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VICTORIA-92 Pretest Analyses of PHEBUS-FPTO

N. E. Bixler and C. M. Erickson
Severe Accident Phenomenology Department
Sandia National Laboratories

Albuquerque, New Mexico 87185-1137

Abstract

FPTO is the first of six tests that are scheduled to be conducted in an experimental reactor in Ca-
darache, France. The test apparatus consists of an in-pile fuel bundle, an upper plenum, a hot leg, a
steam generator, a cold leg, and a small containment. Thus, the test is integral in the sense that it at-
tempts to simulate all of the processes that would be operative in a severe nuclear accident. In FPTO,
the fuel will be trace irradiated; in subsequent tests high burn-up fuel will be used.

Separate pretest analyses of the FPTO fuel bundle and primary circuit have been conducted using the
USNRC's source term code, VICTORIA-92. Predictions for release of fission product, control rod, and
structural elements from the test section are compared with those given by CORSOR-M. In general,
the releases predicted by VICTORIA-92 occur earlier than those predicted by CORSOR-M. The other
notable difference is that U release is predicted to be on a par with that of the control rod elements;
CORSOR-M predicts U release to be about 2 orders of magnitude greater.

Predictions for the primary circuit indicate the size distribution of aerosols, deposition profiles and
mechanisms, speciation of deposits, speciation of the bulk gases, and species that are delivered to
containment. Retention of the condensable elements is in the range of 32% to 51%. Elements forming
less volatile species tend to be retained in larger fraction than those forming more volatile species. The
VICTORIA-92 predictions should be useful for guidance in on-line aerosol monitoring and in post-test
chemical analyses.

Predictions indicate that revaporization should be important in FPTO. Volatile fission products continue
to flow into containment long after the reactor has been shut down. The opportunity should not be
missed to monitor this behavior; the PHEBUS test series offers a rare opportunity to observe revapor-
ization where there is a prototypical mixture of elements.

Predictions of speciation in the colder portion of the FPTO primary circuit, from the steam generator to
the exit to containment, are suspect because of the assumption of thermodynamic equilibrium that is
made in VICTORIA-92. In reality, chemical kinetics are limiting when temperatures fall below about
800 K, as they do in the steam generator of the FPTO test. A “frozen chemistry” model would be a
good approximation for gases that are rapidly quenched below this temperature. Such a model is slat-
ed for development in 1994, but is currently unavailable in VICTORIA-92.
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1.0 Introduction

1.1 VICTORIA-92

The consequences of a severe nuclear reactor acci-
dent depend on the quantity, characteristics, and timing
of the release of radionuclides from the containment,
which is often referred to as the source term. The
behavior of the radionuclides within the reactor coolant
system (RCS) will have a significant effect on determin-
ing the quantity of radionuclides within the containment
during an accident, and thus on the potential release
into the atmosphere. VICTORIA-92 [1] is a mechanistic
code for predicting fission product release from fuel,
chemical speciation and interactions, aerosol physics,
transport, and decay heating within the RCS under
severe accident conditions.

VICTORIA-92 follows the evolution of 26 elements,
including those from fuel and control rods, major RCS
materials, and the coolant, as they interact under the
influence of varying temperatures, pressures, and
velocities. Local chemical equilibrium is assumed for
the 288 chemical species in the database. Species that
reach the coolant channel may condense onto struc-
tural surfaces or form aerosols that grow and agglom-
erate, which may in turn deposit onto structural
surfaces, reheat, revaporize, resuspend, or chemically
interact with other materials on the surface.

1.2 PHEBUS-FPTO

PHEBUS is an experimental reactor located in
Cadarache, France. A series of six tests, the FPT
series, is scheduled to be conducted there. The first
test, FPTO, was run in December, 1993.

The FPT tests are integral in nature, i.e., they attempt
to represent all of the processes that would take place
during a severe nuclear accident. A schematic of the
apparatus to be used in FPTO is shown in Figure 1. It
consists of an in-pile fuel bundle containing 20 fuel
rods and 1 control rod, an upper plenum, a hot leg, a
steam generator tube, a cold leg, and a containment
vessel. In FPTO, the fuel will be trace irradiated; current
plans are to perform subsequent FPT tests with high
burn-up fuel.

Ideally, the experimental data from PHEBUS should
contain enough information to construct a complete
mass balance as a function of time. This would require
detailed data on the transient release of fission prod-
ucts from the fuel, of transport into the containment,
and of accumulation along the length of the test sec-
tion. Such data, if it were possible to obtain, would
allow VICTORIA, which does produce a complete
mass balance of the initial fuel inventory, to be vali-
dated with the confidence that any disagreement
between prediction and measurement was due to the
code itself. Obviously, it is not possible to measure a
complete and accurate mass balance with available
instrumentation and techniques. However, the goal
should be to quantify the inflow, outflow and deposition
of fission products in the test section as accurately as
possible. These measurements should capture the
transient nature of the deposition as well as the spatial
distribution. Furthermore, they shouid capture differ-
ences between interactions with Inconel and with the
stainless steel liner that is to reside in a portion of the
primary circuit. These types of data will generally be
useful for validating VICTORIA.

