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ABSTRACT
Large scale experiments show that whenever a Loss of Coolant Accident (LOCA) occurs,
water pools are generated. Stratifications of steam saturated gas develop above water pools
causing a two-compartment thermal-hydraulics.
The LACE (LWR Advanced Containment Experiment) LA4 experiment, performed at the
Hanford Engineering Development Laboratory (HEDL), exhibited a strong stratification, at
all times, above a growing water pool.
JERICHO and AEROSOLS-B2 are part of the ESCADRE code system (Ensemble de
Systemes de Codes d'Analyse d'accident Des Reacteurs a Eau), a tool for evaluating the
response of a nuclear plant to severe accidents. These two codes are here used to simulate
respectively the thermal-hydraulics and the associated aerosol behavior. Code results have
shown that modelling large containment thermal-hydraulics without taking account of the
stratification phenomenon leads to large overpredictions of containment pressure and
temperature.
If the stratification is modelled as a zone with a higher steam condensation rate and a higher
thermal resistance, ESCADRE predictions match quite well experimental data.
The stratification thermal-hydraulics is controlled by power (heat fluxes) repartition in the
lower compartment between the water pool and the nearby walls. Therefore the total, direct
heat exchange between the two compartment is reduced.
Stratification modelling is believed to be important for its influence on aerosol behavior:
aerosol deposition through the interface of the two subcompartments is improved by
diffusiophoresis and thermophoresis. In addition the aerosol concentration gradient, through
the stratification, will cause a driving force for motion of smaller particles towards the pool.
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1. INTRODUCTION
LWR risk assessment and emergency planning reserves a special attention to the aerosol
behavior on postulated high-consequence accident situations. The LWR Aerosol Containment
Experiments (LACE) considered especially those accident situations in which the containment
building loses its function: the LA4 test, for example, was an experiment dealing with a late
failure of the containment causing simultaneously a fission-product release.
These data can be used to determine the ability and accuracy of available computer models.
Through this process best estimate models can be improved and validated.
IPSN Cadarache is developing a computer code system able to predict the radioactive release
(source term) to the environment in case of failure or bypass of the containment building.
This code system is named ESCADRE (Ensemble de Systemes de Codes d'Analyse
d'accident Des Reacteurs a Eau). JERICHO and AEROSOLS-B2 are the codes which refer
to the thermal-hydraulics of a containment vessel and to the related aerosol behavior. For
the definitive validation of this code an important experimental program, with melting of
nuclear fuel, has been set up: the PHEBUS program.

2. THE LACE LA4 EXPERIMENT
Test LA4 was performed in August 1986 in the Containment System Test Facility (CSTF)
operated by the Westinghouse Hanford Company (WHC). A two-component (soluble and
insoluble) aerosol was generated under conditions which simulated a severe accident (in an
LWR). After a steady-state period of significant aerosol removal, a delayed containment
failure was simulated.
For the description of the input test conditions it is useful to separate the test in seven
periods. During each of these periods the input conditions were considered essentially
constant. The conditions of the test are summarized in table 1.

Table 1: LA4 test chronology
* Period 1 (Heatup from -50 min to 0 min): Steam injection at a high rate, no aerosol injection.
* Period 2 (CsOH injection from 0 min to 30.5 min): CsOH injection plus a separate injection of steam at an intermediate
rate.
* Period 3 (CsOH + MnO injection from 30.5 min to 50.5 min): Injection of MnO while continuing the addition of CsOH
and steam.
* Period 4 (MnO injection from 50.5 min to 80.2 min): Injection of MnO while continuing the addition of steam.
* Period 5 (Steady State from 80.2 min to 280 min): Stop aerosol injection to the CV while continuing the separate injection
of steam at a lower rate.
* Period 6 (Vent from 280 min to 600 min): Vent CV atmosphere through the (submerged gravel) scrubber to stack. Vent
flow through the valve was stopped at 440 minutes because, at that time, it evolved to insignificant flow rates. Steam
injection continues at a lower rate.
* Period 7 (Cooldown from 600 min to 5700 min): No steam, N2, or aerosol injection. A CV vent valve was opened at 800
minutes to prevent CV pressure to become sub-atmospheric for all the rest of the cooldown period.
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Figure 1: Schematic of CV arrangement for test LA4 Figure 2: Heat flux through outer CV walls

A sketch of the experimental arrangement is shown in figure 1. The containment vessel
(CV) is a vertical cylinder with a total enclosed volume of 852 m3 and a design pressure of
.517 MPa at 160 °C.
Two aerosol species were injected in overlapping release times (period 3 in table 1): CsOH
(ceasium hydroxide) and MnO (manganese oxide). The aerosols were generated by vapor
condensation methods in a mixing vessel and carried to the CV by a flow of superheated
steam and nitrogen. A total of 5130 g of combined aerosol was injected during the 80.2 min
aerosol injection period. Cascade impactor samples, taken from the aerosol delivery line,
gave an average value of 1.35 (im aerodynamic mass median diameter (AMMD) for CsOH
only and 1.82 ^m AMMD for MnO only.
The maximum CV pressure was 256.1 kPa absolute, reached at the end of Period 4. The
maximum temperature was 101.1°C reached at the same time.

