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SUMMARY

The work described in this report was performed in support of the
Falcon [1] experimental programme, and was part-funded by the CEC
and HSE. The analyses of some of the earlier Falcon thermal-
gradient tube experiments, namely tests TG-1, TG-2, 1G-2, TG-6 and
TG-7, using the VICTORIA [2] computer code are discussed.

In each test an induction furnace was used to heat a simulant or
trace-irradiated LWR fuel and/or control rod sample. The resulting
fission product vapours and aerosols were transported at high
temperatures through a thermal-gradient tube system, and their
deposition behaviour and chemical activities were measured.

The VICTORIA computer code has been designed to model aerosol and
fission product phenomena, including chemistry, in reactor primary
coolant systems under severe accident conditions. A series of
VICTORIA calculations were performed for each of these five tests
using measured thermal-hydraulic and release-rate data from the
experiments, and the code predictions were compared against the
experimental deposition data and profiles.

These analyses have demonstrated the ability of VICTORIA to
predict orders of magnitude and trends in fission product and
aerosol deposition under conditions representative of PWR severe
accidents.

Additional experimental data measurements have been identified,
and have been incorporated into the later Falcon tests. It is
expected that these upgrades to the apparatus should result in
better quality data being produced in the later tests, and this
should be verified by further VICTORIA analyses.

Several modelling deficiencies have been identified in the code,
and several areas have been noted where further investigation
is required to assess VICTORIA'S suitability for source term
calculations, and these will be incorporated into future code
development programmes.
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1. Introduction

The Falcon facility [1] has been developed at the Winfrith
Technology Centre to study the transport and deposition of fission
product and aerosol material through pathways simulating a reactor
environment under severe accident conditions. The data from these
small-scale tests may assist in the development of the VICTORIA
[2] computer code, which is designed to model aerosol and fission
product phenomena in reactor primary coolant systems under such
accident conditions.

The Falcon facility is designed to be able to simulate, on a small
scale, both the primary circuit and containment building of a
reactor. Three series of experiments have been performed;
thermal-gradient tube (TG), containment (CT) and integral (FAL)
tests. The TG and CT series of experiments were considered to be
scoping tests producing qualitative data on the important fission
product transport phenomena, the subsequent integral (FAL) tests
were carried out under more rigorous conditions, following liaison
between the theoreticians and experimentalists, in order to
provide more quantitative data to assist in model development and
assessment. The results presented in this report are from the
tests TG-1,2 and 3 [1] and TG-6 and 7 [3]. In test TG-1 a simulant
fuel sample was heated in an induction furnace; test TG-2 was
similar to test TG-1 except that a small section of a control rod
was used instead of the simulant fuel sample; test TG-3 used both
simulant fuel and control rod samples; test TG-6 included a trace-
irradiated fuel sample; and test TG-7 used both trace-irradiated
fuel and control rod samples. Measurements were taken of the
thermal-hydraulic conditions in each test, and samples were taken
to determine aerosol and vapour deposition profiles and rates, and
aerosol size distributions.

2. The Falcon Facility

The Falcon facility is shown in Figure 1 and described in detail
in Reference 1. Briefly, the apparatus consists of a small sample
of fuel and/or control rod which is heated in a silica vessel,
linked via a side-arm to a 25mm diameter silica thermal-gradient
tube. This in turn is connected to a 42mm diameter stainless
steel thermal-gradient tube. The total length of this horizontal
pipework is 1.30m and is lined with stainless or nickel foils to
enable measurement and characterisation of the deposited mass.