1.3 VICTORIA-92 Pretest Analyses
of FPTO

VICTORIA-92 [1] analyses of PHEBUS-FPTO were
performed in two parts: (1) the fuel bundle and a por-
tion of the upper plenum and (2) the upper plenum and
primary circuit leading to containment. The reasons for
the subdivision of the domain were as follows: (1) to
allow comparisons with CORSOR-M calculations on
fission product releases from the fuel bundle; (2) to
diminish the CPU time required for the individual calcu-
lations; and (3) allow sensitivity studies to be con-
ducted separately on the two subdomains. The sepa-
rate results of these two analyses are presented in
Sections 3.0 and 4.0. Section 2.0 describes the model-
ing details used in the two analyses.

The analyses reported here are pre-test: no experi-
mental data were available at the time these analyses
were conducted. This work is the first part of an ongo-
ing participation in the PHEBUS program.
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Figure 1. Schematic of the PHEBUS-FPTO test configuration.
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2.0 Application of VICTORIA-92 to PHEBUS-FPTO

As described in Section 1.0, VICTORIA-92 analyses of
FPTO were performed separately on the fuel bundle
and on the primary circuit. Both input decks are modifi-
cations of ones provided by Y. Drossinos at ISPRA
[2,3]. Because the input parameters needed to specify
the fuel bundie region are somewhat different than
those to specify the circuit, they are described sepa-
rately in the following two subsections.

2.1 VICTORIA-92 Input for the
FPTO Fuel Bundle

The input data for the fuel bundle calculations are dis-
cussed in the order that they occur in the input deck.

The VICTORIA representation of the fuel bundle is
shown schematically in Figure 2. The bottom 10 cells
(fueled) are each 3.65 cm in radius and 10 cm high.
The top two cells (unfueled) were each chosen to be a
full meter in height. This choice was made to ensure
that thermodynamic equilibrium would be established
by the time the gas reached the outlet. Making these
heights artificially large should not have significantly
affected the predictions of fission product release.

Input was chosen so that no chemistry was performed
within fuel grains but interactions between fission prod-
ucts and UO; at the fuel grain surface were modeled.
This option was chosen because it gave the best
agreement with Hl, Vi, and ACRR ST data in another

study [4].

Data for the fuel were chosen as follows. The pellet
diameter, gap thickness, cladding thickness, helium fill
pressure, and fraction of theoretical density were 8.19
mm, 85 microns, 0.57 mm, 28 bars, and 0.9582,
respectively. Each fueled cell contained 20 fuel rods.
Permeabilities were chosen based on simple estimates
to be 10°14 m2 in the fuel pellets and 1012 m? in the
gap, clad, and fuel film.

The initial fission product inventory in the stoichiometric
UO, fuel is given in Table 1. Grain diameters were
taken, in the absence of any data, to be 10 microns. No
sensitivity calculations were conducted to determine
the effect of grain size on releases. Varying this param-
eter would have affected release rates more than inte-
gral release fractions. Diffusion coefficients for each of
the fission products were represented by the expres-
sion

D = 5x 10-5¢-50000/T, 1)

where T is the local temperature in K and D is in units
of m%'s. The coefficients are ones recommended by
Matzke [5).

One control rod was present in the bottom 10 cells. The
alloy diameter, alloy length, inner and outer diameter of
the stainless steel cladding, and rod length were 8.66
mm, 1 m, 8.7 mm, 9.7 mm, and 1.1 m, respectively.
The alloy molar composition was 80% Ag, 15% In, and
5% Cd. The He fill pressure was 4 bars.

The settling flags were all set to -1.0 to allow down-
ward, inter-cell, gravitational settling. Axial flow areas
were set to 27.7 cm? for the fueled cells and to 41.9
cm? for the unfueled cells; radial flow areas were all set
to 0. Hydraulic diameters were set to 1.34 cm for the
fueled cells and to 7.30 cm for the unfueled cells. Cell
floor areas for aerosol settling were chosen to be 10
m? for the bottom cell, 0.0 for the others; wall areas
were chosen to be 229 cm? for the fueled cells and to
be 91.7 cm? for the unfueled cells; ceiling areas were
chosen to be 0.0 for all cells. Structural materials were
chosen to be inert in all the cells to represent the ZrO,
sheath.