3 LA4 TWO-COMPARTMENTS THERMAL-HYDRAULICS
Due to the formation of a large water pool at the bottom of the Containment Vessel, two
different thermal-hydraulics developed in two compartments in which the large CV can be
divided: an upper and a lower cell.
In the following some important thermal-hydraulics aspects will be evidenced in order to be
able to interpret the experiment evolution.

3.1 Heat Fluxes in the Lower CV Cell
Measured inner and outer heat fluxes through the CV walls refer to the four locations of the
wall condensate collectors (WCC, see figure 1). During the heatup phase (high steam
injection from -50 to 0 min) the heat flux to the inner surface of the (carbon steel) CV
reaches about 1500 watts per square meter. After that, while continuing an injection of
steam at a lower rate (steady state period from 80.2 to 280 min) the heat flux, limited by the



LACE LA-4 thermal gradient
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Figure 3: Thermal gradient at the gas-water interface Figure 4: Steam condensation mass flux at the CV
WCC locations

outer CV thermal insulation, is about 60 watts per square meter (figure 2).
Figure 2 shows that the heat fluxes (W/m2) were similar for all elevations except for the
lowest WCC-4 location, above the water pool, which gave lower fluxes through the walls at
all times. JERICHO code analysis allowed to give an interpretation which is discussed in the
conclusions.

3.2 Thermal Gradient above the Water Pool
All temperatures above the elevation of the steam pipe outlet (-7.65 m, see figure 1) were
rather uniform. However, the occurence of a steep temperature gradient in the region
immediately above the CV sump was observed. More specifically, before the venting
(steady-state phase with steam injection at a low rate) there was a temperature gradient of
about 20 °C from the CV sump surface up to -7 m elevation, while the temperature spread in
the rest of the CV was less than 5 °C. Then the temperature gradient in the lower region
decreased to 10 °C at 600 min, while no more than 2 °C difference was measured in the rest
of the CV atmosphere. The temperature gradient evolution, at the gas/water interface, is
plotted in figure 3.

3.3 High Steam Condensation Mass Fluxes on CV Lower Compartment Walls
In the lower compartment (WCC-4 location, see figure 1), higher steam condensation mass
fluxes (kg/s m2) on CV walls were recorded at all times after the heat-up phase.
The estimation of LA4 experimental condensation fluxes leads to assert that, roughly, during
the steady-state period and through all the venting period (up to 600 min), the mass of steam
condensing (per second and per square meter) in the lower cell (which is about 5 % of the
total volume) is 160% times larger than the one condensing in the upper cell. For example,
during the steady-state period, the steam flux on upper CV walls (average data from WCC-1
through 3) is 3.4E-5 kg/s m\ while on lower cell walls (WCC-4) is 6.7E-5 kg/s m2 with a
percentage variation of 97%. This is shown in figure 4.
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3.4 Downward Gas Flows Along CV
Walls
Turbine flow meters were installed in the
containment vessel to obtain information
on the flow patterns and on the
magnitude of gas velocity.
Convection patterns in the containment
were dominated by the direct steam
addition during the heat-up period
(upward near the centerline, see figure
1). Upflow in the middle of the
containment was recorded, and downflow
was recorded along the walls. Minor
velocity changes were recorded during
the decompression of the CV in the
venting period.
No significant velocities were recorded
after all steam injection was terminated (after the steady-state).

3.5 Condensed Steam Collected on CV Walls
LACE experimenters stated that more than 100 kg of water held-up on CV walls during the
heat-up phase and were removed at the end of the steady-state phase. The condensate film
was estimated to be about .5 mm thick. However the surface of the only CV vertical walls
was about 400 m2. Thus the mass of water not immediately collected into the water pool can
easily reach about 200 kg.