The matrix of experiments studied is shown in Table 1. The
trace-irradiated fuel used in TG-6 and TG-7 had been irradiated
for 3 hours at 3kW, and the experiments were performed
approximately 90 hours after the completion of irradiation. The
inventories of the relevant species or elements present when the
experiments were carried out are shown in Table 2. The
inventories for the lightly-irradiated fuel were taken from FISPIN
[4] calculations, and can only therefore be considered indicative
of the masses present, since FISPIN is not expected to be very
accurate for short irradiations.
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In all the experiments studied the temperature of the sample was
increased until failure of the cladding occurred (or both fuel and
control rod cladding in the case of TG-3 and TG-7), and then
maintained at an approximately constant level during the period of
major release. The carrier gas in all the experiments was argon.
The only major difference between the experiments with simulant
and irradiated fuel was that in the former no direct heating of
the horizontal pipework was carried out, but in the latter the
side-arm of the silica vessel was heated to about 420K.

3. The VICTORIA Computer Code

The VICTORIA computer code [2], written at the Sandia National
Laboratories (SNL), has been acquired by the UKAEA under the
Severe Accident Research Agreement with the USNRC. VICTORIA
development is now being undertaken as a joint venture between
USNRC, Sandia, Winfrith, Argonne, Battelle Columbus, Oak Ridge,
AECL, and the CEC. VICTORIA has been designed to model
mechanistically the behaviour of fission products and aerosols in
the primary circuit of a LWR under severe accident conditions.
VICTORIA represents a major advance over previous primary circuit
fission product transport codes as it has the ability to model
chemical interactions between any species for which thermochemical
data are included in the internal database. A sensitivity study
[5] performed by the authors has shown that these chemical effects
can have a major impact on the fission product source to the
containment. The first official release version of the code
(VICTORIA 90 mod 1) has the capability to model 25 elements and
167 chemical species.

Two versions of VICTORIA were used in the course of this study
since the 'official release' version was not available when the
analyses of tests TG-1, TG-2 and TG-3 were performed, and a pre-
release version of the code had to be used. The pre-release
version was under rapid development at the time, and the MAEROS
[6] aerosol module had just been replaced by the CHARM [7] module.
The analyses of TG-6 and TG-7 were performed using the first
official release version of VICTORIA (VICTORIA 90 mod 1) with some
additional UK developments to enable VICTORIA to include explicit
vapour sources.

One major difference between the two versions of the code used in
these studies was the inclusion of cadmium, indium and silver
species in the 'official release' version, and this is a major
improvement in the modelling of control rod material which had
previously been modelled as a source of chemically inert aerosols.
The effect of this development is discussed later.

For calculational purposes VICTORIA is divided into a number of
modules:

(a) fuel geometry (including gas transport into the bulk
gas) ;

(b) vapour transport (including gas transport to the
structure surfaces);
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(c) aerosol behaviour (including deposition onto surfaces);

(d) structure surfaces;

(e) chemistry (including condensation and evaporation of
aerosols);

(f) decay heat.

3.1 Bulk Gas Transport

The bulk gas transport routines in the VICTORIA code
calculate the movement of vapour species between cells and
also mass transfer between the bulk gas and the fuel and
structure surfaces. Condensation of vapour species and
evaporation from aerosols and structure surfaces is
calculated in the chemistry module. Aerosol behaviour is
treated as a two-stage process in VICTORIA:

(a) aerosol behaviour within a cell;

(b) transport of aerosols between cells.

3.2 Chemical Interactions

During the course of every calculational time-step VICTORIA
performs a chemistry calculation in each of the following
regions:

i) fuel grains;

ii) fuel open porosity;

iii) fuel-clad gap;

iv) bulk gas (including aerosol condensation /
evaporation);

v) structure surfaces.

If no fuel is defined as part of the input data then
obviously the first three of these chemistry calculations
will not be performed.

Chemical interactions are assumed to be limited by
mass-transport only. Species diffusion is therefore treated
as required and chemical equilibrium is assumed in all
regions. This has computational advantages over the
alternative of modelling chemical kinetics, since computation
costs are lower, many species and elements can be treated,
and much more thermochemical data than kinetics-based data
are available.
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3.3 Aerosol Behaviour

The modelling of aerosols within cells is mainly taken from
the CHARM code with some modifications. The most significant
development of the CHARM module is the addition of an ability
to model a multi-component aerosol. This enables aerosol
particles of different sizes to have different chemical
compositions, rather than the homogeneous, size-independent
composition imposed by CHARM.