Twelve mass bins were used to represent the aerosol
size distributions. In VICTORIA-92, each mass bin rep-
resents all of the aerosol particles whose individual

Table 1: Initial Fission Product Inventory (g-mol/m?)

Element

Concentration

Kr Xe Mo Ru Sb Eu

0372 | 2.465 | 1.822 | 1.423 | 0.010 | 0.019
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Figure 2. VICTORIA representation of the FPTO fuel bundle.



masses are approximated by the mass corresponding
to that bin. In this calculation, the mass bins ranged
from 102! to 10°1% kg by decade. The parameters
affecting aerosol physics and numerics were chosen to
be the usual values used in most VICTORIA-92 calcu-
lations [1].

Because the gas velocities were relatively large and
the cell lengths relatively small in this calculation, the
time steps had to be kept small. The time step chosen
was 0.1 s. Even this choice resulted in the Courant
condition being exceeded by almost a factor of 10 in
the fueled (shorter) cells. The top cells were chosen to
be artificially large so that the Courant condition would
be slightly less than unity there. This allowed equilib-
rium thermodynamics to be reached before the gas
exited from the domain. Calculations were run from
10,000 to 18,000 s. However, in FPTO the reactor will
be shut down at 16,000 s (see Figures 3 and 4), so
negligible release occurs after this time. Thus, most cf
the results for the fuel bundle are shown from 10,000 to
16,000 s.

Thermal-hydraulic input for the fuel bundle were taken
from calculations done by Shepherd et al. using the
code, CATHARE {2]. Fuel centerline, fuel perimeter,
and cladding temperatures were prescribed to be the
same in a given cell. The temperature histories for the
fuel in each of the fueled cells are shown in Figures 3
and 4, gas temperature histories are shown in Figures
5 and 6; structure temperatures are shown in Figures 7
and 8; gas pressures were chosen to be uniformily 2.2
bars; and axial velocities are shown in Figures 9 and
10. Radial velocities were all set to 0. The mass rate of
steam into the bottom cell was held at 3 g/s until
12,000 s, ramped down to 1.5 g/s between 12,000 and

Application of VICTORIA-92 to PHEBUS-FPTO

14,000 s, then held at that value for the remainder of the
calculation.

2.2 VICTORIA-92 Input for the FPTO
Primary Circuit

The VICTORIA-92 representation of the FPTO primary
circuit is shown schematically in Figure 11. (The contain-
ment is on the right side in this figure; whereas, it is on
the left side in Figure 1.) Cell radii and lengths are given
in Table 2. The cells with 90° bends shown in Figure 11
were treated by using the standard bend deposition
model in VICTORIA-92 [1]. Downward inter-cell settling
was modeled in each of the vertically oriented cells.
Points C and G, shown in Figure 11, are referenced in
Section 4.0.

Axial flow areas were chosen to be the cross sectional
areas of each cell; radial flow areas were chosen to be 0.
Each hydraulic diameter was chosen to be the true diam-
eter of the cell. Floor, ceiling, and wall areas were set as
shown in Table 3. The structural material in the first cell
was taken to be inert (ZrO,); the structural material in
each of the other cells was taken to be oxidized inconel.

Ten aerosol mass bins were used, which represented
particles ranging from 102! to 10 kg. This range was
chosen to be smaller than normal because of the rela-
tively low fission product source rates in FPTO. Other
parameters affecting aerosol physics and numerics were
chosen to be the normal values used in most VICTORIA-
92 calculations.

Calculations were run from 10,000 to 18,000 s using 0.1
s time steps. The Courant limit for this calculation is
about 0.01 s. CPU requirements would have been pro-

Table 2: Cell Radii and Heights Used to Represent the FPTO Primary Circuit

Cell 1 2 3 4 5 6 7 8 9 10 ) 12 13 14 15
R(em) | 365 | 305 | 240 | 197 | 150 | 150 | 150 |204 | 180 | 150 | 150 | 1.50 [ 1.26 | 1.00 | 1.00
H(em) | 137 | 980 | 785 | 700 | 222 | 118 |513. |761 |3.00 | 208 | 131 |4.00 | 3.55 | 148 | 148

Cell 16 17 18 | 19 | 20 | 21 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 30
R(m) | 100 | 100 | 100 | 100 | 126 | 150 | 1.50 | 150 | 1.50 | 1.50 | 1.50 | 1.50 | 1.50 | 1.50 | 1.50
H(cm) | 148. | 157 | 157 | 443. | 350 | 158 | 314 | 159. | 192 | 917 | 314 | 250 | 314 | 850 | 314
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hibitive if the Courant limit had been adhered to.
Instead, tests were done to show that the resuits did
not change appreciably if 0.1 s time steps were used
instead of 0.01 s time steps [6].

Calculations made with the French code CATHARE [3]
were used as the basis for the thermal-hydraulic input
needed by VICTORIA-92. The data are summarized in
the following paragraphs.

