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Abstract

Accurate predictions of thermal-hydraulic phenom@manuclear reactor containments are
highly required for safety assessment and for #sgth of accident mitigating measures. In
the present work, the results obtained by the GQ@Tatid FLUENT CFD codes are compared
with the experimental data of a common test coretluah the PANDA and MISTRA test
facilities. The initial condition of the test ded&s a stratified environment, where a layer of
helium-rich mixture is produced in the upper pafrtooe vessel, which is eroded by air
injection from below. The ability of both codes teproduce the observed phenomena is
discussed in terms of comparisons with helium iistions and the air plume penetration
velocity.

Introduction

The accurate prediction of gas mixing and transporinuclear reactor containments is
necessary for safety assessment and for the desaptident mitigation measures in the case
of a severe accident with release of hydrogen. &tsuation of the capability of the codes
used for containment safety analysis to simula@ésélphenomena is thus the object of intense
research, which aims at providing information orriteeand limitations of the various classes
of codes (Lumped-Parameter codes, dedicated comtaincodes, commercial CFD codes),
and on their range of applicability [1]. In partiay the interaction of rising jets or plumes
with a layer of light gas accumulated at the tomafolume, and the associated processes of
stratification break-up or gradual erosion of tlaiger is one of the focal points of the current
research. Indeed, one of the most noticeable sestilihe International Standard Problem 47
[2] was that CFD codes could not reproduce theugigon of the stratified conditions caused
by the injection of pure steam following a peridchelium injection. Some simulations using
Lumped Parameter (LP) codes could predict the phenon, but their success depended on
the nodalisation used and the associated entrainméerefore, it became obvious that
further research was needed to clarify to whatrextee results are affected by the mesh used
and if improved models (especially for turbulenas) required to simulate the complex flow
conditions resulting from the formation of a negely buoyant plume at the density interface
[3]. In order to understand the root of the obsdrd#ficulties of the codes, experiments with
simplified configurations and boundary conditionsrevalso recommended.

One of the experimental programs dedicated to #me@l investigation of stratification
break-up due to mass and energy sources or sirtke isecently concluded OECD SETH-2
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project [4]. One of the test series performed ithddISTRA and PANDA facilities within
this project included various tests with injectiohfluid from below a layer of helium-rich
mixture. Among these tests, a fundamental “comnest’ twas defined for both facilities,
where air and helium were used as working fluiddead of steam and helium, to avoid the
complications associated with natural convectimwfl produced by heat transfer with the
structures, which necessarily present for a steasnsgstem.

Some results obtained with the GOTHIC code [5] veithaxis-symmetric model for tests in
PANDA for the configuration with central injectidf] indicated that a sufficiently fine mesh
was necessary to obtain reasonable results fosgbed of erosion of the upper layer. These
results, however, also indicated that the turbidemmdel was critical for obtaining more
accurate predictions. As the GOTHIC code has a lmeiyed selection of turbulence models
and can be efficiently used only with a coarse midfecame necessary to use a commercial
CFD code to investigate in more detail the two essaf the effect of the mesh in the more
general situation requiring a 3-D representatiothef fluid domain and of the choice of the
turbulence model. Due to the fundamental natuth®fstudy, it was decided to first evaluate
the capability of a CFD approach using the dattghef“common test” with air and helium.
This work reports on the initial investigations, et provide information on the gain in
accuracy that can be obtained using a fine mesfutime works, the role played by the
modeling of turbulence will be discussed.

1 Description of thefacilities

1.1. MISTRA facility

The MISTRA facility, located at CEA France and stlagically shown in Figure 1a, consists of
a stainless steel vessel, thermally insulated ftbenoutside environment with a 20 cm thick
layer of rock wool. The facility is used for comtaient thermalhydraulics and hydrogen risk
studies. The vessel has an internal diameter & m2and a height of 7.38 m, giving a free
volume of 97.6 M and comprises two shells, a flat head and a dubattom. The facility
accommodates an inner cylinder of 1.906 m diameied a ring plate welded to its
circumference. Three condensers are included icdh&inment and installed with gap from the
wall; each with a regulating circuit to control theall temperature and hereby enable
reproducing representative accidental conditionsP¥/R containments. A vent of 0.2 m
diameter is located at an elevation of 1.9 m tovalfor a constant pressure test. Different
injection geometries are allowed in the facilityadfal injections are available at four points at a
height of 6.559 m. These lateral injection lines distributed symmetrically around the vessel
axis to provide axisymmetric distribution of theasification during test initialization. For the
test considered in the present study, verticattige is provided at an off-centered location from
a pipe (chimney) which protrudes from the ring @lathe pipe is at 1.35 m from the axis and its
diameter is 72 mm. More details about the MISTRéility can be found in [7].

