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Abstract 

In the frame of the OECD-NEA/SETH-2 project, an experimental programme has been carried 
out in the PANDA facility at PSI and in the MISTRA facility at CEA until December 2010. Part of 
the program focuses on gas stratification break-up induced by mass sources and similar tests 
have been performed in both facilities. The present paper gives an overview of the CEA 
experimental results dedicated to the study the phenomena of erosion by a low momentum air jet 
on the helium/air stratified layer located at the top of the confined volume. The tests were 
conducted in the MISTRA, a large facility. Different mass flow rates of air were used, inducing 
different regimes including pure diffusive mixing, global dilution and slow erosion processes, 
characterized by the interaction Froude number. A discussion ended this paper with some 
comparison of the results with CAST3M CFD simulations. 

1. Introduction 

The OECD SETH-2 project is a follow-up to the previous OECD/SETH/ project ended in 
December 2006 and should complement the data obtained in the previous project. The SETH-2 
experimental programme involves the Paul Scherrer Institute (PSI) PANDA and Commissariat a 
l'Energie Atomique et aux Energies Alternatives (CEA) MISTRA facilities and has ended in 
2010. The main objective of the proposed experimental programme is to perform 
phenomena-oriented experiments in the large-scale, multi-compartment PANDA and MISTRA 
facilities, to investigate steam/gas distribution and hydrogen transport inside LWR containment 
compartments. In both facilities, helium is used to simulate hydrogen. The main phenomena to 
be studied are mixing/stratification, natural and forced convection, direct-contact condensation 
and wall condensation. The description of the complex flow fields suitable for CFD code 
validation will be the main outcome of the tests. Comparative tests in the PANDA and MISTRA 
facilities are also proposed in particular to study different mechanisms for stratification break-up, 
such as condensation, natural convection, jet impingement, and spray. Thus, this test series 
complements the data produced in PANDA SETH, where conditions leading to build-up of 
stratification were studied. The test proposed are listed according to increasing complexity, 
where the first series of experiments especially addresses current CFD capabilities and the 
following address mostly new challenges for CFD model development and validation [1]. 
The MISTRA facility is involved in the first test series dedicated to the separate effect/coupled 
effect tests and experiments will be devoted to the erosion of previously established gas 
stratification by 4 different ways: 

— Low momentum vertical injection of air or steam 
— Impinging vertical jet of steam on the annular ring 
— Heat-up or cool-down of the condenser 
— Spray system 

The present paper gives an overview of one of the MISTRA test series called 

1 SETH : SESAR Thermal-Hydraulics (OECD project) and SESAR is the Senior Group of Experts on Nuclear Safety Research 
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INITTALA-LOWMA. The objective here was to study the phenomena of erosion by a low 
momentum air jet on the helium/air stratified layer located at the top of the facility. Different 
mass flow rates of air were used, inducing different regimes including pure diffusive mixing, 
global dilution and slow erosion processes, characterised by the interaction Froude number. 

2. Description of MISTRA facility and instrumentation 

The MISTRA (Mitigation and STRAtification), experimental programme, started in 1998, is 
part of CFA's programme on severe accidents occurring in Pressurized Water Reactors (PWR) 
or naval nuclear reactors and is focused on the containment thermal hydraulics and hydrogen risk 
[2] [3]. The MISTRA facility, Figure 1, is a scaled-down model of French PWR containment 
with a linear length scale ratio of 0.1. Until 2004, the test series were conducted using the vessel 
without internal partitioning. The MISTRA vessel was then modified to accommodate 
compartments consisting of an inner cylinder with an annular floor called 'ring plate' as shown 
Figure 2. 

The MISTRA coupled and separate effect test facility was designed to facilitate simulation 
of depressurisation of a containment, injection of hydrogen (simulated by helium) in time and at 
different locations, creation and breaking-up of stratified helium layer, three-dimensional flows 
of air, steam and helium created by the natural convection, condensation heat transfer occurring 
on internal structures and containment walls, enrichment of local helium concentration due to 
wall condensation or condensation on droplets (when using spray systems to control the 
pressurization due to steam release), effect of mitigation devices such as hydrogen recombiners 
(thermal effect only), and inerting of small-scale containments. The data generated has been 
extensively used for code validation [4-8]. The main characteristics of MISTRA facility are 
described below. 

315° 

0 

Fig. 1 : Side view of MISTRA facility Fig. 2 : Internal view from the top, of MISTRA 
with its compartment 

MISTRA facility is thermally insulated stainless steel containment with a free volume of 97.6m3, 
an internal diameter of 4.25m and a height of 7.38m. MISTRA comprises 2 cells, a flat cap and a 
bottom that are fixed together with twin flanges. Three cylindrical thermally regulated walls, 
inserted inside the containment along the stainless steel containment wall on top of each other, 
are called condensers. Figure 3 shows the different elements of MISTRA facility and the main 
geometrical characteristics. 
The MISTRA' s compartment consists of 2 cylindrical shells with a diameter of 1906 mm and a 
height of 4219 mm, equipped with a 'ring plate' as shown in figure 2 and figure 3. The material 
chosen is stainless steel 304L with a mean thickness of 3 mm. The lower central injector device 
is suspended at the bottom and the nozzle is integrated into the cylindrical opening. No 
recirculation is allowed from the bottom of MISTRA facility into compartment. This 
compartmented configuration allows several possibilities of injection, two vertical in the lower 
area, centred and off-centred, one vertical at the level of the ring plate with a chimney and 
several radial injection at different locations (four per level). 
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Fig. 3: MISTRA main geometrical characteristics 
(a) for MISTRA vessel (b) for compartments 
and injection locations 

Here, for the INITIALA-LOWMA presented test series, helium is injected by means of a 
four-point radial injection, located at 6559 mm height and 45°; 135°; 225°; 315° of angles, 
allowing the establishment of an axisymetric helium cloud as shown in figure 2 and figure 3. Air 
is injected through an off-centred upper line located at the level of the ring plate 3660 mm height 
and 165° of angle as shown in figure 2 and figure 3. A vent is located in the lower part of 
MISTRA, in order to keep pressure constant during the test (no pressurisation). This vent is an 
opened window, located at angle 315°. The vent diameter is 200 mm. 