The thermal histories for the gas in cells 1 through 7
are shown in Figure 12. The temperatures for cells 8
through 12 were held uniformly at 973. K. The thermal
histories for the gas in cells 13 through 19 are shown in
Figure 13. The temperatures for cells 20 through 30
were held uniformly at 423. K.

The structural surtaces in cells 1 through 5 are shown
in Figure 14. The surface temperatures for cells 6
through 30 are to be regulated in the FPTO test and so
were calculated to be nearly constant over the FPTO
test. The values used in the VICTORIA-92 analysis
were as follows: the surface temperatures for cells 6
through 12 were held uniformly at 973 K; cell 13 was
held at about 681 K; cell 14 was held at about 425 K;

Application of VICTORIA-92 to PHEBUS-FPTO

cell 15 was held at about 424 K; and cells 16 through
30 were held uniformly at 423 K.

Gas pressures varied slightly during the calculation;
they were nearly uniform at 2.2 bars. The lowest pres-
sure was 2.199 bars and the greatest was 2.210 bars.

Radial flow velocities were uniformly zero for the entire
transient. Axial flow velocities were spatially and tem-
porally variable. Figure 15 shows the inflow velocities
into cell 1. Velocities through the remainder of the
domain were those required in order to conserve mass.

One aerosol, UO,, and 18 vapor sources, including H,
and H,0, were used to input each of the elements into
the circuit. The release rates used by VICTORIA-92
were those predicted by CORSOR-M (using the Petti
correlation for release of the volatiles [7]) for the fuel
and control rod elements and ICARE [3] for steam and
hydrogen. The CORSOR-M predicted releases are
compared in the following section with those of VICTO-
RIA-92. It would be desirable, for reasons outlined
below, to perform calculations using VICTORIA-92 pre-
dictions for the releases from the fuel bundle as input to
the FPTO primary circuit.

Table 3: Floor, Wall, and Ceiling Areas in Each Cell (cm?)

Cell 1 2 3 4 5 6 7 8 9 10 11 12 13 14 | 15
Floor, 0.01 0. 0.—_ 0. 0. 0. 1639. | 311, 10.8 | 895. 0. 0. 0. 0. 0.
Ceiling
Wall 313. 188. 1184. | 86.5 | 2088. 111, 1767. 355. 12.3 | 1022. 123. | 37.7 | 28.2 | 928, | 928.

Cell 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Floor, 0. 0. 0. 0. 0. 0. 0. 478, 0. 275. 0. 0. 0. 255, 0.
Ceiling
Wall 928. 98.6 | 98.6 2784, | 27.8 148. 296. 546. 181. 314, 296. 236. 296. 291, 296.
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3.0 Predictions for the FPTO Fuel Bundie

This section compares VICTORIA-92 predictions for
release of fission products and structural materials
from the fuel bundle region with those of CORSOR-M,
which are used as the basis for the analysis of the pri-
mary circuit given in Section 4.0.

Table 4 compares the integral releases predicted by
VICTORIA-92 with those predicted by CORSOR-M.
Figures 16 through 18 compare the relative timing of
release. In general, VICTORIA-92 predicts that
releases occur earlier than does CORSOR-M.

Total release fractions for four of the elements, |, Te,
Xe, and Kr, are predicted to be within a factor of two by
the two codes. However, VICTORIA-92 allows a signifi-
cant fraction of the Te to interact with the zircaloy clad-
ding while CORSOR-M does not. This is a low
concentration effect due to the trace irradiated fuel
used in FPTO. If more Te had been available for
release, a smaller fraction of it would have been able to
interact with the cladding and, thus, a larger fraction
would have been released.

VICTORIA-92 predicts substantially lower releases of
U, Cs, Ba, Sr, Cd, Sn, and Zr than does CORSOR-M.
The U, Ba, and Zr releases predicted by CORSOR-M
are larger than have been observed in other tests. VIC-
TORIA-92 predicts that a substantial fraction of the Cs
gets bound up in the pores as Cs,U,07, which reduces
the fraction of Cs that can be released. This effect
undoubtedly results from the low fission product inven-
tory for FPTO; if more Cs were present in the fuel, only
a small fraction would be able to interact with the UO,
at the grain surfaces. The Sr releases predicted by the
two codes agree reasonably well. The VICTORIA-92
prediction for release of Cd is based on a model that
allows most of the alloy to relocate to coider regions of
the test section after failure. If this assumption is valid
for the experiment, then the VICTORIA-92 prediction
should be reasonable; if the Cd remains in hotter
regions of the test section, then the CORSOR-M pre-
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diction should be more accurate. It is difficult to antici-
pate which assumption will prevail in the FPTO test. Sn
release in VICTORIA-92 can occur once the cladding
melts. However, the cladding was not allowed to melt in
this calculation in order to better represent the interac-
tions of Te with the cladding. This is because the clad-
ding failure model in VICTORIA-92 assumes that
melted cladding is entirely removed and is unavailable
for further interaction. The choice to retain the cladding
in this analysis allowed Te-cladding interactions to
occur, but did not allow much of the Sn in the cladding
to be released. For this reason, the CORSOR-M pre-
diction for Sn release is probably more realistic than
the VICTORIA-92 prediction.