1.2. PANDA facility

The PANDA is an integral, multicompartment largealscfacility, located at Paul Scherrer
Institut in Switzerland, which has been recentlgdiglso for investigating containment related
phenomena of Light Water Reactors, i.e. for sepagffect tests. The facility consists of six
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cylindrical vessels representing relevant companehadvanced LWRS: reactor vessel, gravity
driven cooling system, dry- and wet-wells (eachrespnted by two identical vessels with
interconnecting tubes). The vessels make a totaime of 460 M. For the test investigated in
the present work, only part of the PANDA facility ised; this is the drywell vessels. The two
vessels (Vessel 1 and 2) are connected by a pifgenodiameter (see Figure 1b). There is one
vent to outside installed at the top of Vessel thuhe aim to keep the pressure constant when it
is opened. The dry well vessels are 8 m height4amddiameter, giving a volume of 18C.n
injection pipe is installed in Vessel 1 for nearlwajection with its center line situated at a
distance 0.5 m from the wall (1.5 m form the axsyl opposite to the interconnecting pipe. The
diameter of the injection pipe is 75 mm. A heliurchrlayer at the top of the vessel can be
created using a pipe of diameter 58 mm at elevaion and inclined upward af Srom the
horizontal. More details about the PANDA facilitgrebe found in [8].

2. Test description

The facilities use helium as a simulant gas for rogdn for investigation of light gas
stratification and erosion phenomena. The commaeh @ams to compare both facilities for
similar test conditions in order to assess thecetiéthe different geometry for the interaction of
an air jet with a stagnant helium rich layer. Tlesttperformed in both facilities describes a
stratified environment, where a layer of heliunfirimixture (~40% helium and ~60 % air) is
produced at the upper part of one vessel, the Igpaer for the same vessel (and the second
vessel in PANDA) being filled with pure air. Thiepresents the initial conditions of
stratification before the initiation of the testable 1 summarizes the initial and boundary
conditions designed for the test in PANDA (STZ_&nd MISTRA (LOWMA) facilities. Air is
injected from below at different mass flow rategtode the helium rich layer. Both facilities are
open to the atmosphere through vents to allow fwrestant pressure test.

The ability of the air jet to erode the stratifiedlium layer can be described by an interaction
Froude number [3] defined by:
Fr =U/NL 1)

whereU is the local velocity at the interface, which &éaulated from [3]:

U=62U, (—)d‘“" 2)
inj Z_Hinj

being z the elevation of the bottom of the heliuamiayer and. the full width of the air jet at
the helium cloud, this is calculated from:

L=0172z-H,;) 3)

The characteristic pulsation of the stratificatislefined as:

1 This experiment was repeated twice, with velocity measurements being performed during the second
test ST1_7_2. Therefore, most comparisons are performed with this repeated test.



The 14" International Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14

Toronto, Ontario, Canada, September 25-30, 2011
2 -
N = g pajr ps (4)
(Ioair + ps )AZ

4z in the above equation refers to the approximattcat length where the helium concentration
difference occurs. If the interaction Froude numbeagreater than one, the flow is dominated by
the momentum of the air jet leading to penetratdrnthe helium layer. LOWMAS test in
MISTRA facility is designed to have an interactibroude number of 1 at the start of the test,
while LOWMAA4 is represented by a higher mass flowthee injected air and is dominated by
momentum effects. Different test parameters arergia Table 2. ST1_7 has the highest Froude
number due to the shorter distance between thes@nd the density interface but due to the
larger helium reservoir in the top of the PANDA sels the penetration of the air jet can be

slower than in LOWMAA4.
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Figure 1 Schematics of test facilities.