Specifically for the INITIALA-LOWMA test series, MISTRA instrumentation is concerning 
measurements of temperature, gas concentration, gas mass flow rate and pressure. The 
temperature measurement is performed with thermocouples chromel-alumel type K (313 
sensors), used for measuring fluid temperature in the main gaseous volume, at the injection 
device location (gas, steam...) and also for solid temperature on the condensers and the vessel 
and the compartment structures. The main gas concentration measurement technique (helium, 
air, nitrogen, steam) is based on Quadrupole Mass Spectrometer (QMS) associated with 72 
sampling lines connected through a sampling system [9]. To study the phenomena of erosion by 
a low momentum air jet on the helium/air stratified layer and to allow fine spatial and temporal 
resolution, katharometry technique (10 thermal conductivity gauges) has been introduced. The 
katharometry technique was applied with success in our laboratory for other facilities in order to 
measure helium/air mixtures [10-11]. The gas flow rates is controlled and measured with sonic 
nozzles designed according to the norm NF EN ISO 9300 (July 1995). This ensures a constant 
flow rate independently of the downward operating conditions. The regulation of this sonic 
nozzle is only dependent of the upstream sonic nozzle pressure and temperature, sonic nozzle 
diameter, an isentropic coefficient, the molar characteristics of the gas and the downstream sonic 
nozzle pressure. For the pressure measurement one pressure gauge is used to monitor the total 
pressure of the containment. 

3. Test scenario and parameters 

3.1. Test scenario 

The first step, called INITIALA phase consists of the helium stratification build-up, 
performed in the upper gaseous volume of the facility, at room temperature and pressure (lower 
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vent). The objective is the creation of a high helium concentration cloud above the compartment 
(the volume of this part is approximately 25 m3), the average target concentration of the cloud is 
about 20% molar helium, the stratification gradient has to be the sharpest as possible and the 
cloud has to be symmetrical. A total of 7 tests have been carried out during the INITIALA phase 
study (for the determination of the test sequence, and 5 tests dedicated to the reference test, 
called 11%IITIALA_3, including tests of reproducibility and characterization of the symmetry). 
The initial conditions, called WITIALO, are the atmospheric pressure room temperature and the 
vessel filled with 100% of air. The INITIALA phase is the creation of the stratified layer with 
helium lateral injection (Figure 3(b)). A complementary phase, called post-INITIALA, is for few 
tests the follow-up of the evolution of the stratified layer behaviour without air injection. The 
objective is to check if we are in a pure diffusion regime or if some small temperature 
differences can lead to a convective behaviour that can mix the atmosphere faster. The 
INITIALA test sequences are summarised in Figure 4 (a). The time references for test sequences 
are summarised in table 1. 

u )1, Stratification evolution 

,tratificationi 
building up i 
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breaking, up 
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Fig. 4: INFITALA test (a) and INITIALA/LOWMA test (b) sequences 

The second step, called LOWMA phase consists of the helium stratification break-up thanks to 
different low momentum vertical air injections coming from below. A total of 9 tests have been 
carried out during the LOWMA phase which study the effects of the air flow rate on the 
stratification, and special focus on one particular test, called LOWMA_3 (6 tests). The main 
objective during the phase is the stratification behaviour with upward air jet interaction for 
different air flow rates. The effects of the off-centred injection on the symmetry of the 
stratification are also evaluated. The LOWMA transient phase follows the 11%1TIALA phase with 
a delay of about 6 minutes necessary to prepare the air injection after the end of the helium 
injection. The LOWMA test sequences are summarised in Figure 4b.The air injection is located 
at upper off-centred nozzle. The air mass flow rates are chosen thanks to its interaction Froude 
number value, at the level of the stratification, that will determine the theoretical behaviour 
expected on the helium stratification. 

Table 1: references time for test sequences 

tstart start of the test 

to 
t1 

INITIALA step 

start of helium injection 
end of helium injection 

tend end of the test 

t2 
t3 

LOWMA step 

start of air injection 
end of air injection 

The Froude number is a dimensionless number that enables to evaluate the relative resistance of 
the inertial and gravitational forces. In our case, we define an interaction Froude number [12] 
located at the interface between the air and the helium cloud: 

Fr= 
NL 

(1) 

where U is the local velocity of the jet at the interface, L the jet characteristic length scale at the 
impact and N a sort of strength of the stratified layer. The impact velocity of the air flow at the 
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helium cloud interface can be obtained by the use of well-defined correlation for free air jets 
[13]: 

U = 6.2U inj 
dd"''

(Z — H ini ) 

with Uhl/ is the injection velocity, dini is the diameter of the injection nozzle, Hirai, injection 
location of air jet and z is the elevation. 
L is the full width of the air flow at the helium cloud and the expansion rate of air jets can be 
used [13]: 

L/2 = 0.086 (z — Hui]

with z is the elevation and Hinj=3.66m the elevation of the air injection. 

Nis the characteristic pulsation of the stratification [14] usually defined as: 

N= OP \i2g(pa„— ps) 

P Az (Pair+ OH, 

with p is the average density inside the stratification zone, Ap/Lz is the density variation 

inside the stratification zone with ps stratification density pair air density, g is the acceleration 

due to gravity 
— If Froude number is lower than 1, buoyancy of the stratified layer dominates, and the air 

flow erodes the stratification without penetration. 
— If Froude number is greater than 1, momentum of the air flow dominates, and the air flow 

penetrates inside the stratification. 

(2) 

(3) 

3.2. Experimental conditions 

(4) 

For the first INITIALA step, three different types of tests have been carried out (with three 
different helium mass flow rates, but the same quantity of helium injected).The criterion to 
determine the reference test is very simple: the sharpest stratification will be selected as 
reference test. In the next paragraph we will present here only the results of INITIALA_3 test 
that has been selected as the reference pre-conditioning test. The main experimental conditions 
are summarised in table 2. 
For the second INITIALA/LOWMA step, the driven parameter is the Froude number to select 
the air mass flow rate. The interaction Froude numbers (Fr) for the different LOWMA tests is 
also given in table 2 with the experimental conditions. In the small interaction Froude number 
regime, a factor of 10 has been achieved to be in the buoyancy dominant regime (Fr=0.1). 
Conversely, in the high interaction Froude number regime, the design of MISTRA air injection 
line allows only a factor 3. Then to characterise the effects of the air flow on the vertical helium 
distribution, five test series were considerate INITIALA_3 with a Froude number of zero, 
LOWMA_1 with a Froude number of 0.10, LOWMA_2 with a Froude number of 0.31, 
LOWMA 3 with a Froude number of 1.01 and LOWMA 4 with a Froude number of 3.38. 

