improved modelling tools to be
used in the follow-on project, PHEBEN-2, within the
EU 5th Framework. The project aims to demonstrate
the ability to reproduce adequately the entire se-
quence, and to address the remaining open questions
concerning chemical speciation, the flow and distribu-
tion in the containment, and the stability of Agl under
irradiation.
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