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Abstract

During the course of a severe accident in a Nuclear Power Plant, water can be collected in the sump
containment through steam condensation on walls and spray systems activation. The objective of
this paper is to present code validation on evaporative sump tests performed on the TOSQAN
facility. The ASTEC-CPA code is used as a lumped-parameter code and specific user-defined-
functions are developed for the TONUS-CFD code. The tests are air-steam tests, as well as tests
with other non-condensable gases (He, CO, and SFs) under steady and transient conditions. The
results show a good agreement between codes and experiments, indicating a good behaviour of the
sump models in both codes.

Introduction

During the course of a severe accident in a Nuclear Power Plant, water can be collected in the
bottom of the containment through steam condensation on walls and spray systems activation. This
water can thus be considered as a heat and mass source and/or sink term for the gas mixture
composition and thermal state of the containment atmosphere. As a result, heat and mass transfers
between sump and atmosphere are generally taken into account in nuclear containment codes. From
analysis of real accidental scenarios, it can be deduced that the sump can mainly be in an
evaporative state, but boiling and condensing state could also occur. Past studies within the frame of
containment calculations have shown that containment codes suffer from a lack of detailed
validation of sump modelling. Furthermore, the increasing use of CFD codes shows the necessity of
developing a sump model for multi-dimensionnal calculations, whereas it has generally been
developed for Lumped-Parameter codes. Concerning IRSN computational tools, the CFD code used
for thermal-hydraulic containment studies is TONUS-CFD [1], whereas the lumped-parameter code
is ASTEC/CPA [2]. The objective of this paper is to present the calculations of sump tests
performed with both codes and to compare them with experiments. The considered experiments are
performed in the TOSQAN facility (Tonus Qualification ANalytique). This facility has a lot of
specific instrumentation implemented with a high density regarding to its size. It has already been
improved for containment code validation such as atmosphere containment mixing by convection
and wall condensation [3] or mixing by spray systems [4]. This paper first briefly describes the real
sump characteristics known from French nuclear reactor accident scenarios and presents past
activities on sump containment codes validation. The TOSQAN sump test matrix is described as
well as the code models relative to the sump interaction with the containment atmosphere. At last,
the numerical results are compared with the experimental data.
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1. State of the art

1.1 French real reactor sump

The sump is located at the basement of the containment vessel, and most of the sump water is generally
collected in an annulus surface around the inner vessel. The estimated amount of water in this sump is
about 1800 tons, over a surface of approximately 1000 m’.

From accidental scenario calculations, it can be considered that either (1) a condensing and/or an
evaporative sump with agitated surface (generally due to spray droplets impacting the water surface) at
80°C can be obtained, or (2) an evaporative sump, at around 130°C, in the presence of pressurized non
condensable gases (H,, CO, CO,, etc.), can occur.

The different accidental sequences show the following states:

* atransient state where the sump is filled-in;

¢ arecirculation phase, while a kind of thermal equilibrium is reached in the sump;

* aphase where sump boiling occurs after corium flow in the sump or containment vent opening.
The sump pH is generally higher than 9. It is assumed that this cannot modify the steam heat and mass
transfers and thus that tests under pure water, for thermal-hydraulics behaviour of the containment
atmosphere, are representative of the real sump scenarios.

1.2 Past code validation studies

Past studies drawing conclusions on sump models or sump states have mainly been performed in the
frame of general containment thermal-hydraulic calculations. Most of the information collected here
concerns OECD International Standard Projects (ISP).

The ISP-23 [5] is based on T31.5 test in the HDR facility (HDR, High Pressure Reactor translated from
German). In this test, an overpressure followed by a long-term cooling by natural convection is
obtained. It is concluded that the modelling of the condensates (that flow down to the sump), and
especially of the condensate distribution and temperature, needs some improvement.

The ISP-29 [6] is based on the HDR/E11.2 test. The latter consists of a sequence of several successive
injections (steam, hydrogen, steam) followed by a cooling and a spray phase. It is concluded that the
cooling of the condensed water on walls is not well estimated by the codes, leading to a wrong
estimation of the water sump temperature.

In ISP-37 [7], the M3 test, in the BMC/Vanam facility (BMC, Battelle Model Containment), focuses
mainly on aerosol deposition on walls. The results of this ISP show that the codes overestimate the
water sump temperature.