LACE LA4 experimental data cor
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Figure 5: Condensation/evaporation at the gas/water interface

4 LA4 THERMAL-HYDRAULICS MODELLING BY JERICHO CODE
Four structures, describing the cylindrical CV walls, the top head, the bottom head and the
internal structures, have been modelled in JERICHO input. Internals are made by steel,
while the CV walls are made by two different layers, the first of carbon steel, the second of
a thermal insulation. The wall #2 (bottom head) is separated from the CV gaseous
atmosphere by the water sump.
The available options, for the carbon steel structure, in terms of heat flux correlations, are:
1) Uchida, 2) Chilton, 3) Collier and 4) user defined heat transfer by means of a heat
transfer coefficient (HTC).
Several calculations (par.4.1) have shown that JERICHO (as well as a generic thermal-
hydraulic code) used in a single-compartment mode will give results in disagreement with
LA4 experimental data unless all previous peculiarities are taken into account. On the other
side, a multi-compartment calculation might arise some difficulties because the simulation of
the sequence become complicated. For example, the gas mass flow rates through the two
sub-compartments zone of separation and the amount of condensed steam being relocated
(which is forming the water pool) from the upper volume to the lower one, are not directly
known.
Besides that, the correct simulation of the venting phase for both volumes (upper and lower
cells) towards a common compartment (environment) might present some obstacles: should
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Figure 6: Gas and water pool temperature versus time

the two volumes be vented
simultaneously by means of two different
(theoretical) venting valves? Note that in
this case the flow rates may differ being
calculated by the code. Alternatively, if
the lower cell is forced to vent towards
the upper cell, which consequently will
vent to the environment how to model the
lower and upper cell "venting" interface?

4.1 JERICHO Calculations in the
Hypothesis of a Single Well-Mixed
Compartment
Under the hypothesis of well-mixed
compartment, JERICHO calculations
exhibited higher pressures and
temperatures: due to the lack of modelling stratification thermal resistance at the gas-water
interface a higher heat exchange is predicted. Thus calculated water pool temperatures are
much higher: 25% at the end of steady-state (i.e. at 280 min) and 15% higher during
cooldown (e.g. at 800 min).
Calculated steam partial pressure is, at the end of the steady-state phase, about 16% higher
than experimental data and during the cool-down phase about 30% higher.
The average temperature of the gaseous atmosphere is predicted to be 8% higher, at the end
of the steady-state, and 10% higher at 800 minutes (cooldown).
As a consequence the mass of water condensed and collected in the CV pool is lower than
experimental data.

4.2 JERICHO Modelling of the Stratification Thermal Resistance
Simulating the stratification by means of a thermal resistance leads to a general better
agreement (e.g. with experimental water pool temperatures).
The important difference for the global CV thermal-hydraulics is clearly confirmed by figure
5. This figure compares calculated condensation (or evaporation) rates at the gas-water
interface (g/s) in case of stratification thermal resistance modelling (curve A) and in case of
well-mixed compartment (curve B). In this last case Uchida correlation has been used for
the heat transfer between gas and water pool.
Without modelling the stratification thermal resistance (curve B) the heat flux through the
interface is promoted: thus, for example when the venting occurs (at 280 min), the gas-water
interface goes from high condensing conditions through evaporating conditions (curve B of
figure 5). Afterward since the steam injection to the CV is continuing at a lower rate up to
600 minutes (see table 1), curve B displays again condensation at the water surface.
On the other side, curve A predicts condensation at the water surface even during the venting
with a resulting growth of the water pool. However, during the steady-state, curve A
predicts a lower condensation rate. Therefore the description of the stratification by means
of a pure thermal resistance will cause an underestimation of the water pool growth during
the early stage of the sequence.
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As a result calculated temperatures of the
gaseous CV atmosphere, and
consequently of the water pool, are still
predicted to increase beyond reasonable
values during the steady-state (curves A
and B of figure 6). Water pool
temperatures predictions, that is curve B
of figure 6, are somehow manifesting the
influence of the temperatures of the lower
cell gas (indicated with the pound
symbol).
When correctly modelling the
stratification, the simulation of a thermal
resistance is not satisfactory: it is
necessary to take account of additional
steam condensation occurring in the
lower cell (not necessarily in the pool).
In fact the thermal resistance modelling is
a first approximation of the reality: if the
stratification does not allow a direct
coupling of the two cells, condensation
mass fluxes occuring at the higher layer
of the stratification are not directly
transferred to the water pool (contributing
for example to a temperature increase)
but instead they flow to the lower cell
under form of falling droplets (in a
strongly super-saturated environment) or
condense on the water pool nearby walls.