The concentration measurements considered in thik are obtained using mass spectrometry
for PANDA and mini-katarometers for MISTRA. The sers in the PANDA facility are located

at a vertical plane passing through the injectixis and are arranged in vertical lines at different

distances from the vessel axis. In MISTRA casethenother hand, the sensors are arranged in
the following way (considering azimuthal and radiabrdinates):

« For sensors TCGO to TCG9, 157ffom the injection axis and radius = 1.54 m
« For sensors TCG10 to TCG19, 112ffm the injection and radius = 1.06 m
« For sensors TCG20 to TCG29,°Zfom the injection and radius = 1.48 m

In addition, velocity measurements are performeadguparticle image velocimetry (PIV) in the
PANDA test at the vessel symmetry plane passingutjir the jet axis.
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Table 1 Initial and boundary conditions for PANDAdBMISTRA tests.

Parameter PANDA (ST1_7) MISTRA (LOWMA
Injection diameter, i 75 mm 72 mm
Injection height, K 4013 mm 3660 mm
Initial pressure 0.974 1.005 bar
Initial temperature 288 K 292 K
Injected air temperature 303 K 292 K

Table 2 Test description parameters for PANDA BHETRA facilities.

Test m,, (g/s) Uin (M/s) z (m) Fr
PANDA ST1 7 15.02 3.03 0.86 6.04
MISTRA LOWMAS3 15.17 3.11 2.14 1.0
MISTRA LOWMA4 50.58 10.36 2.14 3.35

3. Numerical methods

3.1. CFD calculations

The FLUENT CFD 6.3 [9] commercial code is used he CFD simulations reported in the
present paper. The computational domain and thé hag®ut for both facilities are shown in
Figure (2).

air injection
\T

air injection i

pressure outl

pressure outl

(a) MISTRA (b) PANDA

Figure 2 Mesh layouts for the CFD calculatiosM&STRA (b) PANDA.



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

To economize on the number of cells and the CP&,tiomly half of the MISTRA vessel is
considered in the simulation assuming symmetry bdaon conditions at the plane passing
through the axis of the jet. For the PANDA facilithie second vessel is not considered and only
half of vessel 1 is simulated. Actually, the intartson of the interconnecting pipe is not divided
symmetrically around the vessel symmetry planeyghosymmetry is assumed to simplify the
geometry. Atmospheric pressure is assumed at tsgeleutlet as a boundary condition. These
assumptions will have only little influence on tiium distribution in vessel 1 of PANDA. Flat
velocity profiles are assumed at the source witlrlaulent intensity of 4%. The initial conditions
of helium distribution, shown in Figure 3, are giue the code at the start of the calculations.

Blocked fully structured hexahedral elements areptetl to mesh both facilities using about
400k grid points for MISTRA and 220k grid pointg ANDA. High density of mesh cells are
constructed around the injection source. Mesh 8eitgistudy is conducted for MISTRA to
check the independence of the results on the $itteeanesh employed.

Two turbulent models are used in the simulationfopeed in the present study: the standard

& model [10] and the RN®-£ model [11], each employing the standard wall fioms. Second
order upwind differencing scheme is employed faicditization of the convective terms in the
momentum, turbulence and species transport eqgatibime PRESTO (PREssure Staggering
Option) scheme [9] is used for pressure interpmtatiThe PRESTO interpolation is suggested
for situations where steep pressure gradients razeuatered. This scheme performs continuity
balance over a staggered control volume for eawh tia calculate the face pressure, inspiring the
idea of staggered grid method used to avoid chewkbdinstabilities [12]. Standard linear
interpolation instead, results in significant massors around the density interface showing
spurious velocity fields and incorrectly high migirates.

Pressure velocity coupling is based on the PIS@ritihgn [13]. First order fully implicit
backward time differencing is used in conjunctiathvthe adaptive time stepping algorithm (the
time step is varied between 0.02 and 1 second glihie calculations based on the truncation
error associated with the time integration). Cogeace tolerance is set to¥@r momentum
and turbulence equations and t6°I6r species transport equation.

