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Abstract — The paper describes European research on issuesecaing hydrogen behaviour in
containment within the SARNET network of excellefibe hydrogen combustion and associated
risk mitigation have been studied, concentratingtlom formation of combustible gas mixtures in
containments, its local gas composition and po&grdmbustion modes, including the reaction
kinetics inside catalytic recombiners. The potdrtiigdrogen distribution in different parts of the
containment has been investigated, with the objeatif assessing the formation of combustible
gas mixtures taking into account the effect ofgaiton systems such as sprays or recombiners.
Due to its influence on hydrogen distribution, steeondensation is also being investigated.

I. INTRODUCTION — reaction kinetics and heat transfer in autocatalyti
recombiners,
In the hypothetical case of a severe accident in a — interaction between passive autocatalytic recombine
nuclear reactor with core meltdown, the interactidrthe (PAR) and containment atmosphere,
hot core with the cooling water can generate |lameunts — steam condensation,
of hydrogen. The most relevant property of hydrogen — hydrogen combustion with concentration gradients

related to safety is its flammability, as a hydnoge involved.
explosion can generate high overpressures with the  The influence of containment sprays on atmosphere

potential to endanger the integrity of the contanm behaviour is being investigated both experimentaihd
Therefore, the prediction of the consequences dfdgen theoretically. Experiments are being performed be t
explosions is a crucial stage of the safety analydia TOSQAN and MISTRA experimental facilities. These
nuclear power plant. experiments are being simulated with lumped-paramet
Within the Severe Accident Research Network of (LP) and Computational Fluid Dynamics (CFD) codes
Excellence (SARNET), which is part of the 6th Ewrap within ~ benchmark  exercises.  Both  atmosphere
Union Framework Programme, the following topics depressurization and atmosphere mixing are beirujest.
concerning hydrogen behaviour in the containmemt ar Processes in autocatalytic recombiners are being
being investigated: investigated experimentally in the REKO-3 facilityhich

— influence of containment sprays on containment represents a box-type recombiner section. Expetsnen
atmosphere behaviour, have been performed under forced flow conditions to



reduce the number of parameters for model developme
The influences of steam and oxygen depletion on the
reaction kinetics were studied. Hydrogen recomimnat
was modelled with the REKO-DIREKT computer code.

Investigations on the interaction between PARs and
containment atmosphere have been started with a
benchmark exercise, which involved two-dimensid®BD
simulation of PARs in a simplified domain that repents
the containment.

Steam condensation influences the flow circulafion
the containment at severe accident conditions dud t
atmosphere mixing. The flow of a mixture containgtgam
in a simple conduit was simulated using CFD codiisinv
a benchmark exercise to compare different condiemsat
models used in simulations of containment thermal-
hydraulics.

Hydrogen combustion was studied experimentallyén t
ENACCEF facility, which allows, due to its verticdésign,
to study the effect of concentration gradients tamé
acceleration and deceleration. Tests with a homamen
initial mixture as well as with positive and negati
hydrogen concentration gradients were performede Th
results were also used in a benchmark, which shahed
limitations of the combustion models used in marsDC
codes.

In the present paper, the status of these research
activities is presented.

II. INTERACTION BETWEEN CONTAINMENT
ATMOSPHERE AND CONTAINMENT SPRAYS

Both experimental and theoretical investigationghef
interaction between the containment atmosphere and
containment sprays are being carried out. Expetfisnen
were performed in the TOSQAN and MISTRA facilitids
2]. The TOSQAN facility (Fig. 1) is located at thestitut
de Radioprotection et de Sureté Nucléaire (IRSNgdnlay
(France). It is a closed cylindrical vessel with iaternal
volume of 7.0 M The total height of the facility is 4.8 m,
and the diameter of the main cylindrical part 5 h. The
temperature of the vessel walls may be controlléth the
possibility of adjusting a different temperaturedifferent
regions.