From the different conclusions drawn in those ISPs, it is seen that further code validation on sump
modelling is necessary.
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2. Description of the experiments

2.1 Experimental facility

Experiments are performed in the TOSQAN facility (Figure 1). It is a closed cylindrical vessel (7 m’
volume, 4.8 m height, 1.5 m internal diameter), having thermostatically controlled walls by heated oil
circulation in a double stainless steel shell. The available instrumentation in the TOSQAN main
volume concerns injection mass flow-rates (steam and/or non condensable gas), gas temperatures,
steam and/or helium/non condensable gas volume fractions measured by mass spectrometry [8] and
vessel total pressure. The facility provides also numerous possibilities of optical diagnostics [9] which
are not used here for sump tests. The TOSQAN sump is a small vessel of 350 litres, with an internal
diameter of 684 mm, connected on the basement of the main vessel. It consists of a double stainless-
steel wall in which the heated oil is circulated in connection with the so-called lower wall part of the
main vessel. A sampling manifold for mass spectrometry is available above the sump interface, for gas
concentration measurements, as well as three dense bundles of 32 thermocouples allowing the
recording of two horizontal and one vertical temperature profiles.
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Figure 1: TOSQAN facility and associated instrumentation.

2.2 Test matrix

The TOSQAN sump tests are mainly based on the following test sequence: the vessel is initially closed
with dry air at a given thermal equilibrium obtained from the imposed wall temperatures: a so-called
‘condensing wall’, i.e., the middle wall, of 2 m height, at 2.6 m from the bottom of the vessel, and a so-
called ‘non-condensing wall’, corresponding to the remaining walls, i.e., the upper, the lower and the
sump walls (right hand side of Figure 1). At a given time, steam is injected in the vessel, and an
equilibrium state is obtained: the total pressure is constant, and the steam injection mass flow-rate is
equal to the wall condensation mass flow-rate. Following this equilibrium, steam injection is stopped,
vessel depressurization occurs and a second thermal equilibrium state is reached. The water is then
injected into the sump, and, after a given time, heated with an electrical thermal resistance: a third
steady-state is reached where the sump evaporation and the middle wall condensation mass flow-rates
are equal.
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The sump reference test (Test 201) is starting at 1.0 bar total pressure and 115°C dry air average
temperature. The steam is injected with a mass flow-rate Qgcam 0f 12.5 g/s at the temperature Tiy; of
127°C, during 2000 s. An equilibrium is reached and the liquid water is then injected at the bottom of
the facility with a flow-rate Quwac 0of 50 g/s at the temperature Tiyj war of 30°C. A power Pierm = 3.22 kW
is used to heat the sump. Wall temperature conditions are around 120°C for the non condensing wall,
and around 103°C for the condensing walls. More details are given in [10].

Other tests [11] have been performed on the same basis of this reference test. Tests 202 and 203 are
roughly the same kind of tests as Test 201, in which the thermal-hydraulic conditions have been
changed in order to reach different levels of evaporation rates. Tests 204 and 205 have been designed
with addition of added non-condensable gas. Test 205 is performed with helium (injected at a mass-
flow rate of 0.9 g/s at the same time as liquid water) generally used in thermal-hydraulic containment
studies in order to represent hydrogen. In order to enhance the influence of a non-condensing gas on
heat and mass transfers over the interface, heavy gases are used in Test 204a (SFg, injection mass-flow
rate about 1.5 g/s) and 204b (CO,, injection mass-flow rate about 1.5 g/s). Tests 206 and 207 are 201
tests ended with a depressurization performed by opening a valve on the top of the facility, leading to
slower or faster depressurization, depending on the valve position.

3. Numerical calculations

3.1 ASTEC/CPA [2]

The ASTEC/CPA model includes convection and a possible evaporation or condensation at the water
surface, as well as two models depending on the thermal-hydraulic conditions: evaporative or boiling
conditions. The heat transfer due to radiation is neglected. The ASTEC/CPA calculations are
performed with 5 compartments using the ASTEC/CPA v.13 Rev.3. Associated volumes and surfaces
are presented on Figure 2.

Nodalization of TOSQAN Sump tests with ASTEC/CPA
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Figure 2: ASTEC/CPA nodalization for TOSQAN sump test calculations.