VICTORIA models six deposition mechanisms:

a) gravitational settling;

b) diffusion;

c) thermophoresis;

d) turbulent inertial;

e) diffusiophoresis;

f) bend deposition.

The bend deposition model is another WTC addition to the
modelling capabilities of the CHARM code. The model is based
on work by Pui, Romay-Novas and Liu [8], and Cheng and
Wang[9].

All deposl ,ion mechanisms are assumed to be rate controlled,
and to operate across a boundary layer adjacent to the one
surface per cell which VICTORIA currently permits. The
boundary layer thickness can either be supplied by the user
as an input value or calculated by the code. The structure
surface area may be split by the user into ceiling, wall and
floor sections. The difference between these sections is
that gravitational settling takes place onto floors, moves
material away from ceilings and has no effect on aerosol
deposition onto walls, and bend deposition takes place only
onto walls.

Aerosol growth may take place by vapour condensation
(evaporation may also occur), and vapour interactions with
aerosols, these processes being treated by the chemistry
module, and by aerosol coagulation or agglomeration
calculated by the aerosol module. Three independent
agglomeration mechanisms are modelled:

(a) Brownian;

(b) gravitational;

(c) turbulent.

The agglomeration models used in VICTORIA and CHARM are
different in that VICTORIA uses the truncated Pruppacher and
Klett [10] collision efficiency parameter rather than the
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Fuchs formulation [11]. The aerosol material density is
calculated as the average of the theoretical densities of the
species present.

3.4 Aerosol Transport

The modelling of aerosol transport between cells is similar
to the approach to bulk gas transport modelling described
above and the differences are given here:

(a) no diffusion of aerosols is allowed between cells;

(b) there is no modelling of transport between the
aerosol and the fuel surfaces, transport from the
aerosol to the structure surface alone is modelled
(within CHARM).

3.5 Structure Surfaces

Each cell has a structure surface film. The user specifies
initial concentrations of each species in this film. Mass
transfer to and from this film is possible by:

(a) deposition of aerosol particles;

(b) gas transfer to and from the bulk gas.

Although aerosol deposition is considered separately for the
ceiling, wall and floor in each cell, all deposited aerosol
material is lumped together into a single structure film.
Each time-step VICTORIA performs a chemistry calculation for
the structure film, but no mass transfer is done at this
stage.

The user must supply the following data for the structures:

(a) surface areas of the ceiling, wall and floor;

(b) surface temperatures of the ceiling, wall and
floor;

(c) diffusiophoretic deposition velocities onto the
ceiling, wall and floor;

(d) initial concentrations in the surface film.

Transport between structure surfaces in different cells is
not modelled.

4. Nodalisation Scheme and Input Data

The nodalisation scheme adopted for the VICTORIA calculations
reported here is given in Figure 2. The region around the sample
was not modelled since a high proportion of deposition in this
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area would have arisen directly from the energetic burst-release
from the control rod sample, a mechanism not currently modelled in
VICTORIA, and particularly important in Falcon given the high
surface:volume ratio. The plenum region above the sample was
divided into two components of equal volume due to the large
temperature gradients in this region. The silica pipework was
separated into 5 cells and the stainless steel thermal-gradient
tube into four. The coarser nodalisation of the stainless steel
tube was possible due to the slower flow velocities and the very
small change of temperature along this 0.8m pipe (-10K).