The MISTRA facility (Fig. 2) is located at the
Commissariat a I'Energie Atomique (CEA) in Saclay
(France). It is a steel cylindrical vessel withop flat cap
and a curved bottom. The internal volume is 997 the
internal diameter is 4.25 m and the height is 7.4The
vessel is thermally insulated on the outside, bet wall
temperature is not controlled. Three cylindricahdensers
are inserted inside the vessel, close to the wall @ne
above the other (so that they span over most ofidissel
height). The facility is designed in such a wayt thnost
all steam condensation is supposed to occur oimtbgor
side of the condensers.
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Figure 1. Schematic view of TOSQAN experimental
facility.

/ ‘\

[\ |8
8|/ \ &
i

9
i/ i
7 @ i

)

Figure 2. Schematic view of MISTRA experimental
facility.

Both facilities were additionally equipped with aps
located below the vessel ceiling. The following
experiments were carried out and studied within BER:
tests 101 and 113, performed in the TOSQAN facitityd
tests MASP1, MASP2 and MARC2b, performed in the
MISTRA facility. The main purpose of the TOSQAN 101
and MISTRA MASP1 and MASP?2 tests was to investigate



the depressurization of the containment atmosptieeeto
heat and mass transfer between the atmospherbeucdlt
spray droplets, whereas the main purpose of té3&%JAN
113 and MISTRA MARC2b was to investigate the mixing
(i.e., stratification breakup) of the containmetthasphere
induced by the motion of the droplets.

All the tests followed the same basic pattern.tFias
well-defined (in terms of pressure, temperature and
atmosphere composition) initial state was obtaineth a
quiescent atmosphere. Then, sprays were activatadall
boundary conditions remaining constant. The testset
typically less than two hours.

The theoretical investigations within  SARNET
consisted in simulations of experiments. Both CHid &P
codes were used. To allow a systematic and orderly
comparison between experimental and simulationitsssa
“spray benchmark” was organized by IRSN and CEA].1-
The benchmark is divided into two phases: a “thérma
hydraulic part”, which deals with the simulation tfsts
TOSQAN 101 and MISTRA MASP1 and MASP2, and a
“dynamic part”, which deals with the simulation tefsts
TOSQAN 113 and MISTRA MARC2b.

Within the benchmark thermal-hydraulic part, thette
TOSQAN 101 was simulated with LP codes by IRSN,
CEA, UNIPI, JSI and UJV, and with CFD codes by IRSN
EDF, FZK, JSI and VEIKI. The tests MISTRA MASP1 and
MASP2 were simulated with LP codes by IRSN, CEA,
GRS, JSI, LEI and UJV, and with CFD codes by CEA an
FZK. In the simulations with LP codes, spatial jlesf of
physical parameters were obtained if the vesselse we
subdivided into several control volumes. Otherwitdes
results were limited to the time-dependent pressure
average temperature.

Concerning the test TOSQAN 101, calculated pressure
and average atmosphere temperature were qualiyative
similar to the experimental measurements. Moreasa@me
results also showed a good qualitative agreemestam\
illustration, Fig. 3 shows the experimental andcokted
pressure. Nevertheless, none of the participartisirad a
good qualitative and quantitative agreement forhbot
variables (pressure and average temperature). dfurth
more, participants have found the parameters tlat &0
recover the experimental values of pressure andhrgaa
temperature, so that it may be considered that crsees
have a good knowledge of the use of spray models
implemented in the codes. A further step is neetted
justify the modelling parameters, but this could ne done
presently due to lack of experimental data. Thenmai
conclusion from the simulations of the TOSQAN t&61,
reached so far, is that the interaction betweenstay
droplets and the vessel walls (that is, the evdjporaf the
liquid film formed by droplet deposition) shouldfohitely
be taken into account in the modelling.
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Figure 3. Test TOSQAN 101: experimental and catedla

pressure.
As the TOSQAN facility is devoted to local
measurements, code-experiment comparisons of local

variables have been performed as well. Single étopl
behaviour is found to be well estimated by the @akions,
but the global modelling of multiple droplets, i@ the
spray, specifically for the spray dilution, is gtiesable in
some CFD calculations. It can lead to some discrepa
localized in the spray region and can thus haveagpm
impact on the global results, since most of thet laeal
mass transfer occurs inside this region.