4.3 Modelling of Steam
Condensation in the Lower Cell and
Water Relocation to the CV Pool
As already said the simulation of the only
thermal resistance of the stratification
above the pool, does not allow a
complete, correct thermal-hydraulics modelling of LA4 test.
Experimental data on steam condensation mass fluxes (kg/s m2) on CV walls show that,
during the steady state, a surplus of steam (in excess to the CV average), roughly ranging
from 30 to 70 kg, has condensed on the walls of the lower compartment. If considering the
early stage of the cooldown phase, and part of CV internal structures surfaces located in the
lower cell, this mass of condensed steam may easily arise to three times the above estimated
values.
Modelling the condensation of this amount of steam (on CV internals), the steam enthalpy of
the gaseous atmosphere decreases by a quantity equivalent to the latent heat of condensation.
The mass of condensed steam is made, by the code, almost instantaneously fall down to the

Figure 8:
description

Two subcompartment thermal-hydraulics
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pool. The amount of enthalpy converted
into water is directly related to the
difference of the two trends showed in
figure 7. Note that before venting a
larger water pool is predicted because the
code does not model the accumulation of
water by the condensate film on CV
walls which was actually confirmed
during the test. Only after the venting
this amount of mass is relocated to the
pool (this is shown by the experimental
trend between the two vertical lines 2 and
3 of figure 7). Additionally, at time 440
minutes the measurement was affected by
an error due to an instrumentation
leakage. Corrected values are still
plotted in figure 7.
This rationale of "forced condensation"
founds its justification especially under
water pool evaporation conditions, that is
during the cooldown: since a slight
degree of super-heating in the upper cell
is experimentally confirmed, steam
condensation must occur in the lower
cell; that means that the condensed steam
is flowing back to the pool without a
large mass exchange with the upper cell.
This is schematically described in figure
8.
The relocation of thicker water films
along the lower cell CV walls is probably
the reason of the lower measured heat
fluxes reaching the outer surfaces of the
CV shell: the film is relocating some of
the latent heat of condensing steam directly to the pool (figure 8).
With the modelling of the discussed phenomenon all calculated parameters show a good
agreement with experimental data. For example figure 9 gives the CV inner and outer
surfaces temperature as well as the water sump temperature. Recalculated trends (C and D)
are also showed in figure 6 for comparison purposes.
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Figure 10: Influence of steam condensation versus time

5. SELECTED RESULTS BY AEROSOLS-B2 CODE
Suspended aerosol mass concentration is expressed as grams of aerosol species (CsOH or
MnO) per cubic meter of steam/air mixture at the containment temperature and pressure at
the sampling locations. The average TTW (Through The Wall devices, Tl through T4, see
figure 1) filter data are plotted together with the calculated trend in figure 10 and 11.
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Figure 11: Influence of particle shape factor versus time
(steam condensation is not modelled)

Experimental errors in measuring
suspended concentration were large, for
the later stage of the test, because the
quantity of aerosol mass collected was
only slightly greater than the instrument
resolution. For times ranging from 30 up
to 700 minutes the errors are usually
lower than =±20%.
Figure 10 and 11 show the AEROSOLS-
B2 calculated suspended particle
concentration in the CV. Figure 10 show
the overestimation, up to two order of
magnitudes in the long term (curve A),
caused by the lack of modelling aerosol
growth by steam condensation. The
effect of the particle shape factor is also
shown. The shape of a particle affects its
drag force and settling velocity. Thus, a
correction factor, called the dynamic shape factor x, is defined as the ratio of the actual
resistance force of the nonspherical particle to the resistance force of a sphere having the
same volume and velocity. Except for certain streamlined shapes, the dynamic shape factor
is greater than 1.0. This means that a particle distant from sphericity (x = l) is more easily
able to float in the gaseous media. The best estimate, for LACE LA4 test, of the shape
factor is x = l-85.
Figure 11 displays the effect of steam condensation, in the short time, as predicted by the
Kholer model. When larger particles are removed, steam condensation seems somehow not
any more effective on small particles and the "wet" trend (curve A of figure 11) assumes an
identical slope (as in the "dry" case -curve B-) showing that the same aerosol retention
mechanisms are involved.
Aerosol data assessed the uniformity of aerosol concentration in the upper compartment and a
lower aerosol concentration in the lower one. It was postulated that the aerosol in the well-
mixed upper cell settled into the more stagnant lower cell and that removal processes were
sufficiently rapid to keep the lower cell concentration below that of the upper cell.
Aerosol growth by steam condensation should be dominant in the lower compartment before
the CV venting and after that it should persist, only in the lower cell, allowed by the super-
saturated stratificated gas/water interface. If the stratification would be modelled a higher
aerosol deposition is expected: 1) diffusiophoresis will be important when steam is
condensing at high rates during water pool formation; 2) thermophoresis, originated by the
not negligible thermal gradient, will be important through the stratification at any time.
Besides that the aerosol concentration gradient, through the two subcompartments, will cause
a driving force for motion of the smaller size aerosol component towards the pool.