VICTORIA-92 predicts substantially higher releases of
Ag and In than does CORSOR-M. This may be due to
a VICTORIA-92 model in which 2% of the alloy is con-
verted into aerosol upon burst of the control rod, as
was measured by Bowsher et al. [8]. The conversion of
control rod alloy to aerosol is not modeled by COR-
SOR-M.

Release of the control rod cladding elements, Fe, Cr,
Mn, and Ni, was not modeled in the VICTORIA-92 cal-
culation. Thus, the releases of these elements were
null. A model for this type of release should be added
to the code.

Based on the above discussion, it is obvious that some
of the differences between the two sets of predictions
will have to await execution of FPTO for resolution. This
is especially true of the U release, which according to
CORSOR-M should dominate the elements released
into the circuit. On the other hand, VICTORIA-92 pre-
dicts U release to be similar to that of the control rod
elements. Even so, release of U and the control rod
elements is predicted by VICTORIA-92 to dominate
those of the fission products for FPTO. This will not be
the case for the later FPT tests, because they will use
high burn-up fuel.



Tabie 4: Integral Releases Predicted by VICTORIA and CORSOR-M

Predictions for the FPTO Fuel Bundle

Initial Inventory CORSOR-M CORSQR—M VICTORIA VICTQRIA
Element ) Mass Release Fractlorl Mass Release Fractlorl
(9) Release (%) (9) Release (%)
U 9?83 140 15 25 0.03
Cs 0.1378 0.12 87 0.050 37
| 0.03446 0.030 87 0.028 81
Te 0.04532 0.040 88 0.022 49
Ba 0.1424 0.049 34 0.0072 51
Sr 0.1083 0.0041 38 0.0011 1.0
Xe 0.3268 0.28 86 0.27 83
Kr 0.03143 0.027 86 0.026 83
Ag 471.2 39 0.83 19 4.0
In 88.35 0.50 0.57 25 28
Cd 29.45 10. 34 1.1 37
Sn 39.25 24. 61 0.0016 0.00
Zr 2062 0.35 0.02 0.0040 0.00
Fe 76.64 1.7 22
Cr 24.77 1.6 6.1
Mn 2.18 0.0019 0.09
Ni 13.10 0.00013 0.00
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4.0 Predictions for the FPTO Primary Circuit

Release data from CORSOR-M using the Petti correla-
tion [7] for volatile release, given in Table 4 and shown
in Figures 16 through 18, wera used as input in the
analysis of the FPTO primary circuit. A future calcula-
tion using VICTORIA-92 release predictions as input to
the primary circuit should be performed. Other input
data are discussed in Subsection 2.2.

Figure 19 shows the locations and mechanisms of
aerosol deposition. The largest aerosol deposits occur
in the vertical section above the fuel bundie and in the
first half of the steam generator. The primary deposition
mechanism in these regions is thermophoretic deposi-
tion, which occurs because the gas stream is signifi-
cantly hotter than the surfaces (see Figures 12 through
15). Aerosol deposition also occurs along the straight
horizontal section near point C. The dominant deposi-
tion mechanism there is gravitational settling.

Figure 20 shows the aerosol mass mean diameter at
point C, the steam generator, point G, and the exit to
containment. The mass mean diameter changes signif-
icantly over the transient, depending on the rate of
release from the test section. Several early peaks
occur as material is expelled from the control rod. The
relatively smail aerosol sizes prior to about 13,000 s
will be difficult to quantify with on-line impactors. The
broad peak from 13,000 to 16,000 s corresponds to
release from the fuel rods. On-line impactors should be
effective for measuring aerosol size distributions during
this period. Differences in mass mean diameter from
point to point within the primary circuit tend not to be
great.

The multiplicity of peaks in the mass mean diameter of
the aerosol during the period between 10,000 and
12,000 s, corresponding to multiple failures of a single
control rod, is an artifact of the way that the CORSOR-
M calculation was applied to FPTO0. Therefore, redoing
the calculation using VICTORIA-92 release data would
be worthwhile. Furthermore, the smaller total mass
release predicted by VICTORIA-92 should produce
somewhat smaller aerosols, an effect that should be
quantified.