Concerning the tests MISTRA MASP1 and MASP2,
the depressurization was mostly well simulated, in
agreement with experimental data, by most benchmark
participants. As an illustration, Fig. 4 shows the
experimental and calculated pressure for test MASP2
However, a better agreement between experimentl an
simulation results was obtained for the pressuma thr the
average atmosphere temperature. So far, the main
conclusion is that a better experimental interpi@teof the
tests should be performed, as the simulation st very
sensitive to initial and boundary conditions.
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Figure 4. Test MISTRA MASP2: experimental and
calculated pressure.
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Within the benchmark dynamic part, the test TOSQAN
113 was simulated with LP codes by IRSN, UNIPI a64,
and with CFD codes by EDF, FZK, JSI and VEIKI. hist
test, experimental results show that the heliumrdérface
moves slowly down to the bottom of the facility (chu
slower than the residence time of a fluid partioleving by
gas entrainment by the spray due to the buoyancg$oof
the helium layer at the top of the facility). Agesult, the
helium mixing inside the vessel occurs in threpste
— the first step corresponds probably to the transpbr
helium inside the spray, so that a small amount is
continuously entrained by the spray, showing a slow
increase of helium concentration in the lower pHrthe
vessel;

— the second step corresponds to the arrival of the
helium front at the bottom of the facility, i.e. &m increase

of helium concentration, due to gas recirculatioopls
induced by the spray;

— the third step corresponds to the increase of
concentration up to its mean value (obtained camsid
that the light gas concentration is homogeneoush@
entire vessel); this step depends mainly on thangiof

the zone above the spray nozzle.

Most of the CFD calculations are able to recoves¢h
three steps, showing that the phenomena involvethen
light gas mixing in test 113 were qualitatively ivel
reproduced by different participants (Figure 5)lyCsome
LP calculations (ASTEC and FUMO) do not recoversthe
qualitative results.
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Figure 5. Test TOSQAN 113: experimental and catedla
helium volume fractioivstime at vessel bottom.

However, the calculations encounter some diffiegltio
recover the quantitative variables relative to thixing
process in the test TOSQAN 113. Generally, thisimgix
occurs much faster than in the experiment. Furtbesmf
the arrival of the helium-air interface is not wedliculated,
a peak of light gas concentration can be underastinby
the calculations, as can be seen on Fig. 6. Thig gonot
acceptable for safety analyses.
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Figure 6. Test TOSQAN 113: exp. and calc. heliutumz
fraction 1m below spray nozzle, at half radius.

Thus, mixing of light gas by sprays is not accuyate
modelled by numerical tools used in this benchnerl
work has to be performed to find the parameters
(turbulence, buoyancy modelling, spray modelling, that
govern this phenomenon.

The same kind of observations can be made for the
MISTRA MARC2b test, which was simulated with a LP
code by JSI, and with CFD codes by FZK and CEAufgg
7 shows the helium concentratims time. Experimental
data show the stratification before spray activatod the
destratification after spray activation. The final
concentration of helium is well calculated by bd@kD
codes. The typical time to obtain destratificatidranges
with the modelling.
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Ill. REACTION KINETICS AND HEAT TRANSFER
IN AUTOCATALYTIC RECOMBINERS

FZ-Juelich is operating the REKO-3 test facilitpr f
which a sketch is shown in Fig. 8. REKO-3 allows th
investigation of catalyst samples inside a vertiftalv
channel under well-defined conditions such as gatune,
flow rate and inlet temperature. More details abthé
facility might be found in [5]. Recent achievememtsre
made by studying the following phenomena:

— the influence of steam on the reaction kineticdedar
between 20 and 60 vol.%,

— the influence of oxygen depletion on the reaction
kinetics varied between 1 and 20 vol.%,

— self-ignition of hydrogen in recombiners.

outlet
gas analysis

recombiner
unit

Figure 8. Sketch of FZJ REKO-3 test facility for
investigation of recombiner sections under wellhuked
conditions.

The first two items are relevant as steam is relgas
during many phases of a severe accident into the
containment, and oxygen might be depleted due to
combustion or autocatalytic reaction of hydrogeme Third
item is of importance, as self-ignition could reésola fast
flame with a large overpressure.