The thermal-hydraulic data used as input to VICTORIA were derived
from extensive thermocouple data recorded during each experiment.
Some of the temperature data used in the VICTORIA calculations
were adjusted slightly from the experimental values to avoid
numerical convergence problems sometimes encountered by the code
at low temperatures. The pre-release version of VICTORIA
occasionally suffered from convergence failure problems in the
chemistry module, and this did occur in some of the earlier Falcon
calculations. Some of the temperatures towards the cool end of
thermal-gradient tube were artificially increased to avoid these
problems, and this was thought to have had a negligible effect on
the results since most significant chemical interactions would
have already taken place before the fission products and aerosols
reached these cooler regions of the apparatus. The official
release version of the code is more robust in respect to these
numerical problems.

The argon gas flow rate was held at 2 litres/minute in the
experiments, which were all performed at atmospheric pressure. The
sources of control rod and fission product material were treated
in a slightly different way in tests TG-1 to TG-3 than in tests
TG-6 and TG-7. In the first three experiments [1] the total source
of each element or species was assumed to be constant from the
time of the cladding failure to the time the temperature was
reduced, and this assumption is not supported by the results of
more recent experiments. For TG-6 and 7 [3] some time-dependent
source rate data were available and these data were used to derive
a time-dependent source for inclusion in the VICTORIA input deck.

5. Simulant Fuel Experiments

These three experiments were analysed using a pre-release version
of VICTORIA. In the two experiments which included a control rod
sample (TG-2 and 3), only the cadmium component of the control rod
was modelled as this represented approximately 95% of the released
aerosol mass. The cadmium was treated as an unreactive aerosol
source injected into the lower of the two cells in the plenum
region, and this precluded any calculation of revaporisation
which was observed in some of the experiments. Previous work on
the characterisation of the aerosol source from a control rod
burst [12], measured a mass median radius of 0.31 /m and a
standard deviation of 1.6, and these data were used in the
VICTORIA input deck. Half of the aerosol source was assumed to
have been generated at the time the sample burst, with the
remainder being spread over the period until the temperature was
reduced at the end of the experiment, as shown in Table 3.
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In the simulant fuel experiments, the fission products were
modelled as though they were injected as vapour species into the
lower plenum-region cell. The vapour source rates were held at a
constant value from the estimated time of the fuel rod rupture
until the temperature reduction at the end of the experiment, see
Table 3. The speciation of the vapour sources was assumed to be
the same as that present in the simulant fuel, and this assumption
is open to debate since there were indications that SnTe, CsOH.CsI
etc may have been formed.

5.1 Experiment TG-1

This experiment was performed with a simulant fuel rod sample
only. The sample ruptured approximately 1000 seconds after
the start of the experiment, and the fission product vapours
were assumed, for the purpose of these calculations, to be
released over a period of approximately 100s. The
experimental results [1] indicated that no aerosol formation
occurred; the deposits of the simulant fission products
revealed no discrete particles and the deposition profiles
were observed to be of a shape characteristic of a vapour
transport mechanism. Caesium and iodine deposited in a very
similar fashion, indicating the transport of these elements
as caesium iodide. A low release of caesium hydroxide
implied that chemical changes in the fuel had led to the
formation of a low volatility caesium species. No deposition
profiles were obtained for strontium and molybdenum as the
masses were below the level of detection. No clearly defined
deposition behaviour was observed for either barium or
tellurium.

To analyse this experiment using VICTORIA caesium iodide,
caesium hydroxide, barium oxide, strontium oxide, tellurium
and molybdenum vapour sources were defined as inputs to the
lower cell in the plenum region. A best-estimate dataset was
derived from the experimental data, and a calculation
performed. The results of this calculation are given in
Figure 3 and 4 for caesium and iodine respectively.