4. Results and discussions 

4.1. INITIALA test results 

The sharpest stratification is obtained with the higher helium mass flow rate 4.25g.s-1 for 
INITIALA_3. In this case the helium injection was short enough so that reduced diffusion effect 
occurs during this period of time, and also due to an efficient concentration homogenisation in 
the helium cloud according to higher levels of turbulence. The figure 5 shows the helium 
stratification characteristics at the end of helium injection time ti. The stratification depth is 
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For the first INITIALA step, three different types of tests have been carried out (with three 
different helium mass flow rates, but the same quantity of helium injected).The criterion to 
determine the reference test is very simple: the sharpest stratification will be selected as 
reference test. In the next paragraph we will present here only the results of INITIALA_3 test 
that has been selected as the reference pre-conditioning test. The main experimental conditions 
are summarised in table 2.  
For the second INITIALA/LOWMA step, the driven parameter is the Froude number to select 
the air mass flow rate. The interaction Froude numbers (Fr) for the different LOWMA tests is 
also given in table 2 with the experimental conditions. In the small interaction Froude number 
regime, a factor of 10 has been achieved to be in the buoyancy dominant regime (Fr=0.1). 
Conversely, in the high interaction Froude number regime, the design of MISTRA air injection 
line allows only a factor 3. Then to characterise the effects of the air flow on the vertical helium 
distribution, five test series were considerate INITIALA_3 with a Froude number of zero, 
LOWMA_1 with a Froude number of 0.10,  LOWMA_2 with a Froude number of 0.31, 
LOWMA_3 with a Froude number of 1.01 and LOWMA_4 with a Froude number of 3.38.  
 
4. Results and discussions 
 
4.1. INITIALA test results 

The sharpest stratification is obtained with the higher helium mass flow rate 4.25g.s-1 for 
INITIALA_3. In this case the helium injection was short enough so that reduced diffusion effect 
occurs during this period of time, and also due to an efficient concentration homogenisation in 
the helium cloud according to higher levels of turbulence. The figure 5 shows the helium 
stratification characteristics at the end of helium injection time t1. The stratification depth is 
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around 10% of the total MISTRA height. 
This INITIALA_3 reference test has been repeated 5 times in order to ensure proper capture 

of the phenomenon. The symmetry of the stratification was check thanks to the displacement of 
the katharometer instrumentation rod at three different angle locations (7.5°, 141° and 277.5°). 
This symmetry was characterised during post-INITIALA phase at different time ti, t2 between t2
and tend.

Table 2: Experimental parameters 

TEST ref. 

Kalharometers Initial conditions Heal= injection Air intection Final conditions 

Vessel 
configuration 

Radius 
(nun) 

Angle 
(°) 

Pressure 
(bar) 

Temperature 
cc) 

Mass Flow 
Rate (W s) 

Duration 
Mass 
Flow 

Rate (g/s) 
Duration Fr 

Pressure 
(bar)

Temperature 
CC)

1NITIALA_3 Test 1 Open 1540 7.5 1.005 18.6 4.25 ti-to - - 0 1.005 18.6 

1NITIALA_3 Test 2 Open 1540 7.5 1.005 18.2 4.25 ti-to - - 0 1.005 18.2 

1NITIALA_3 Test 3 Open 1540 7.5 1.004 18.4 4.26 ti-to - - 0 1.005 18.5 

1NITIALA_3 Test 4 Open 1480 141 1.005 18.1 4.26 ti-to - - 0 1.005 18.1 

1NITIALA_3 Test 5 Open 1060 277.5 1.005 19.3 4.26 ti-to - - 0 1.005 19.3 

LOVVIVIA_1 Test 6 Open 1540 7.5 1.005 18.3 4.25 ti-to 1.51 t3-t2 0.10 1.005 18.4 

LOWMA_2 Test 7 Open 1540 7.5 1.005 18.4 4.25 ti-to 4.53 t3-t2 0.31 1.005 18.4 

LOWMA_3 Test 8 Open 1540 7.5 1.005 18.6 4.26 ti-to 15.16 t3-t2 1.01 1.005 18.5 

LOVVIVIA_3 Test 9 Open 1480 141 1.005 18.3 4.26 ti-to 15.17 t3-t2 1.01 1.005 18.4 

LOWIVIA_3 Test 10 Open 1480 141 1.005 18.3 4.26 ti-to 15.17 t3-t2 1.01 1.005 18.6 

LOWMA_3 Test 10 Open 1060 277.5 1.004 19.4 4.26 ti-to 15.17 t3-t2 1.00 1.005 19.1 

LOWMA_3 Test 12 Open 1060 277.5 1.004 19.2 4.25 ti-to 15.16 t3-t2 1.01 1.004 19.3 

LOWMA_3 Test 13 Open 1060 277.5 1.004 22.9 4.24 ti-to 15.12 t3-t2 1.00 1.004 22.9 

LOVVIVIA_4 Test 14 Open 1540 7.5 1.005 19.8 4.24 ti-to 50.58 t3-t2 3.38 1.004 17.4 

The figure 6 shows the symmetry of the stratified layer at the end of helium injection time ti. The 
repeatability of the test was also checked at 3 times with the same measurement configuration 
here the katharometer rod located at same angle. The figure 7 shows the repeatability for the 
reference test INITIALA_3 at the end of helium injection time ti. For each of these 5 
INITIALA_3 tests, the mass balance has been checked; the results are given in table 3. The mass 
balance check gives good results, with less than 6% difference between the two ways of 
determination of the volume of helium. The first way is the measurement of the helium injected, 
the other one is the integration of the concentration profile at the end of the injection (ti) 