0.5
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Figure 3  Helium distributions at the beginninglu test in PANDA and MISTRA.
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3.2. GOTHIC calculations

GOTHIC [5] is a general-purpose, thermal-hydrautiesnputer program for design, licensing,
safety and operation analysis of Nuclear PowertRNMRP) containments and other confinement
buildings. The thermal-hydraulics module is basedadwo-phase, multi-fluid formulation, and
solves separate conservation equations for magsemtam and energy for three fields: a multi-
component gas mixture, a continuous liquid, andpléts. In addition, species balances are
solved for each component of the gas mixture. G@THicludes a full treatment of the
momentum transport terms in multi-dimensional med&ith optional models for turbulent
shear, and for turbulent mass and energy diffusitre options for turbulence are the mixing-
length model and several variants of kkemodel. The hydraulic model of GOTHIC is based on
a network of computational volumes (one, two oe¢dimensional) connected by flow paths. In
contrast to standard CFD packages, in GOTHIC tHaligision of a volume into a multi-
dimensional grid is based on orthogonal co-ordmaléhe actual geometry of volumes with
curved surfaces (e.g., a cylindrical vessel) camelpeesented, however, by blocking groups of
cells. The numerical solution of the transport eigus is based on a semi-implicit method. The
method is first-order in time, whereas for the gpdiscretisation of the advection term both a
first-order upwind and a bounded second-order nietre available. The version of the code
used in the present analysis is GOTHIC 7.2b. Taedstrd GOTHIC high-Reynolds humbeg
model has been used to represent turbulence ansettend-order method in space has been
selected.

The nodalisations used for the simulations of gestin the two facilities are shown in Fig. 4,
where the inset also shows the detail of the meghe region of the injection tube. For both
models the same meshing approach has been adotieth, consists of representing the pipe
cross section with only one partly blocked squaté with size equal to the diameter of the pipe.
For both nodalisations, the vertical size of thiiscabove the injection is approximately equal to
the length in the other two directions. This apphgavhich permits to minimize the momentum
loss in the first cell above the injection, hasrbepplied to all previous 3-D investigations
carried out by the authors with GOTHIC [6, 14].

4. Results and discussions

Validations of the calculation results obtained %D FLUENT calculations and by the
GOTHIC code are illustrated in terms of comparisafith experimental data for helium molar
fraction distributions at different elevations asido for the velocity field which is available for
the PANDA test ST1 7.

4.1. Heliumdistributions

Initially, full three dimensional turbulent calctilans are performed for the pure diffusion test
INITIALA3 conducted in the MISTRA facility which wolves no air injection. It is important to
verify that the numerical model is able to reprasitisis reference test before considering the
intervention of complicated phenomena. In this gtwdmparisons of results from the MISTRA
tests are made only with data from the measurirgtions TCG20-29. Data from other
measuring locations were obtained for slightly efi#éint boundary conditions of the repeat tests
and will not be considered here. Also, it was founoin experimental data (using mass
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spectrometry) not shown here that the distributbmelium is almost axisymmetric. Figure 5
shows the comparisons of helium distribution olgdinby CFD calculations at different
elevations for a time span of 6000 s. The init@hditions are similar to those in Figure 3. The
obtained results show the diffusion of helium fréime upper levels in the vessel to the lower
ones is in very good quantitative agreement withdkperimental observations. Similarly good

results were also obtained with the GOTHIC code. )

o
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Figure 4 Nodalisations used for the simulationVOTHIC: a) MISTRA; b) PANDA.

" "\'\4\,\
\'\K‘K_L Mistra INITIALA3
0.3

TCG_29z=7.08 m

c ‘IN'-*K
= H\I&E‘:\_‘\ TCG_28 z=6.75 m
e :-. | TCG_27z=6.41m
= 0.2 ——— I —— I R TCG_26z=6.27m
3 L TR TR R I - TCG_252=6.08 m
2 (’|"+’—If I ! L ! Ll L _
= - L TCG_247z=5.89 m
e | e A N -
) " TCG_232=5.69 m
- et = TCG_227=5.5m
0.1 } —t ~ _

1+ /T’Wfﬁi TCG_217=53m

T T L - == TCG_202z=5.0m

] — T i e ai il + EXp.