Given the uncertainties in the chemical speciation, these
results appear initially to be an acceptable first attempt.
However, Figures 5 and 6 show that the predicted deposition
in the thermal-gradient tube is predominantly as an aerosol
and not as a vapour as was indicated by some of the
experimental data although the data are not conclusive in
this respect. The reason that VICTORIA predicted aerosol
formation when such formation was not observed is not fully
understood. Indeed, in the experimental data report [1],
calculations are performed which indicate that, were barium
still in the form of BaO when the fuel rod sample ruptured,
aerosol formation would be expected. A possible source of
calculational error is inaccuracy in VICTORIA'S chemical
database. Some work has been done to ascertain that the
Gibbs free energy values calculated by VICTORIA are
reasonable, and a more complete analysis of the database is
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being performed as part of the current CEC contract for
VICTORIA development (Contract N° 3874-89-12 EL ISP GB). To-
date no significant errors have been identified which could
give rise to this discrepancy. An alternative problem
associated with the database would be if an important species
(or more than one) was not included eg CsOH.CsI, and such
information can only come from the experiments.

As the temperatures in the thermal-gradient tube were very
low in these experiments, and very little chemical activity
would therefore have been expected in this region, a
calculation was run with chemical effects in the bulk gas
region ignored by VICTORIA. Chemical reactions were only
allowed to take place within the pipe surface films so that
vapour condensation onto these surfaces could take place.
The results of this calculation are given in Figures 7 and 8
for caesium and iodine respectively. The calculated
deposition profiles are not in agreement with the
experimental results, despite VICTORIA being modified to
model the experiment as vapour transport alone. Again, it is
not fully understood why the calculated profiles are in such
poor agreement, but it is plausible that insufficient
experimental measurements were made, and that it is not
possible to be certain whether vapour or aerosol dominated.

5.2 Experiment TG-2

This experiment was similar to test TG-1 with the fuel sample
being replaced with a control rod sample only. The sample
was heated until it burst, and the temperature was then
maintained at a constant value for approximately ten minutes.
As would be expected, the release was dominated by cadmium
which was transported and deposited as an aerosol with the
deposition par unit area decreasing with distance along the
tube.

Only the cadmium component of the control rod material was
considered in these VICTORIA calculations and, since the
version of the code being used did not contain
thermochemical data for cadmium, it was modelled as an inert
aerosol. In the absence of steam this is a reasonable
assumption since it is obvious that no Cd-Ar species exist.
However, it should be remembered that there will always be
trace levels of 02/̂ 0 in any experiment of this sort; thus
the formation of CdO or Cd(OH)2 is possible, although this
was not a significant effect in this experiment.

The results of a calculation performed with a best-estimate
input dataset are shown in Figures 9 and 10, with and without
the deposition in the plenum region respectively. The
theoretical predictions are in good agreement with the
experimental data. Aerosol deposition is under-predicted at
the upstream end of the thermal-gradient tube, and over-
predicted at the downstream end. These two discrepancies may
both be due to the lack of a control rod burst release model
in VICTORIA. Therefore, any mechanical production of large
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aerosol particles during the burst would not be included in
the calculation. Such large particles would not be expected
to transport extensively down the thermal-gradient tube, and
this would lead to an under-prediction of the deposition at
the beginning of the thermal-gradient tube and, due to the
consequent over-estimate of aerosol transported along the
thermal-gradient tube, over-prediction of deposition at the
end of the tube. To illustrate the importance of this burst
release, Figure 11 shows the time-dependent deposition of
cadmium in the thermal-gradient tube. This demonstrates that
in all cells the deposition after the burst release accounts
for over 50% of the total deposition. Therefore, a shift in
the location of the cadmium deposition from the burst release
could have a significant effect on the final deposition
profile. To support this conclusion, a calculation was
performed with the burst release defined to have a MMR of 1/im
and the remaining source of cadmium aerosols having a MMR of
0.31/jm. Figures 12 and 13 show the results from this
additional calculation plotted together with the results from
the initial calculation and the experimental data. The
importance of the burst release and the uncertainties caused
by being unable to predict the mode of failure of the control
rod are both obvious, since different types of control rod
failure will undoubtedly have an effect on the size
distribution of generated aerosols.