Table 3: Results of mass balance check 
Volume of helium calculated from 

helium injection (m3) 

Volume of helium calculated from 

concentration measurements (m3) 
Error (%) 

Test 1 5.53 5.39 2.5% 
Test 2 5.58 5.29 5.3% 
Test 3 5.44 5.49 1.0% 
Test 4 5.55 5.63 1.5% 
Test 5 5.52 5.44 1.3% 

After the end of the helium injection (post-INITIALA phase), the measurements are maintained 
to evaluate the time evolution of the helium molar concentration during this diffusion phase and 
to compare it with the theoretical evolution of the diffusion of an initial Heaviside function. 
Recall the definition of the solution of the equation of the diffusion of a Heaviside function is 
given by [15]: 

ka 2 

1 i \ 2X 
X(z,t) XA

lad 
(i) Dt kZZ (5) = L k 0 sin( - _.f 

)e-
cos( L 

) 

where X0 is the initial molar helium concentration of the gap mean value of the measurements at 
the top of the katharometers rod, L is the total height of MISTRA equal to 7.38m, D is the molar 
diffusion coefficient of helium in air equal to 7.35 10-5 IT12.S-1 and 1 is defined as the height of the 
zone at X0% helium and equal to 1.004m,1 is calculated as follows: 

6 / 14 

The 14th International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-14)  
Hilton Toronto Hotel, Toronto, Ontario, Canada, September 25-29, 2011. 

NURETH14-307 

6 / 14 

around 10% of the total MISTRA height. 
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of the phenomenon. The symmetry of the stratification was check thanks to the displacement of 
the katharometer instrumentation rod at three different angle locations (7.5°, 141° and 277.5°). 
This symmetry was characterised during post-INITIALA phase at different time t1, t2 between t2 
and tend. 
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After the end of the helium injection (post-INITIALA phase), the measurements are maintained 
to evaluate the time evolution of the helium molar concentration during this diffusion phase and 
to compare it with the theoretical evolution of the diffusion of an initial Heaviside function. 
Recall the definition of the solution of the equation of the diffusion of a Heaviside function is 
given by [15]: 

 (5) 

where X0 is the initial molar helium concentration of the gap mean value of the measurements at 
the top of the katharometers rod, L is the total height of MISTRA equal to 7.38m, D is the molar 
diffusion coefficient of helium in air equal to 7.35 10-5 m2.s-1 and l is defined as the height of the 
zone at X0% helium and equal to 1.004m, l is calculated as follows:  
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where QmHe is the average helium mass flow rate, t is the injection duration, pHe is the average 
helium density during the injection and RM1Sfra is the radius of MISTRA. 
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Fig. 8: Diffusion effect, comparison experiment versus theory of the vertical evolution of helium 
stratification at different time after the end of helium injection t1 

The comparison of the experimental concentration curve and the theoretical diffusion is given at 
the end of the helium injection ti, at ti-F30min and at ti-F120min. At the end of helium injection ti 
we assume that the initial stratification is a Heaviside function. The figure 8 shows the evolution 
of the experimental helium molar concentration compared to theoretical curves. This comparison 
confirmed that we have a pure diffusion effect after the end of helium injection without any 
convection driven effect. 

To conclude on the first INITIALA step, INITIALA 3 results show that the helium stratification 
is established with the quality requested for the next step and the operating conditions applied 
ensure to have a symmetrical helium cloud and the repeatability between each test, the mass 
balance is well verified and the accordance with the theory during the molecular diffusion phase 
after the end of helium injection. The INITIALA_3 test will be the reference test for pure 
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  (6) 

where QmHe is the average helium mass flow rate, t is the injection duration, ρHe is the average 
helium density during the injection and RMistra is the radius of MISTRA.  
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The comparison of the experimental concentration curve and the theoretical diffusion is given at 
the end of the helium injection t1, at t1+30min and at t1+120min. At the end of helium injection t1 
we assume that the initial stratification is a Heaviside function. The figure 8 shows the evolution 
of the experimental helium molar concentration compared to theoretical curves. This comparison 
confirmed that we have a pure diffusion effect after the end of helium injection without any 
convection driven effect.   
 
To conclude on the first INITIALA step, INITIALA_3 results show that the helium stratification 
is established with the quality requested for the next step and the operating conditions applied 
ensure to have a symmetrical helium cloud and the repeatability between each test, the mass 
balance is well verified and the accordance with the theory during the molecular diffusion phase 
after the end of helium injection. The INITIALA_3 test will be the reference test for pure 
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molecular diffusion effect and will be compared with LOWMA tests series at different 
interaction Froude of interest. 

4.2. INITIALA+LOWMA test results 

The results focus here on the comparison between the helium concentration 
measurements performed during INITIALA_3 and the four LOWMA tests in order to evaluate 
the effects of the low momentum vertical air injection on the helium cloud, regarding the 
interaction Froude number value with increasing values between 0 to 3.38 [16]. The air injection 
duration is t3-t2. 
The figure 9 shows the evolution of the stratification during the air injection phase at selected 
times. We observe three different behaviours on these four graphs. 
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Fig. 9: Vertical evolution of the helium stratification during the air injection phase at different 
times 