6 CONCLUSIONS
LA4 analysis by means of JERICHO code allowed an interpretation of the experiment which
is in a good agreement with all data: a fast growing water pool developed at the bottom of



the CV during the heat-up phase. As a result a cell at lower temperatures containing the
water pool and occupying the bottom 5% of the CV volume was separated, by a
stratification, from the upper more homogeneous cell at higher temperature. Two different
thermal-hydraulics evolved inside the containment vessel. The zone of separation, above the
pool, during the steady state period of the experiment, reached a temperature gradient of
about 18°C/m.
Gas convection patterns upflow directed in the middle of the containment and downflow
directed along the walls, dominated by the steam injection during the heat-up period, were
not involving the zone of separation (located below the steam delivery pipe) and afterward
were insignificant. Thus the water pool was covered by a stratified gaseous atmosphere
which reduced direct heat transfers from the hotter gas to the pool. This zone (with a height
of about 1.5 m), directly facing the pool, was always super-saturated and higher steam
condensation rates, promoted by lower temperatures, occurred at all times on the lower cell
walls. During the only steady-state period steam condensation mass fluxes to the lower cell
walls (kg/s m2) are about 60% higher of CV steam flux averaged on all (upper and lower)
walls.
However the net heat fluxes (W/m2) flowing through the CV walls of the lower cell, above
the water pool, were lower than those crossing upper cell walls at all times (figure 2). This
cannot be explained by the slightly super-heated conditions of upper cell steam that, while
condensing on upper CV walls, from venting time up to the late stage of the test, will release
some more heat in addition to the latent heat. In fact steam condensing at the lower
temperatures of the lower cell is characterized by a higher release of latent heat. It is
evident that a part of this latent heat is going to be removed (from the walls) without flowing
through the CV walls themselves: due to the steam condensate film relocation, from the
upper to the lower cell, layers of water flow downward to the pool transferring (mass and)
heat of condensation.
A global correct thermal-hydraulics is predicted in the assumption of a condensation regime
at the gas/water interface after the venting and during the early stage of the cooldown (figure
5), also confirmed by the experimental determination of a global super-heated upper cell
atmosphere. This leads to a stratification modelling which does not allow large transfer of
mass between the two CV subcompartments: after the early stage of the cooldown phase,
steam evaporating from the pool condenses afterward on lower cell walls without involving
the upper cell and flowing again to the pool.
Using "single-compartment" data, without taking into account the peculiar thermal-hydraulics
of LA4 test, means to neglect the separation of the two cells by the stratification and to
neglect the localized higher steam mass condensation in the lower cell.
Once the correct inputs (e.g. the thermal resistance at the water-gas interface and the steam
mass flux on lower CV cell walls) have been estimated, the thermal-hydraulic code exhibits a
good match with the experimental data.
Experiments under way (e.g. separate effect experiments associated to the Phebus project)
might give more emphasis, in terms of data collection, to the stratification occurrence.

In conclusion, performed calculations have shown that the assumption of homogeneous
conditions above the water pool, universally adopted in computer codes, leads to predictions
which overestimate containment loads with the increasing of the facility scale. Computer
codes should take into account that, whenever the size of the problem increases (a large scale



experiment or a real containment building), a stratification above water pools generated by
LOCA accidents will occur producing significant condensation mass fluxes on nearby walls
with a general reduction of the total heat flux to the pools. Consequently the global thermal-
hydraulics of the containment might be somewhat less severe.
Since data collection for code input preparation is not an effortless task, severe accidents
modelling should take account of the stratification formation. A possible model should
estimate condensation fluxes onto water pool nearby cold surfaces (power repartition) and
calculate the net transfer of mass to the upper volume (beyond the stratification).
Aerosol load to the containment is also reduced since important aerosol deposition should
occur through the stratification: by thermophoresis due to the stratification thermal gradient
and by diffusiophoresis due to the high steam condensation mass fluxes. In addition the
induced negative aerosol concentration gradient between the two subcompartments might
cause an important driving force for smaller particles (which more easily survive at most of
retention mechanisms -e.g. figure 10-) motion towards the pool.
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