Further analysis of this experiment highlighted another
important sensitivity. When these experiments were performed
the sample temperature and the gas temperature towards the
top of the plenum region only were measured. However,
Figures 14 and 15 show the effect of increasing the wall
temperatures in the lower plenum cell by 50K and 150K
compared with that used in the initial calculation. These
calculations show that, whilst no change is observed in the
deposition profiles in the thermal-gradient tube, the
magnitude of the deposition is strongly dependent on the wall
temperature in the plenum region. As a result of this
discovery, later experiments in the Falcon facility included
a measurement of the wall temperature in the plenum region.

5.3 Experiment TG-3

In the third thermal-gradient tube experiment a control rod
sample was heated together with a simulant fuel rod sample.
The control rod burst about 350 seconds before the fuel rod,
and therefore no simulant fission product vapours or aerosols
would have been present in the carrier gas flow at the time
of control rod burst (see Table 3). As in TG-1, experimental
deposition profiles for caesium and iodine follow one another
quite closely, indicating transport as caesium iodide.
Comparison of these profiles with that of cadmium indicates
that the caesium iodide was probably transported as a
condensate on the surface of the cadmium aerosols, and this
seems to be supported by the results of the SEM/EDS analysis.
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A best-estimate input deck was set up in the same way as the
TG-1 and TG-2 datasets. Cadmium was again modelled as an
inert aerosol source, and the simulant fission products were
input as vapours with the same speciation as that initially
present in the fuel. These assumptions seem to be quite
reasonable for this experiment as it is noted in the data
reports [1] that the cadmium was transported in its elemental
form, and there did not appear to be the same evidence of
chemical transformations in the simulant fuel as were
indicated in TG-1.

The predicted deposition profiles of caesium, iodine, barium
and cadmium are shown in Figures 16-19 inclusive. It can be
seen that the results for caesium and iodine are in good
agreement the with experimental results. The cadmium results
are not in particularly good agreement with the data, and the
barium results fail to show any of the observed trends in the
data. As the iodine is transported as caesium iodide
condensed onto aerosols, the good agreement with the data
observed for the iodine suggests that the lack of agreement
for the cadmium deposition is due, once again, to the burst
release. It should be noted that this uncertainty becomes
less important when using the 'official release' version of
VICTORIA, as cadmium can then be modelled explicitly as a
vapour which subsequently nucleates to form aerosols in the
cooler regions of the apparatus. The lack of agreement for
barium is not completely understood, given the good agreement
for the other simulant fission products. However the shape
of the experimental deposition profile suggests that at least
some of the barium was transported as a vapour species,
whereas the calculation predicts almost 100% of the barium
was transported as barium oxide aerosol. It is possible that
the barium oxide nucleated homogeneously to produce a size
distribution much different to the overall distribution.
Such an effect would be missed by these single-component
aerosol calculations, and multi-component calculations will
be necessary to investigate this point.

This calculation is subject to the same uncertainties as were
highlighted for TG-1 and TG-2, and therefore it is possible
that the apparent good agreement may be somewhat fortuitous.
However, this agreement does demonstrate the ability of the
VICTORIA code to model chemical and physical process in
conditions similar to those expected in a severe accident.

6. Trace-Irradiated Fuel Experiments

The two trace-irradiated fuel experiments were analysed using the
first official release version of VICTORIA (vs 90 mod 1). The
main relevant improvement of this version compared with any of the
pre-release versions was the ability to treat cadmium, indium and
silver explicitly within the chemistry package and to allow these
species to undergo subsequent chemical interactions. Due to the
high temperatures in the plenum region, the cadmium source was
treated as an elemental vapour which was subsequently allowed to
nucleate to form aerosols downstream of the furnace.