At Froude equal to 0 to 0.31, the buoyancy of the stratified layer dominates. The air flow does 
not penetrate inside the stratification. This stratification is very stable, and the air flow has no 
effects on it. At Froude equal 1.01, this is an intermediate case, buoyancy and momentum has the 
same order of magnitude. We can observe that the air flow penetrates the lower layers of the 
stratification, up to 5.9m height (2.2m above the air injection). The result of the air flow 
penetration is a complete homogenisation of the penetrated layers. Above this homogeneous 
zone, the stratification still exist, but with lower helium concentration. Finally for the higher 
Froude number equal to 3.38, the momentum of the air flow dominates. The air flow completely 
penetrates the helium cloud. The stratification is completely broken, and the helium 
concentration has a constant value around 1.5% of C.. 
Penetration of the air flow within the stratified layer can be also illustrated by the evolution of 
the helium concentration at the elevation 5.9m identified previously as transition level in case of 
Fr=1.We also observe three different behaviours on Figure 10. At Froude equal to 0 to 0.31, the 
air flow has no effects (or only a small effect) on the concentration evolution during time. At 
Froude equal 1.01, the air flow penetrates inside the stratification up to this altitude. The helium 
concentration remains constant during the air injection. This concentration is an equilibrium 
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molecular diffusion effect and will be compared with LOWMA tests series at different 
interaction Froude of interest. 
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At Froude equal to 0 to 0.31, the buoyancy of the stratified layer dominates. The air flow does 
not penetrate inside the stratification. This stratification is very stable, and the air flow has no 
effects on it. At Froude equal 1.01, this is an intermediate case, buoyancy and momentum has the 
same order of magnitude. We can observe that the air flow penetrates the lower layers of the 
stratification, up to 5.9m height (2.2m above the air injection). The result of the air flow 
penetration is a complete homogenisation of the penetrated layers. Above this homogeneous 
zone, the stratification still exist, but with lower helium concentration. Finally for the higher 
Froude number equal to 3.38, the momentum of the air flow dominates. The air flow completely 
penetrates the helium cloud. The stratification is completely broken, and the helium 
concentration has a constant value around 1.5% of Cmax.  
Penetration of the air flow within the stratified layer can be also illustrated by the evolution of 
the helium concentration at the elevation 5.9m identified previously as transition level in case of 
Fr=1.We also observe three different behaviours on Figure 10. At Froude equal to 0 to 0.31, the 
air flow has no effects (or only a small effect) on the concentration evolution during time. At 
Froude equal 1.01, the air flow penetrates inside the stratification up to this altitude. The helium 
concentration remains constant during the air injection. This concentration is an equilibrium 
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value between the helium feed from the upper layers, and the dilution made by the air injection. 
After the end of the air injection, the helium concentration grows up, because of the helium feed 
from the upper layers (helium diffusion). Finally at Froude equal 3.38, momentum of the air flow 
dominates and as the air flow completely penetrates the helium cloud. We observe first a rapid 
growth of the helium concentration during the first seconds of air injection. This rapid growth is 
due to the mixing with the upper layers of the stratification. Then, once the whole helium cloud 
is mixed and homogeneous, helium concentration decrease due to the dilution of the air flow. 

Z = 
0.3

N
o
rm

a
liz

e
d
 H

e
lu

m
 M

o
la

r 0.2 

AIR INJECTION 

0.1 

F, 0 

—Fr = 0.10 

Fr = 0.31 

—Fr = 1.01 

—Fr = 3.38 

4000 -300 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000 8500 9000 9500 10000 

time (s) 

Fig. 10: Time evolution of helium concentration at the level 5.9m height 

As for INITIALA phase, a special focus was given to the symmetry and the repeatability of the 
test. The LOWMA 3 (Fr = 1.01) was chosen as it is an intermediate case with buoyancy and 
momentum competition. The main conclusions are firstly for symmetry whereas the air injection 
is off-centred, the gas concentration field in the upper part of MISTRA is still symmetric (inside 
the penetrated zone (z = 5.5m) and also inside the stratification zone (z>6m)). Secondly, the 
repeatability tests highlight the sensitivity of the phenomena to the thermal conditions even if all 
the different LOWMA_3 tests were carried-out assuming same boundary conditions (helium and 
air mass flow rates, times of injections, etc.). For these reproducibility tests, the behaviour 
observed in the helium cloud are different from one test to another. We attribute these 
differences to 2 factors. The first one is the value of the Froude number closed to 1 which is an 
intermediate value between two effects and secondly to the small temperature differences 
between gas and air injection from days to days. The interaction Froude number is very sensitive 
to these temperature differences that have an impact on its value. The difference between the air 
injection temperature and the gas temperature causes a change in the momentum of the air flow 
(addition of buoyancy effects): the higher the temperature difference is (here close to 4°), the 
lower is the momentum, lower is the interaction Froude number and the lower is the penetration 
length [16]. According the reproducibility point of view, two tests were carried out with same 
difference of temperature between the air injection temperature and the gas temperature, the 
observed behavior was strictly the same, and then we confirm here the reproducibility of this 
test. 

4.3. Discussion 

These different tests previously presented show the different possible mechanisms leading to the 
stratification break-up in time. Interaction of a fountain like flow with the stratified layer was 
observed as a complex phenomenon. 
The first mechanism observed in INITIALA _3 test, with a Froude number equal to zero (without 
air injection) concerns erosion of the helium layer with a diffusive process (figure 8). Similarly, 
for tests with Froude numbers lower than 1, namely LOWMA 1 (Fr=0.1) and LOWMA_2 
(Fr=0.31) with the air flow small enough, the erosion of the stratified layer is still governed by 
diffusion process as shown in figure 11 for LOWMA_2 test conditions. The experimental data 
are compared with calculation with CAST3M CFD code and confirm the behaviour driven by 
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value between the helium feed from the upper layers, and the dilution made by the air injection. 
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from the upper layers (helium diffusion). Finally at Froude equal 3.38, momentum of the air flow 
dominates and as the air flow completely penetrates the helium cloud. We observe first a rapid 
growth of the helium concentration during the first seconds of air injection. This rapid growth is 
due to the mixing with the upper layers of the stratification. Then, once the whole helium cloud 
is mixed and homogeneous, helium concentration decrease due to the dilution of the air flow. 
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molecular diffusion process. 
At the other end, the larger interaction Froude number equal to 3.38 leads to a rapid break-up of 
the stratified layer (figure 12). Just after the beginning of air injection the layers up to 6.75m are 
impacted by the dilution process. During a short delay is observed for the upper layers at 7.1 
where first diffusion is the driving process and followed after this delay by dilution process 
involves in whole layer. 
In the critical range of Froude close to 1, the injected air starts to dilute the lower layers of the 
air/helium cloud and then, the diffusion process is enhanced by convective contribution as 
showed in figure 13 compared to the diffusion profile. 
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Fig. 13: Time evolution of helium concentration at different elevations for LOW1VIA_3 tests 