—t—tT + T 1 T
0 ] . :
0 2000 4000 6000
Time (s)

Figure 5 Comparison of helium distributions using FLUENT code for the pure diffusion
test in the MISTRA facility.
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Next, the MISTRA test LOWMAS is simulated with tReUENT CFD code and the GOTHIC
containment code using the stand&d turbulence model. The results obtained by both
simulations are depicted in Figure 6 along with #perimental data. In the FLUENT
simulations, the concentration time history at élevation of TCG29 is well reproduced for up
to 2000 s and the level of TCG28 for about 100Dhsés behavior is observed for the time period
when the process is governed by pure diffusion. éle@s, the predictions deviate significantly
from the experimental data when the influence efjét starts to impact the upper layers. At the
intermediate elevations instead, high deviatioesodaserved since the beginning of the test.

The predictions with GOTHIC also show a similarntte the concentrations at the higher
elevations being well predicted at the beginnind #re calculations at all levels increasingly
deviating from the experiment later in the transiérhe results are in general closer to the
measured data than those obtained with FLUENTtHayt strongly depend on the choice of the
mesh close to the injection. It will be reportedaifuture work that by increasing the cell size it
has been possible to reproduce the experimentalisest some elevations nearly perfectly. It
would be therefore incorrect to conclude from FgyGrthat the predictive capability of a coarse
mesh model is superior to that of a model usingaresh.

Sensitivity analyses of the results obtained byRbBEENT code for the first 1000 s are shown in
the next figures. In Figure 7, comparisons of thsults obtained using first and second order
Upwind schemes are illustrated showing very liliference between the two differencing
method indicating good accuracy of the grid usemd @solution is also checked using a mesh
twice denser in the axial direction, in the reggtarting from the source to the top of the vessel.
The obtained results are shown in Figure 8 showinly slight differences to the results in
Figure 7 for the elevation TCG26. This is the etmrawhere the jet velocity reaches zero as will
be demonstrated in the next subsection. The resiigsned using the RNI& £ model are shown

in Figure 9 with almost no difference with the réswshown in Figure 8 obtained using the
standardk-¢ turbulence model. Possible reasons for deficisnicie#eproducing the experimental
data by the FLUENT code can be attributed to thdetiog of turbulence production/destruction
which is based on the simplified gradient hypoth¢tb]. This may underestimate the turbulence
level in the areas of jet interactions and willfbeher investigated in a future work.

The results of the simulations for the ST1_7 byRh&ENT and GOTHIC codes are shown in
Figures 10 and 11; for the vessel and injectiore @ges, respectively. The general trends of
helium distributions are well captured by the codBse upper layer are dominated by pure
diffusion and not affected by the impact of the f@t the test duration shown in the figures.
Comparing figures 10 and 11 for the same elevatibran be found that the distributions do not
change significantly at different radial locatiom$owever, faster dilution takes place at lower
elevations as the air jet penetrates inside thieihelayers. This is clear for the G elevation in
both figures. In both simulations and the experitakdata, the helium molar fractions reach the
same homogenized value ~8%. Only for the elevdtitimee FLUENT calculation deviates from
the experimental data. This can be attributed & dhmission of the second vessel from the
simulation and the reversed air flow at the pressutlet (in the experiment, a mixture of air and
helium instead may re-enter Vessel 1). This efébctuld actually be captured by the GOTHIC
model (which includes both vessels), but it islijidee missed because of the coarse mesh used.
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Figure 8 Simulation results obtained using a
denser grid in the axial direction (LOWMAS3).
(see the legend in Figure 7)
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As for the test LOWMAS, the calculation with GOTHIBay appear closer to the measured data
than those obtained with FLUENT, However, a cldeek at the trends in the curves, especially
levels D, F and G, reveal that sudden drops amtiqgiesl at the beginning of the transient and the
gradual change in the slope moving from one leweéhé next is not reproduced. It is clear that
the process of gradual erosion is not well predickoreover, as for LOWMAZ3, an increase of
the size of the cell close to the injection regsiilte a much faster progression of the upwards
penetration of the jet. However, this time the sped# the erosion process was strongly
overpredicted. These parametric studies, which dihensensitivity of the results obtained with
the coarse-mesh approach to the nodalisation andase-by-case effect of the cell size on the
quality of the results, will be reported in a fugwrork.