10
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The fission product inventory at the start of the trace-irradiated
fuel experiments was very small (see Table 2), and for this reason
the iodine and barium were treated as elemental vapour sources in
these calculations. The experiment report [3] also suggested the
possibility that caesium hydroxide had been formed after release
from the fuel by chemical reaction with the residual water. In
order to investigate this possibility the caesium was treated in
two different ways, and some calculations were performed with an
elemental caesium vapour source and others with a caesium
hydroxide vapour source. For these two experiments, there were
also data from Nuclepore aerosol sample measurements which gave
some indication of the time-dependence of the release of fission
products from the fuel. These data were used, together with those
for the total release, to derive source rates for the fission
product release which were then used in the VICTORIA input data.
These source rates are given in Figures 20 to 23. Other fission
products element were not considered in these calculations due to
the small magnitude of their initial inventories.

Due to improvements in both VICTORIA and in the experimental
facility, the analyses of these two experiments were not subject
to some of the uncertainties of the simulant fuel studies reported
earlier. The improved version of VICTORIA, and the greater
quantity of experimental data, reduced the approximations which
had to be made in deriving the input dataset. The quality of the
input data for these experiments was also better than for the
simulant fuel studies. The main uncertainty remaining in these
analyses was the need to increase some of the temperatures at the
downstream end of the thermal-gradient tube in order to reduce the
numerical problems encountered by the chemistry module.

6.1 Experiment TG-6

Experiment TG-6 was performed using a single trace-irradiated
fuel rod sample. Only the iodine deposition profile was
measured, as this was the only fission product with
sufficient radioactivity to be detected. The deposition
profile was characteristic of a vapour transport mechanism
and no aerosol particles were detected in t'» e
thermal-gradient tube. The rather erratic shape of the
deposition profile is due to the electrical heating of the
second part of the thermal-gradient tube.

The results of a calculation performed with the best-estimate
input dataset are given in Figure 24. These results show no
agreement with experimental data. As was observed during the
analyses of the TG-1 experiment, VICTORIA predicts the
formation of aerosols, and this is not supported by the
experimental data. Although the predicted mass deposited in
TG-6 was not as strongly dominated by aerosol as it was in
TG-1 (see Figure 25), Figure 26 shows that at least 50% of
the iodine was predicted to be present in aerosol form in the
thermal-gradient tube. This prediction of aerosol formation
probably arose for two reasons. Firstly, inaccuracies in the
chemical database suggested by the analysis of TG-1 could be
having an effect. Secondly, the method used by VICTORIA to

11
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predict the creation of aerosol may not be appropriate for
these extremely low concentrations. VICTORIA performs
equilibrium chemistry calculations which can result in the
formation of solid or liquid species which are then added to
any aerosol mass already present in the calculation.
Currently, no checks are made to ensure that this aerosol
formation is physically realistic. For example, in an extreme
case VICTORIA could predict the formation of one atom of
aerosol. It is thought that this calculation predicts the
formation of an unphysically small number of aerosol
particles, leading to aerosol deposition, rather than vapour
transport being predicted.

In order to avoid these problems the same approximation was
made to model this experiment as had been made for the
analysis of TG-1, that is that the chemical interactions in
the bulk gas region were ignored. This is not too
unreasonable an assumption since the temperatures in the
thermal-gradient tube were again fairly low. The results of
this calculation are shown in Figure 27. It can be seen that
the agreement with the experimental data is still not good,
but the VICTORIA calculation does predict the correct order
of magnitude of deposition and the general trends in the
results are also in agreement with the data. The remaining
inaccuracies in the VICTORIA predictions are thought to be
due to the fact that the code cannot tolerate the relatively
low temperatures encountered in the thermal-gradient tube.