Following this experimental campaign on the MISTRA facility, we carried out a complementary 
campaign on the stratification break-up with vertical fountains at reduce scale. These 
investigations were performed on GAMELAN facility, volume close to 1m3 [17]. 
The results observed at this smaller scale confirm the MISTRA INITIALA-LOWMA test 
campaign results. The figure 14 shows the time evolution of helium concentration at the lower 
interface of the stratified layer. This also allowed providing complementary elements for a 
detailed interpretation with data on the velocity measurements concern the upward and 
downward flow of the air jet and the propagation of gravity waves through the stable lighter 
layer. Figure 15 shows a picture of the lower helium stratified layer with the air jet impingement 
at Fr=1.09 measured by Particle Image Velocimetry technique (PINT), the velocity field (red 
arrows of the picture) and the associated iso-velocity graph show the fountain behavior of 
negatively buoyant air jet. 
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campaign results. The figure 14 shows the time evolution of helium concentration at the lower 
interface of the stratified layer. This also allowed providing complementary elements for a 
detailed interpretation with data on the velocity measurements concern the upward and 
downward flow of the air jet and the propagation of gravity waves through the stable lighter 
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5. Conclusions 

The main results of the first MISTRA test series, called INITIALA-LOWMA, were 
presented on the basis of 16 tests carried out during this test campaign with 7 tests for the 
INITIALA phase study and 9 tests for LOWMA phase study. This great number of tests was 
necessary in order to fully understand the phenomenon occurring during the different phases of 
the tests, to assess the reproducibility and to ensure confidence in the produced results as the 
final goal will be the possible LP and CFD codes validation. A particular instrumentation was 
implemented specially for these tests, namely a vertical rod, instrumented with katharometer 
sensors. The test campaign was carried out in two steps. The first one, called INITIALA phase 
has consisted of the helium stratification build-up, performed in the upper gaseous volume of the 
facility, at room temperature and pressure. The second one called LOWMA phase has consisted 
of the helium stratification break-up thanks to different low momentum vertical air injections 
coming from below. The INITIALA 3 test results were detailed because it has been selected for 
the quality of its sharp stratification being good initial conditions for LOWMA tests. 
INITIALA 3 tests conditions were very good to ensure the symmetry of the helium layer, the 
repeatability, the mass balance and finally the accordance with theory during the molecular 
diffusion phase 
The LOWMA test series gives also some very interesting results and puts into evidence the 
effect of the low momentum air flow strongly linked with the interaction Froude number as 
defined in equation (1). The helium stratification is very stable for the Froude numbers lower 
than 1. For the Froude number of 0 (no air injection), the dominant mechanism is pure molecular 
diffusion mixing as observed for INITIALA 3. Same observation for the two tests LOWMA 1 
(Fr=0.1) and LOWMA 2 (Fr=0.31) where, the air flow rate is small enough to not interact with 

—  
the stratified layer; the mixing process remains driven by diffusion. At the other end, the larger 
interaction Froude number equal to 3.38 leads to a rapid break-up of the stratified layer with fast 
global mixing. For Froude number equal to 1, LOWMA 3 test, the air flow penetrates the lower 
part of the helium cloud and the stratification becomes instable. The fountain flow rate, 
buoyancy dominated mixing is experienced: the stratification is pushed upward, stiffened and 
eroded by the fountain's entrainment. The last case, LOWMA _4 (Fr=3.38), the air flow is strong 
enough to lead to a dilution overall. This definition of Froude number allows the identification of 
the ability of the air jet to erode or to dilute the stratified layer. 
This experimental work was continued in the frame of the OECD/NEA SETH-2 project. These 
test conditions have also been proposed and similar tests were performed in PANDA facility at 
PSI. This common test series was analysed and detailed in [18]. 

These test results with high-quality measurements can be regarded as a good basis for CFD 
models verification. 
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part of the helium cloud and the stratification becomes instable. The fountain flow rate, 
buoyancy dominated mixing is experienced: the stratification is pushed upward, stiffened and 
eroded by the fountain’s entrainment.	
  The last case, LOWMA_4 (Fr=3.38), the air flow is strong 
enough to lead to a dilution overall. This definition of Froude number allows the identification of 
the ability of the air jet to erode or to dilute the stratified layer.  
This experimental work was continued in the frame of the OECD/NEA SETH-2 project. These 
test conditions have also been proposed and similar tests were performed in PANDA facility at 
PSI. This common test series was analysed and detailed in [18]. 
 
These test results with high-quality measurements can be regarded as a good basis for CFD 
models verification.  
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In this paper we don't give details on the numerical part of these test results analysis (only few 
examples of comparison with CAST3M CFD simulation). The analytical activities carried out by 
the OECD/NEA SETH-2 project participants allowed the assessment of the capabilities of 
various computational tools, including GOTHIC, FLUENT, TONUS, CFX, ASTEC and others 
for predicting the SETH-2 tests. An OECD/SETH-2 analytical seminar, planned for September 
2011, will provide additional insight on the strengths and drawbacks of the various codes [19]. 

12 / 14 

The 14th International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-14)  
Hilton Toronto Hotel, Toronto, Ontario, Canada, September 25-29, 2011. 

NURETH14-307 

12 / 14 

In this paper we don’t give details on the numerical part of these test results analysis (only few 
examples of comparison with CAST3M CFD simulation). The analytical activities carried out by 
the OECD/NEA SETH-2 project participants allowed the assessment of the capabilities of 
various computational tools, including GOTHIC, FLUENT, TONUS, CFX, ASTEC and others 
for predicting the SETH-2 tests. An OECD/SETH-2 analytical seminar, planned for September 
2011, will provide additional insight on the strengths and drawbacks of the various codes [19]. 
 



The le International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-14) 
Hilton Toronto Hotel, Toronto, Ontario, Canada, September 25-29, 2011. 

NURETHI4-307 

ACKNOWLEDGMENTS 

The authors gratefully acknowledge the support of all the countries and the international organizations 
participating in the OECD-NEA /SETH-2 project, the members of the Management Board and the 
Program Review Group of the SETH-2 project. The authors would like to thank also the CEA MISTRA 
staff members Marc CAZANOU, Regis TOMASSIAN, Jean-Luc WIDLOECHER for their engaged 
support in conducting these experiments, Enrico DERI and Benjamin CARITEAU for the complementary 
experimental and theoretical work on the small scale GAMELAN facility [17] and also Michel DURIN, 
programme manager GEN2-GEN3 light water reactors at the Nuclear Energy Division of the CEA, for 
his continuous support during all the phases of the SETH-2 project. 