Aerosol standard deviations are shown in Figure 21.
These range in value from 1 to 3. They are around 2
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over most of the transient. Again, the variation from
point to point within the primary circuit is not great.

Aerosol mass and particle concentrations are shown at
four locations in Figures 22 and 23, respectively. Dur-
ing the period when the reactor is operating, the mass
concentrations generally range from 1075 to 10-! kg/m?®
and the particle concentrations from 1012 to 1014 parti-
cles/m3. Again the temporal variation of these quanti-
ties is much greater than the spatial variation.

Idaho National Engineering Laboratory has supplied an
on-line aerosol monitor (OLAM) for measuring patrticle
concentrations during the FPT transients. It operates
by attenuation of an optical beam. Predictions fer parti-
cle concentrations are well within the range for which
the OLAM was calibrated [9], which indicates that this
device should prove useful for observing the onset of
control and fuel rod releases. However, predictions for
both aerosol mass and particle concentrations would
have been somewhat lower had the releases from the
test section predicted by VICTORIA-92 been used as
input to the primary circuit.

The hydrogen/steam ratio is shown in Figure 24 at four
points in the FPTO primary circuit. As might be
expected, there is no significant variation from point to
point because only a small fraction of the steam reacts
with the fuel and structural materials as it flows through
the circuit. There is, however, a large variation in time;
the ratio is small over most of the transient, except at
around 10,300 s when ICARE predicts cladding oxida-
tion to occur rapidly.

Figures 25 through 29 show the dominant iodine spe-
cies at the inlet, point C, the steam generator, point G,
and at the exit, respectively. At the inlet, the dominant
species are I(g), Hi(g), and Csl(g), in that order over
most of the transient. By point C the temperature has
cooled to 700°C, which is low enough that the domi-
nant forms are Csl(c) followed by Csl(g) over most of
the transient. In the steam generator and beyond, the
dominant form is Csi(c) over the entire transient until
reactor shutdown. After reactor shutdown, Cdl,(c),
Cdl,(g), and other species compete for dominance.
This set of plots, as well as ones to follow, make it clear
that revaporization is important in the FPTO primary cir-
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cuit, becoming apparent after reactor shutdown when
fission product release from the fuel is negligible.

Figures 30 through 34 show the dominant cesium spe-
cies at the same set of locations. At the inlet,
Cs,2r,05(c) dominates over the entire transient.
CsOH(g) and Cs,Zr304(c) are next in dominance dur-
ing the early and intermediate portions of the transient,
respectively. The Cs species at the inlet all die out
quickly after the reactor is shut down at 16,000 s. At
point C, Cs,2r,04(c) followed by CsOH(g) are the
dominant species early in the transient; Cs,2r,05(c)
followed by Cs,ZrO4(c) are dominant in the intermedi-
ate portion of the transient, and Csi(g) followed by
CsOH(g) are dominant after reactor shutdown. In the
steam generator, temperatures are cool enough (about
200°C) that only condensed phase species are impor-
tant. Csl(c) dominates over most of the transient.
CsOH(c), Cs,2Zr,0¢(c), and Cs,ZrO;4(c) also compete
for dominance during the first half of the transient. Sim-
ilar trends are found at point G and the exit.

SnTe(g) and Te(g) are the dominant tellurium species
at the inlet, as shown in Figure 35. At point C (Figure
36), the number of species has increased and many of
them dominate over short periods of the transient. By
the steam generator (Figure 37), the number of signifi-
cant tellurium species has decreased to eight. Of these
CdTe(c) is dominant early and late in the transient and
Te(c) in the intermediate portion. Cs,Te(c) also plays a
significant role. Similar trends are predicted at point G
(Figure 38) aid the exit (Figure 39).

It should be noted, however, that some of the predic-
tions of speciation in and beyond the steam generator
are suspect because of the assumption of thermody-
namic equilibrium that is made in VICTORIA-92. In
reality, thermodynamic equilibrium is an excellent
assumption at temperatures above 1000 K; at temper-
atures below 800 K it may be a poor assumption. Tem-
peratures between the inlet to the circuit and the steam
generator are about 973 K, but fall to well below 800 K
in the steam generator. A better approximation to the
chemical speciation in the steam generator and
beyond would be that the speciation is “frozen,” i.e.,
that the speciation does not continue to change once
temperatures fall below 800 K. Rather, only phase
change should be allowed below this cutoff. This “fro-
zen chemistry” model is not yet available in VICTORIA-
92, and so was not used in this analysis of FPTO. Itis
planned as a future development to the code.
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Figure 40 shows the build-up of surface layer deposits
at the inlet, point C, the steam generator, and the exit.
By the end of the transient, the total deposits are about
0.02 g/cm? at all of the points except “Point C, where the
deposits are only about 0.0009 g/cm*. Thermophoresis
is the dominant deposition mechanism at each of these
points except point C, where gravitational settling is
dominant. This difference in deposition mechanisms
probably accounts for the difference in surface deposit
density.