In LOWMA4 the mass flow rate of the injected aiinsreased to 50 g/s giving a Froude number
of 3.35. Although the Froude number in LOWMA4 isvler than ST1_7, faster break-up and
dilution of the whole stratified layer took place LOWMA4. This is due to the larger helium
reservoir in the top of the vessel 1 in the PANRALt

The results of simulations obtained by the FLUEN@8& in comparison with the experimental
data are shown in Figure 12. It is noted for tkist in the MISTRA facility that the trends are
gualitatively reproduced by the simulations. Theerplayer is initially governed by molecular
diffusion and the nearly constant concentrationtted first 100 s is well captured in the
simulation, but later there is a delay of abouts58 the simulations to respond to the impact of
the jet. Nevertheless, both the experiment andsthmulation predict the same homogeneous
helium concentration value after 300 s and thege®of sequence dilution of helium layers with
the development of time is reproduced by the catouts.

4.2. Veocity distributions

The velocity field in the plane of the injectiorvgs more insight on the mechanism of erosion of
the stratified layer. The discussion in this settie based on the results obtained by the
FLUENT code. First, the axial velocity componentc@mpared against the experimental data
available from ST1_7 of the PANDA facility. Figue8 shows these comparisons at different
test times and in addition, for reference purposks, distribution of the free jet velocity
calculated from Equation 2 is shown for the sansé ¢enditions. It can be seen from the figure
that velocity distributions predicted by the cod#édw very well the free jet distribution up to a
certain height and then deviate due to the resist@mcountered from the helium layer. The
results obtained for ST1_7 compare reasonablywitil the experimental data and the locations
where the maximum centerline velocity reaches aeeovell captured by the code. Similar plots
for LOWMAS are shown in the same figure, howevethout experimental data being available.
It can be observed from the figure that, while gehetrates the stratified layer in the case of
ST1 7 with progression of time, the jet loses itemmentum at the density interface in
LOWMAZ3, according to the calculated results, anéslaot penetrate inside the stratified layer
leading to thickening of the interface.

Further insight on the erosion process can be aetiifom the velocity vectors and comparisons
with the experimental data available from ST1_ HuFé 14 shows the velocity vectors for
ST1 7 (at two different times) in qualitative compans with the data available from the
PANDA test. The trends are well predicted by thawation in terms of maximum velocity,
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spreading of the jet and location of the zero vigjocThe helium layer is eroded due to
entrainment into the lower layers by the actiontwb vortices. The corresponding helium
contours are also shown in the figure demonstrdtiegmotion of the interface and the dilution
of the stratification with progression of time.
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Figure 14 velocity vectors and concentration corg@t the injection plane for ST1 7.

5. Conclusions

Simulations of erosion of a helium rich layer byeatical air jet are performed using FLUENT
CFD and GOTHIC codes for tests conducted in PANDA MISTRA facilities imposing
different air flow rates and interaction Froude itnems. The calculations for the pure diffusion
tests reproduced well the experimental data by thulee-dimensional turbulent calculations
showing the capability of the adopted models toadpce this reference case.

For the common test conditions (ST1_7 and LOWMARB# results obtained for the PANDA
ST1 7 Fr>1) test showed the erosion of the stratified layeat the entrainment of helium from
the upper layer by the impact of the jet in a reabby good agreement with the data in terms of
helium and velocity distributions. On the other thatihe FLUENT results for the LOWMAS test
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(with Fr=1) test showed large deviations, especially &rmediate elevations influenced by the

jet. Sensitivity analyses showed independenceabfitained results on the density of the mesh
used, spatial discretization and two adopted termé models. Further analyses in future work
will be considered especially for modeling of thebulence production due to buoyancy.

The high mass flow rate test, LOWMA4rE1), was also reasonably reproduced by the
FLUENT calculations showing the differences betwé€WMAS3 and LOWMAA4 for erosion
and thickening of the interface in the first andgressive dilution of the stratified layers in the
second.

The calculations with GOTHIC with a coarse meshwst that using the appropriate
nodalisation (developed on the base of the expegjeihis possible to obtain results of the same
guality as those obtained using a CFD code and chrfiner mesh. However, the sensitivity of
the results to the cell size close to the injectaord the observation that for one of the two tasts
modification to the “expert” mesh is required taaib reasonably good predictions, poses some
guestion on the reliability of calculations for n@enditions, when it is not possible to decide
whether a correction to the standard approachbeilbeneficial or not.
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