REFERENCES 

[1] OECD/NEA "Agreement on the OECD/NEA SETH-2 project to resolve key computational issues for 
the simulation of thermal-hydraulic conditions in water reactor containments"- 5 April 2007 

[2] E. Studer, F. Dabbene, JP. Magnaud, L. Blumenfeld, JJ. Quillico, H. Paillere, "On the Use of The 
MISTRA Coupled Effect Test Facility for the Validation of Containment Thermal Hydraulics Codes", 
Proc. 10th International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-10), 
Seoul, Korea, October 5-9, 2003 

[3] I. Tkatschenko, E. Studer, J.P. Magnaud, L. Blumenfeld, H. Simon, H. Paillere, "Status of The 
MISTRA Programme for the Validation of Containment Thermal-Hydraulic Codes", Proceedings of 
the 11th Topical Meeting on Nuclear Reactor Thermal Hydraulics, Avignon, 2-6 October 2005. 

[4] I. Tkatschenko, E. Studer, H. Paillere, "MISTRA Facility for Containment Lumped Parameter and 
CFD Codes Validation: Example of the International Standard Problem ISP47", Proceedings of the 
International Conference Nuclear Energy for New Europe 2005, Bled, Slovenia, September 5-8, 2005 

[5] H. Simon, L. Blumenfeld, I. Tkatschenko, H. Paillere, A. Bentaib, J. Vendel, "Air-Steam Tests in the 
MISTRA Facility: Experimental Results and Validation of the Lumped-Parameter /CFDTONUS 
Code", Proceeding of the first European Review Meeting on Severe Accident Research 
(ERMSAR-2005) Aix-en-Provence, France, 14-16 November 2005 

[6] E. Studer, JP. Magnaud, F. Dabbene, I. Tkatschenko, "International Standard Problem on 
Containment Thermal-hydraulics ISP47: Step 1 — Results from the MISTRA Exercise", Nuclear 
Engineering and Design 237 (5), 536-551. 

[7] H. J Allelein, K. Fischer, J. Vendel, J. Malet, E. Studer, S. Schwarz, M. Houkema H. Paillere, A. 
Bentaib "International Standard Problem ISP-47 on Containment Thermal Hydraulics final 
report"OECD-NEA/CSNI/R(2007)10 

[8] D. Abdo, JP. Magnaud, H. Paillere, E. Studer, E. Bachellerie, "Experimental and Numerical Studies of 
Inerting Efficiency For H2- Risk Mitigation", Proceeding of the 10th International Topical Meeting on 
Nuclear Reactor Thermal Hydraulics (NURETH-10), Seoul, Korea, October 5-9, 2003 

[9] 0. Auban , J. Malet, P. Brun, J. Brinster, J.J. Quillico, E.Studer, "Implementation of gas concentration 
measurement systems using mass spectrometry in containment thermal-hydraulics test facilities: 
different approaches for calibration and measurement with steam/air/helium mixtures". Proceeding of 
the 10th International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-10), Seoul, 
Korea, October 5-9, 2003 

[10] S. Gupta, J. Brinster, E. Studer, I. Tkatschenko 
"Hydrogen related risks within a private garage: Concentration measurements in a realistic full scale 
experimental facility" International Journal of Hydrogen Energy, Volume 34, Issue 14, July 2009, 
Pages 5902-5911 

[11] B. Cariteau, J. Brinster, E. Studer, I. Tkatschenko, G. Joncquet " Experimental results on the 
dispersion of buoyant gas in a full scale garage from a complex source" International Journal of 
Hydrogen Energy, Volume 36, Issue 3, February 2011, Pages 2489-2496 

[12] W.D. Baines "Entrainment by a plume or jet at a density interface" Journal of Fluid Mechanic, 
Volume 68(2), pp.309-320 (1975) 

[13] W. Rodi Turbulent buoyant jets and plumes Pergamon Press (1982) 

[14] DJ. Tritton "Physical fluid dynamics" Oxford University Press Inc. (NY) page 209-2nd edition (1988) 

13 / 14 

The 14th International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-14)  
Hilton Toronto Hotel, Toronto, Ontario, Canada, September 25-29, 2011. 

NURETH14-307 

13 / 14 

ACKNOWLEDGMENTS 
 
The authors gratefully acknowledge the support of all the countries and the international organizations 
participating in the OECD-NEA /SETH-2 project, the members of the Management Board and the 
Program Review Group of the SETH-2 project. The authors would like to thank also the CEA MISTRA 
staff members Marc CAZANOU, Regis TOMASSIAN, Jean-Luc WIDLOECHER for their engaged 
support in conducting these experiments, Enrico DERI and Benjamin CARITEAU for the complementary 
experimental and theoretical work on the small scale GAMELAN facility [17] and also Michel DURIN, 
programme manager GEN2-GEN3 light water reactors at the Nuclear Energy Division of the CEA, for 
his continuous support during all the phases of the SETH-2 project. 
 
REFERENCES 
[1] OECD/NEA “Agreement on the OECD/NEA SETH-2 project to resolve key computational issues for 

the simulation of thermal-hydraulic conditions in water reactor containments”- 5 April 2007 
[2] E. Studer, F. Dabbene, JP. Magnaud, L. Blumenfeld, JJ. Quillico, H. Paillere, “On the Use of The 

MISTRA Coupled Effect Test Facility for the Validation of Containment Thermal Hydraulics Codes”, 
Proc. 10th International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-10), 
Seoul, Korea, October 5-9, 2003 

[3] I. Tkatschenko, E. Studer, J.P. Magnaud, L. Blumenfeld, H. Simon, H. Paillère, “Status of The 
MISTRA Programme for the Validation of Containment Thermal-Hydraulic Codes”, Proceedings of 
the 11th Topical Meeting on Nuclear Reactor Thermal Hydraulics, Avignon, 2-6 October 2005. 