Figures 41 through 45 show the dominant | species
deposited at the inlet, point C, the steam generator,
point G, and the exit, respectively. Csl(c) dominates
over the others and is predicted to be the only measur-
able form of iodine deposit in the primary circuit.

Figures 46 through 50 show the dominent deposited
Cs species at the same locations. Cs,U;0,(c) and
Cs,2r30(c) are the dominant deposits at the inlet;
Cs,2rO4(c), Csl(c), and Cs,U,0(c) are important at
point C; Csl(c) and Cs,ZrO5(c) dominate in the steam
generator and at point G; and Cs,2r,05(c), Csl(c), and
Cs,ZrO4(c) are important at the exit into containment.

Figures 51 through 55 show the dominant Te species
deposited at the inlet, point C, the steam generator,
and point G, respectively. Te(c) followed by SnTe(c)
dominate at the inlet; the same two species plus
CdTe(c) are important at point C; at the steam genera-
tor, at point G, and at the exit to containment, Te(c) and
CdTe(c) dominate. Again, predictions of speciation of
deposits in the steam generator and at point G are sus-
pect.

Uranium surface deposit densities are shown in Fig-
ures 56 through 60. UO, is the dominant U species
throughout the primary circuit. The surface deposits of
UO, are 107 to 102 g/cm?, which is several orders of
magnitude greater than any of the fission product sur-
face deposits. However, if the VICTORIA-92 predic-
tions for U release from the fuel are more realistic than
those of CORSOR-M, the U deposits would be about
two orders of magnitude less than is shown in these
figures. Other important U species deposits include
U4Og at the inlet and point C and BaUO,4 and SrUO,
from the steam generator to the exit into containment.

Silver deposits are shown in Figures 61 through 65.
Ag(c) is the dominant Ag species throughout the pri-
mary circuit. Indium surface deposit densities are

shown in Figures 66 through 70. In(c) and In,O are
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Figure 47. Cs surface deposit densities at point C in the FPTO circuit.
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Figure 48. Cs surface deposit densities at the steam generator in the FPTO circuit.
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Figure 54. Te surface deposit densities at point G in the FPTO circuit.
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Figure 55. Te surface deposit densities at the exit of the FPTO circuit.
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Figure 58. U surface deposit densities at the steam generator in the FPTO circuit.
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Figure 61. Ag surface deposit densities at the inlet of the FPTO circuit.
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Figure 62. Ag surface deposit densities at point C in the FPTO circuit.
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Figure 63. Ag surface deposit densities at the steam generator in the FPTO circuit.
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Figure 64. Ag surface deposit densities at point G in the FPTO circuit.
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Figure 65. Ag surface deposit densities at the exit of the FPTO circuit.
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Figure 66. In surface deposit densities at the inlet of the FPTO circuit.
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Figure 68. In surface deposit densities at the steam generator in the FPTO0 circuit.
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Figure 69. In surface deposit densities at point G in the FPTO circuit.
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both important at the inlet; In,O5 dominates throughout
the rest of the circuit.

Cadmium deposit densities are shown in Figures 71
through 75. At the inlet, Cd(c) is the dominant species;
at point C, Cd(c), CdTe(c), and CdO(c) are important;
and at the steam generator and beyond, CdO(c) and
Cd(c) dominate.

The overall retentions in the FPTO primary circuit are
summarized by element in Table 5. The masses
released into the circuit are those predicted by COR-
SOR-M and match the values in Table 4. The masses
released into containment and fractions retained in the
circuit are those predicted by VICTORIA-92. As
expected, all of the noble gases pass through the cir-
cuit and into containment. The other elements are

Predictions for the FPTO Primary Circuit

retained between 32% and 51% in the circuit. In gen-
eral, the elements forming less volatile species are
retained at a higher fraction and those forming more
volatile species are retained at a lower fraction. The
predicted range of retentions is relatively narrow, less
than a factor of two. This is because most of the depo-
sition phenomena in FPTO are governed by aerosol
physics (primarily thermophoresis) and transpont. If
vapor condensation had been dominant for some of the
elements, as it was in the FALCON-ISP experiments
[10], the retentions would have been more varied. For
example, measured retentions varied from 13% for B to
61% for Ag in FAL-ISP 1 and from 2% for B to 50% for |
in FAL-ISP 2. VICTORIA predictions ranged from 16%
to 49% and from 10% to 35% for these two tests,
respectively.