3.2  Sump model developed for TONUS-CFD [1]

The evaporation sump model presented here is based on a source term modelling using external user-
defined functions in a CFD approach. The sump is considered as a surface on which are applied the
following boundary conditions: (1) steam evaporation mass flow-rate, (2) a gas-liquid interface
temperature. The flow inside water sump volume (convective recirculations) is thus not modelled.
These two parameters are both depending of the atmosphere conditions inside the vessel and on the
heating power applied to the sump water. They are obtained from mass and energy balance presented in
detail in [12]. In this paper, focus is given on the evaporation state and boiling is not considered (the
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boiling modelling is presented in [12]). Here, the evaporation mass flow-rate is calculated from two
models: one is a purely empirical correlation (so-called “Sump global correlation”, described in [13]
and in [14]) and the other one is a semi-empirical approach obtained using heat and mass transfer
analogy (so-called “Sump HMTA semi-empirical correlation”). The latter is presented in this section
and is mainly based on the wall condensation modelling developed for TONUS-CFD [1]. The overall
sump model is added to the TONUS-CFD code (v. 2010) using external sub-routines, but can be easily
handled in any CFD code allowing external user-defined functions.

3.2.1 Semi-empirical heat and mass transfer analogy (HMTA) model

The evaporation mass-flow-rate Qc.cmp is calculated using the following relation:

(Y( )= 1)

Qeiemp = k IO(Tbu/k ) S.sump Y ( ) (Eq ])
sat

where Y is the steam mass fraction, exponent “bulk” stands for the bulk gas mixture, subscript “sat”
for the saturation (i.e. for the interface temperature), p is the average density, Ssump is the sump
interface surface, and k is the mass transfer coefficient given by:
Sh D, (Eq.2)
L

where Dy, is the gas mixture diffusion coefficient, and L a characteristic evaporation length. It will be
shown that the overall mass flow-rate can be independent of this length.

Applying heat and mass transfer analogy on the sump surface, the Sherwood number Sh can be
expressed using turbulent natural convection correlation:

Sh =0.13x Ra'"? (Eq. 3)

k=

where Ra is the Rayleigh number :
Ra =Gr Sc (Eq-4)

and Sc and Gr are resp. the Schmidt and the Grashof numbers. For evaporation/condensation
phenomena, an hybrid Grashof number can be defined on the basis of density differences:

_E& [P ( wl) P (T bulk )]L3

P (Thulk )Vm (T bulk )

(Eq.5)

where g is the gravity and vy, is the gas mixture kinematic viscosity. The Schmidt number is defined
by:

Se = (Eq. 6)

Vm
Dm
Replacing the Grashof number in the mass transfer coefficient expression (eq. 2), using the relation
between the kinematic and the dynamic viscosity, and introducing the resulting relation in the mass
flow rate equation (eq. 1), the latter is then written:

13 1/3 Dk
0. .y =0.13 D;/s pm( mt) pm(Tbulk)) (g pm(Tbu/k) (Y( mt =¥ )(Eq 7)

T,
pm (Tbu/k ) ) pm ( bulk ) Smmp Y (T

m
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where it can be seen that the characteristic length L does not appear anymore. This relation is also
interesting since it takes into account the densities and the mass fractions in the bulk (i.e. here the
values of the variables in the first cell close to the sump interface) as well as at the interface (i.e. here
the values of the variables at gas-liquid interface temperature) and does not depend on a global average
value on the whole vessel.

3.2.2 Discretization and meshing

In the first part of the TOSQAN sump tests, no water is present in the sump. As a result, calculations
are performed on the whole TOSQAN vessel, including gas calculations in the sump (see the so-called
‘whole mesh’, Figure 3). In the second part of the TOSQAN tests, water is injected into the sump until
a given level, and CFD calculations are performed on a so-called ‘truncated mesh’, where the bottom
horizontal line (surface) represents the sump gas-liquid interface (see the bold lines on Figure 3, right
part). It has been estimated by mass balance calculations that the sump filling, and the associated piston
effect, is negligible on the vessel atmosphere and temperature levels, and thus on the gas distribution.
Accordingly, the velocity field should not be changed (velocity values are very low at this stage of the
test sequence). Results of the first calculations obtained on the ‘whole mesh’ are thus projected on the
‘truncated mesh’ to link up both calculations with or without the sump volume. Sensitivity studies were
performed in order to check the influence of several typical modelling parameters such as mesh
refinement that did not exhibit major differences.