6.2 Experiment TG-7

Experiment TG-7 was performed with both a trace-irradiated
fuel rod sample and a control rod sample. The experimental
deposition profiles for iodine and cadmium were
characteristic of aerosol deposition. Table 3 shows that the
control rod sample burst well before the complete failure of
the fuel rod sample. However, the released mass of control
rod material was proportionally so much higher than the mass
of fission products released from the fuel rod that there
remained a significant amount of cadmium present at the time
of the failure of the fuel rod sample. Some fission products
were also released before the complete failure of the
fuel-cladding (see Figures 22 and 23), and this was due to
the formation of a low-melting point solidus after the
failure of the control rod.

The results of the best-estimate input dataset calculation
are shown in Figures 28 and 29. It can be seen that, while
the VICTORIA calculation follows the same trends as the
experimental data, the agreement is not very good at the
start of the thermal-gradient tube, although the agreement
with the data is much better at the end of this tube. This
trend is more clearly demonstrated by the cadmium than by the
iodine, and this suggests that some phenomenon to do with the
control rod burst is giving rise to these discrepancies as
suggested earlier.

12
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Since the cadmium was treated as an elemental vapour source
in these calculations, it was not possible to investigate the
sensitivity of the results to the MMR of the aerosols
produced during the burst release as was done during the
analyses of test TG-1. However, a sensitivity study was
performed to investigate the effect of the mass of cadmium
released during the burst. Two calculations were performed
with the same input as the best-estimate calculation except
that for one calculation the mass of cadmium released during
the burst was decreased to 25% of the total cadmium source
(50% of the original value), and in the second calculation
this was increased to 60% of the total (120% of the original
value). The results of these three calculations are shown
with the experimental data in Figures 30 and 31, and
demonstrate that the deposition in the thermal-gradient tube
is insensitive to the fraction of the total release of
cadmium released at the burst using the present models in
VICTORIA.

7. Conclusions

These analyses have demonstrated the ability of VICTORIA to
predict orders of magnitude and trends in fission product and
aerosol deposition under conditions representative of PWR severe
accidents.

Additional experimental data measurements have been identified,
such as wall temperatures etc., and these requirements have been
incorporated by the experiment Project staff into the later Falcon
tests. It is expected that these upgrades to the apparatus
should result in better quality data being produced in the later
tests, and this should be verified by further VICTORIA analyses.

Several modelling deficiencies have been identified in the code
(eg the inability of these versions of VICTORIA to model the
physical production of aerosols during the bursting of the control
rod), and several areas have been noted where further
investigation is required to assess VICTORIA'S suitability for
source term calculations (eg the treatment of aerosol nucleation),
and these items of work will be taken into consideration in future
code development programmes.

13
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TABLE 1: Matrix of Experiments Analysed

EXPERIMENT

TG-1

TG-2

TG-3

TG-6

TG-7

SIMULANT
FUEL

X

-

X

-

-

CONTROL
ROD

-

X

X

-

X

IRRADIATED
FUEL

-

-

-

X

X

TABLE 2: Sample Inventories

SAMPLE

Control Rod

Simulant Fuel

Irradiated Fuel

SPECIES

Cd
Ag
In

Csl
CsOH
Te
SrO
BaO
Mo
U02

I
Cs
Te
Ba

MASS PRESENT AT TIME
OF EXPERIMENT (kg)

1.11 X 1CT3

1.756 X 1C'2

3.31 X 10'3

8.84 X 1CT6

5.694 X 10'5

1.064 X 10'5

2.166 X 10- 5

3.442 X 10'5

5.580 X lO'5

1.816 X ID'3

2.350 X 10'13

7.372 X 10'13

2.185 X 10'14

6.273 X 10'13
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TABLE 3: Experiment Timing Details

EXPERIMENT

TG-1

TG-2

TG-3

TG-6

TG-7

FUEL ROD
FAILURE TIME

(s)

1000

-

550

1560

1800

CONTROL ROD
FAILURE TIME

(s)

-

200

200

-

1020

TIME SOURCES
STOPPED*
(S)

1100

850

650

2050

2000

RUN
END TIME

(s)

1250

1000

800

2200

2100

As defined in the VICTORIA input data
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