[4] I. Tkatschenko, E. Studer, H. Paillère, “MISTRA Facility for Containment Lumped Parameter and 
CFD Codes Validation: Example of the International Standard Problem ISP47”, Proceedings of the 
International Conference Nuclear Energy for New Europe 2005, Bled, Slovenia, September 5-8, 2005 

[5] H. Simon, L. Blumenfeld, I. Tkatschenko, H. Paillère, A. Bentaïb, J. Vendel, “Air-Steam Tests in the 
MISTRA Facility: Experimental Results and Validation of the Lumped-Parameter /CFDTONUS 
Code”, Proceeding of the first European Review Meeting on Severe Accident Research 
(ERMSAR-2005) Aix-en-Provence, France, 14-16 November 2005 

[6] E. Studer, JP. Magnaud, F. Dabbene, I. Tkatschenko, “International Standard Problem on 
Containment Thermal-hydraulics ISP47: Step 1 – Results from the MISTRA Exercise”, Nuclear 
Engineering and Design 237 (5), 536–551. 

[7] H. J Allelein, K. Fischer, J. Vendel, J. Malet, E. Studer, S. Schwarz, M. Houkema  H. Paillère, A. 
Bentaib “International Standard Problem ISP-47 on Containment Thermal Hydraulics final 
report”OECD-NEA/CSNI/R(2007)10 

[8] D. Abdo, JP. Magnaud, H. Paillere, E. Studer, E. Bachellerie, “Experimental and Numerical Studies of 
Inerting Efficiency For H2- Risk Mitigation”, Proceeding of the 10th International Topical Meeting on 
Nuclear Reactor Thermal Hydraulics (NURETH-10), Seoul, Korea, October 5-9, 2003 

[9] O. Auban , J. Malet, P. Brun, J. Brinster, J.J. Quillico, E.Studer, “Implementation of gas concentration 
measurement systems using mass spectrometry in containment thermal-hydraulics test facilities: 
different approaches for calibration and measurement with steam/air/helium mixtures”. Proceeding of 
the 10th International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-10), Seoul, 
Korea, October 5-9, 2003 

[10] S. Gupta, J. Brinster, E. Studer, I. Tkatschenko  
“Hydrogen related risks within a private garage: Concentration measurements in a realistic full scale 
experimental facility” International Journal of Hydrogen Energy, Volume 34, Issue 14, July 2009, 
Pages 5902-5911 

[11] B. Cariteau, J. Brinster, E. Studer, I. Tkatschenko, G. Joncquet “ Experimental results on the 
dispersion of buoyant gas in a full scale garage from a complex source”  International Journal of 
Hydrogen Energy, Volume 36, Issue 3, February 2011, Pages 2489-2496 

[12] W.D. Baines “Entrainment by a plume or jet at a density interface” Journal of Fluid Mechanic, 
Volume 68(2), pp.309-320 (1975) 

[13] W. Rodi Turbulent buoyant jets and plumes Pergamon Press (1982) 
[14] DJ. Tritton “Physical fluid dynamics” Oxford University Press Inc. (NY) page 209-2nd edition (1988) 
 



The le International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-14) 
Hilton Toronto Hotel, Toronto, Ontario, Canada, September 25-29, 2011. 

NURETHI4-307 

[15] T. R. Marrero and E. A. Mason, "Gaseous diffusion coefficients", Journal Of Physical And Chemical 
Reference Data, 1(1):3-118(1972) 

[16] J. Brinster, D. Abdo, E. Studer, I. Tkatschenko, JL. Widloecher, "OECD SETH-2 project: Synthesis 
report for MISTRA INITIALA-LOWMA tests" Technical report, SETH2-MISTRA ref. 2009-01/A 
(2009) 

[17] E. Deri, B. Cariteau, D. Abdo "Air fountains in the erosion of gaseous stratifications" International 
Journal of Heat and Fluid Flow, Vol.31 (2010) pp 935-941 

[18] E. Studer, J. Brinster, I. Tkatschenko, G. Mignot, D. Paladin, M. Andreani "Interaction of a light 
gas stratified layer with an air jet coming from below : large scale experiments and scaling issues" 
Proceedings of OECD CSNI/WGAMA workshop XCFD4NRS Washington, USA, September 14-16, 
2010 

[19] OECD/NEA "Announcement and call for contributions, January 2011 for "SETH2 Seminar 2011" to 
be held on 13th — 14th of September 2011 at the OECD/NEA Headquarters, Paris, France, and 
sponsored by the Committee on the Safety of Nuclear Installations (CSNI) of the OECD Nuclear 
Energy Agency (NEA). 

14 / 14 

The 14th International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-14)  
Hilton Toronto Hotel, Toronto, Ontario, Canada, September 25-29, 2011. 

NURETH14-307 

14 / 14 

[15] T. R. Marrero and E. A. Mason, "Gaseous diffusion coefficients", Journal Of Physical And Chemical 
Reference Data, 1(1):3-118(1972) 

[16] J. Brinster, D. Abdo, E. Studer, I. Tkatschenko, JL. Widloecher, “OECD SETH-2 project: Synthesis 
report for MISTRA INITIALA-LOWMA tests” Technical report, SETH2-MISTRA ref. 2009-01/A 
(2009) 

[17] E. Deri, B. Cariteau, D. Abdo “Air fountains in the erosion of gaseous stratifications” International 
Journal of Heat and Fluid Flow, Vol.31 (2010) pp 935-941 

[18] E. Studer, J. Brinster, I. Tkatschenko, G. Mignot, D. Paladino, M. Andreani “Interaction of a light 
gas stratified layer with an air jet coming from below : large scale experiments and scaling issues” 
Proceedings of OECD CSNI/WGAMA workshop XCFD4NRS Washington, USA, September 14-16, 
2010 

[19] OECD/NEA “Announcement and call for contributions, January 2011 for "SETH2 Seminar 2011" to 
be held on 13th – 14th of September 2011 at the OECD/NEA Headquarters, Paris, France, and 
sponsored by the Committee on the Safety of Nuclear Installations (CSNI) of the OECD Nuclear 
Energy Agency (NEA). 

 
 