Mesh used for TOSQAN
sump test sequence
calculations where

water is present in the

sump

Mesh used for TOSQAN
sump test sequence
calculations where no
water is present in the
sump, but only gas

" Half vessel 2D axi-symmetric meshes

Figure 3: Mesh used for TOSQAN sump test calculations; mesh size around 2 to 4 cm.

4. Results

During this work, results have been obtained with TONUS-CFD and ASTEC/CPA codes for tests 201,
202, 204b, 205. Tests 206 and 207 have only been calculated with ASTEC/CPA. Since test 201 has
already been presented in a former paper [12], some figures for this test will not be recalled. For all
other tests, a selection of typical results is presented. The typical sump test is presented on Figure 4,
where the experimental and numerical results for the total pressure and the condensation mass flow-
rate are compared, and on Figure 5 for gas and liquid temperatures. A good agreement is observed on
this test, as well as on all other TOSQAN tests, indicating a good behaviour of our sump modelling. A

Macintosh HD: Users:elmir:scratch:nureth_papers_today copy:253 FinalPaper.doc



The 14" International Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14
Toronto, Ontario, Canada, September 25-30, 2011

small difference of pressure is obtained during the evaporation steady-state. Since the condensation
mass flow-rate is well reproduced in the code, this difference can be attributed to the mass transfer
expression, i.e. either the mass transfer coefficient or the diffusive term generally function of mass
fractions in the bulk and at the interface. In the mass transfer coefficients, several other parameters
(Sherwood correlations, diffusion coefficient) can also be part of the reason for such differences, that
remains, for safety considerations, negligible. A typical vertical temperature profile during evaporative
sump steady-state is presented on Figure 6 for both sump models developed for TONUS. It can be seen
that the heat and mass transfer analogy modelling (semi-empirical correlation) provides an
improvement of the temperature results calculated above the sump interface compared to the sump
global empirical correlation. An example of the steam volume fraction and the temperature field is
presented on Figure 7 which shows typical gas and temperature distribution patterns for evaporative
sump steady-states in all TOSQAN tests. It is also found that the flow is axi-symmetrical, which is
confirmed in the experiments, with vertical gas temperature variations (hot air close to the sump
interface). During evaporative sump steady-state, the gaseous mixture is, in most of the test,
homogeneous, except in the region close to the sump interface where the evaporation leads to mass
concentration gradients.
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Figure 4: Total pressure and condensation mass flow-rate time evolutions in TOSQAN Test 202,
TONUS-CFD results compared to experiment.
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Figure 5: Time evolutions of mean gas temperature and liquid interface temperature — TOSQAN Test
202, TONUS-CFD results compared to experiment.
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Figure 6: Vertical temperature profile during evaporative sump steady-state, TOSQAN Test 201,
TONUS-CFD results compared to experiment for both implemented sump models.
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Figure 7: Steam volume fraction (left) and gas temperature (right, in °C) during evaporative sump
steady-state, TOSQAN Test 201, TONUS-CFD results.
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Tests with heavy non condensable gases lead to the same kind of results. Examples of results are
presented on Figure 8 and Figure 9 for Test 204b (with CO; injection) and on Figure 10 and Figure 11
for Test 205 (with helium injection). Numerical and experimental results are in good concordance: the
pressure levels during the sump evaporation steady-state are well recovered by numerical calculations,
for the ASTEC/CPA as well as for the TONUS code. In those figures, the transient phase of water
injection is not perfectly simulated, so that the differences obtained during this phase are not relevant.
An interesting result concerns the TOSQAN Test 205, in which helium is injected. It can be seen that a
pressure increase (around 15’000 s until 20°000 s) is observed experimentally, which corresponds to an
evaporative sump state without any wall condensation: the absence of wall condensation is due to the
fact that helium is, at the beginning, mainly concentrated in the upper part of the vessel, above the
injection pipe and facing the condensing wall region. A helium layer is thus modifying the gas mixture
close to the condensing wall, and inhibits steam condensation. As a result, pressure is increasing inside
the vessel. The helium in the vessel upper part is slowly mixed with the bottom part of the vessel,
modifying the properties of the gas mixture close to the walls and allowing wall condensation to begin.
As soon as condensation begins, the pressure decreases and a new steady-state is obtained. In the
numerical calculations, this phenomenon is not recovered: in ASTEC/CPA, this cannot be recovered
since the choice has been made to use a simple nodalization and not to divide into many zones the free
volume of the TOSQAN vessel. Dividing in more zones this free volume would need the adaptation of
different pressure loss coefficients, without enough argument to justify such adaptation, in this specific
case. Concerning TONUS code, the specific pressure evolution attributed to wall condensation in the
presence of a light gas is also not recovered. One explanation for that could be that the turbulence
model (mixing length model) leads probably to a high gas mixing, avoiding helium enrichment in the
condensing zone region. As a conclusion, the effect on pressure observed here is not well recovered by
both codes, but this is rather attributed to a wrong modelling of the gaseous mixing in the presence of
helium, than to the sump modelling. It confirms conclusions drawn in many past projects on the needs
of better evaluation of the transient evolution of gas distribution, especially in the presence of light non
condensable gases, which is an important topic for hydrogen risk evaluation.
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Figure 8: Mean gas temperature and mean liquid temperature time evolutions, TOSQAN Test 204b,
ASTEC/CPA results compared to experiment.
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Figure 9: Local gas temperature vertical profile on TOSQAN axis during final equilibrium, TOSQAN
Test 204b, TONUS-CFD results compared to experiment for both implemented sump models.
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Figure 10: Pressure and condensation mass flow-rate time evolutions, TOSQAN Test 205,
ASTEC/CPA results compared to experiment.
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Figure 11: Pressure and condensation mass flow-rate time evolutions, TOSQAN Test 205, TONUS-
CFD results compared to experiment
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Transient sump tests are calculated with ASTEC/CPA, for a low and a high depressurization rate
(Figure 12 and Figure 13). The calculated pressure curves are in good agreement with the experiments.
However, for the low depressurization rate test, no wall condensation is observed in the experiments,
whereas the ASTEC/CPA calculations show a significant condensation rate. For the high
depressurization rate test, calculations and experiments are in good agreement, both indicating no wall
condensation. One explanation for these results could be that, in the case of low depressurization rate,
the low nodalization of the ASTEC/CPA calculation does not allow to catch the phenomena that
occure. These discrepancies would thus not be due to sump modelling, but would be rather due to
different transient gaseous thermalhydraulics conditions in the containment atmosphere not considered
in the calculations. However, this cannot be confirmed at this stage. This effect could be investigated
with more sensitivity calculations in the future.
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Figure 12: Pressure and condensation mass flow-rate time evolutions, TOSQAN Test 206,
ASTEC/CPA results compared to experiment.