Table 5: Summary of Retention in and Release from the FPTO Primary Circuit

Released from Core
Element into Cil:cuit (9) Beleased fr.om Circuit Retained in Circuit
as predicted by into Containment (g) (%)
CORSOR-M
% —

Cs 0.12 0.061 48
I 0.030 0.016 46
To 0.040 0.020 50
Ba 0.049 0.024 51
Sr 0.0041 0.0020 51
Xe 0.28 0.28 0

Kr 0.027 0.027 0

Ag 39 23 41
In 0.50 0.31 38
cd 10. 6.8 32
Sn 24, 12, 50
Zr 0.35 0.17 51
Fe 1.7 0.83 51
Cr 1.6 0.77 51
Mn 0.0019 0.0012 39
Ni 0.00013 0.000083 38
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5.0 Conclusions

Analyses of the PHEBUS FPTO fuel bundle and pri-
mary circuit have been performed with VICTORIA-92.
Results for elemental releases from the fuel and control
rods have been compared with ones provided by
ISPRA using CORSOR-M with the Petti correlation (7).
Specific conclusions are drawn in the following two
subsections.

5.1 FPTO Fuel Bundle

The fission product releases predicted by VICTORIA-
92 differ substantially from those predicted by COR-
SOR-M using the Petti correlation for release of the
volatiles [7]. The VICTORIA-92 releases begin earlier
in the transient. The predicted release fractions also
differ. The most notable difference is for uranium. COR-
SOR-M predicts that U release will dominate not only
the fission product releases but also those of the con-
trol rod elements; VICTORIA-92 predicts that U will be
released in similar abundance as the control rod ele-
ments. The difference in the predictions is about two
orders of magnitude. Most of the other differences are
probably due to the low burn-up of the FPTO fuel and to
modeling differences in the treatment of melting of the
fuel cladding and loss of the control rod alloy to colder
regions of the reactor.

5.2 FPTO Primary Circuit

A large quantity of predicted data has been presented
for the FPTO primary circuit. These include aerosol size
distribution characteristics, the location and speciation
of deposits, and the speciation of fission products in
the circuit and of those entering containment. These
data should be useful for calibration of aerosol instru-
mentation and for optimizing post-test chemical analy-
ses.

VICTORIA-92 predicts that most of the uranium
released from the fuel is deposited as UO,. With time
at ambient conditions, it should become further oxi-
dized to form U30g. Thus, post-test chemical analyses
should detect U304 rather than UO, in the primary cir-
cuit.

Other detectable species in the primary circuit should
include Csl, Cs,Zr;04, Te, CdTe, BaUO,, StUQO,, Ag,
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In;03, In, CdO, and Cd. These species should be mea-
sured in post-test chemical analyses. VICTORIA-92
predictions show the portions of the circuit where each
of these species should be relatively abundant. For
most of the species, the steam generator tube is a
region of high deposition. This is because the large
temperature difference between the gas and steam-
generator-tube surface should drive thermophoretic
deposition there.

On-line sampling should be able to measure the aero-
sol size distributions during the test, especially
between 13,000 and 16,000 s. Prior to this time, signifi-
cant aerosols should be present only when the control
rod bursts. One caveat is that CORSOR-M appears to
predict unusually high releases of UO, from the fuel. If
this prediction is in error, aerosol concentrations, sizes,
and particle densities may be somewhat smaller than
predicted. This uncertainty could be resolved by rerun-
ning this calculation using VICTORIA-92 predictions of
releases from the test section as input to the circuit.

The predictions indicate that revaporization will be an
important phenomenon during the FPTO test. Materials
deposited in the early and middle part of the transient
revaporize and flow into containment well after reactor
shutdown. This should be observable during the test if
on-line measurements are continued after reactor shut-
down. Measurements of this kind should prove useful
for assessment of the chemistry models in VICTORIA-
92. Further, measurements of fission products in the
primary circuit after reactor shutdown may prove to be
one of the most useful to be made during FPT0. No
other upcoming test offers the possibility to collect this
type of revaporization data with a prototypical mix of
elements. This opportunity should not be missed.

VICTORIA-92 predicts that chemical speciation for
many of the elements changes dramatically along the
primary circuit. In part, these changes in speciation are
real and important. However, one weakness in VICTO-
RIA-92 may call into question some of the predictions
of speciation in the steam generator and cold l2q.
Below temperatures of about 800 K, the assumption of
thermodynamic equilibrium is not valid. The circuit tem-
perature falls well below 800 K in the steam generator
and in the cold leg leading to containment. The effect



on the VICTORIA-92 predictions of imposing thermo-
dynamic equilibrium in this part of the circuit is not
known. In principle, speciation should be quickly “fro-
zen" as temperatures fall below 800 K and only phase
changes should continue to take place. This would

5

Conclusions

probably lead to a larger set of species entering con-
tainment than is indicated here. It would be desirable to
assess the effect of a "frozen chemistry” model on the
FPTO circuit analysis.
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