AN
1.0 - — 4
22000 22500 23000 23500 24000 24500 25000 25500 26000
Time (s)

Figure 13: Pressure and condensation mass flow-rate time evolutions, TOSQAN Test 207,
ASTEC/CPA results compared to experiment.

5. Conclusion

Numerical calculations of sump tests have been performed with a lumped-parameter code
(ASTEC/CPA) and a CFD code (TONUS-CFD), for which two specific sump evaporation models have
been added as user-defined functions. Results are compared with experiments on the TOSQAN facility
where an evaporative sump is obtained under typical conditions of a severe accident in Nuclear Power
Plants. Calculations of air-steam tests under steady-state evaporative sump conditions, as well as tests
with heavy gas injections, show a good agreement with the experiments, indicating a good behaviour
of the sump models in both codes. Calculations of air-steam-helium tests show some different
behaviour in the vessel pressure evolution that is probably not due to the sump modelling but to the gas
mixing modelling involved for the calculations. For ASTEC/CPA, it is known that a finer nodalization
is requested for a better gas mixing evaluation. For TONUS-CFD, turbulence modelling under
turbulent natural convection needs some improvement. Concerning depressurization tests, the pressure
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evolution is well recovered in the ASTEC/CPA calculations, even if, for the slow depressurization test,
calculations lead to significant wall condensation whereas in the experiment, no condensation occurs.
As a main conclusion, it can be said that the validation of sump modelling in both codes is good and
that the remaining discrepancies between codes and experiments are probably due to the gas
distribution modelling, especially with light gas and under specific transient conditions. Knowing the
importance of gas distribution for the evaluation of hydrogen risk in case of severe accident in nuclear
power plant, code validations under transient conditions and with light gas are still needed.
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