The experimental results have been used also fdemo
validation during the PARIS benchmark (see nextiser

Previous simulations indicated the importance of
radiative heat transfer within the recombiner. Efeare,
such a model was developed for the REKO-DIREKT code
Figure 9 shows a comparison of stationary temperatu
profiles within the recombiner for 20 vol.% stearmddl-4
vol.% hydrogen at the inlet. Results compare vegi,w
even at higher inlet hydrogen concentrations witee, to
higher temperatures, radiation becomes more impbrta
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Figure 9. Comparison of REKO-3 experimental resatd
REKO-DIREKT simulations for 60 vol.% steam and 1-5
vol.% hydrogen (symbols: experiment, lines: simaolat

Newer experiments performed in the REKO-3 facility
study the effect of catalytic self-ignition in thecombiner.
Figure 10 shows time-history plots with self-igoitiwhen
the REKO-3 facility is fed with a hydrogen-air mixe of 7
vol.% hydrogen, which is less than twice the LFawgr
flammability limit). As soon as the catalytic platget in
contact with the hydrogen, it is recombined withygen
causing the temperature at the catalyst to increasleself-
ignition occurs at a temperature of about 600 After this
self-ignition, backward burning of hydrogen towarithe
inlet occurs. Later, the hydrogen supply is stopped
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Figure 10. Hydrogen self-ignition in the REKO-3
experiment at inlet hydrogen concentration of 7.%ol



IV. INTERACTION BETWEEN HYDROGEN
RECOMBINERS AND CONTAINMENT ATMOSPHERE
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— A floor layer with slow mass and thermal mixing
processes. There, hydrogen concentration and temoper
were not much affected by the PAR efficiency. Thder

The interaction between the atmosphere and Passivelayer is more stable if the PAR elevation is higher

Autocatalytic Recombiners (PARs) would significgntl
influence the hydrogen distribution in the contagmi As a
first step towards the resolution of this issue, ACE
organized a numerical benchmark on PAR Interaction
Studies (PARIS) [6] in order to:

— check the PAR elevation influence on the hydrogen
distribution,

— study natural convection
several PARs are present.

The following organizations participated in the
benchmark and submitted simulation results: CEAJRIN
UPM, FZJ, JSI, VEIKI and FZK.

The simulation of PAR-atmosphere interaction was
purely theoretical, as no adequate experimentaltseare
available. To start the investigations of this imtpot topic,
it was decided to consider an extremely simplifsgdtem:
the containment was modeled as a two-dimensionarsq
enclosure, in which two PARs (of type SIEMENS FR90/
150) are placed symmetrically to the central vaftdivide
(Fig. 11). Furthermore, no heat transfer betweea th
atmosphere and the containment walls, or steam
condensation on containment walls, was considered.
However, heat generation due to hydrogen recomribmat
was taken into account.

loop interactions when
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Figure 11. Simulation of PAR-atmosphere interaction
hydrogen concentration after 3000 s (red: high cdrige:
low conc., simulation by CEA).

The performed simulations (using CFD codes) lasted
3000 s. The main general result of the simulatisnthe
low hydrogen depletion rate below the PARs (as show
Fig. 11). Three separate layers formed in the sguar
»containment«:

— A roof layer with intensive mass and thermal mixing
processes. There, hydrogen depletion was very dadt
already effective early into the transient. Duririge
transient, inertial phenomena due to the influeraethe
PAR exit flow may split this layer in two.

— An intermediate buffer layer with high vertical
hydrogen concentration and temperature gradienss th
connects the floor layer and the roof layer.

The stability of the floor layer depends on wall
boundary conditions. Thus, it will be necessaradaress
the stratification stability with scenarii close tmeal
situations.

Three characteristic times also appeared:

— A hydrogen depletion time. This is the earliestetim
when most of the hydrogen located in the roof ladyas
been consumed. The flow motion is caused by PARBt inl
and exit flows.

— Arroof layer time. This is the time when inertideets
decrease and a roof layer with constant temperaode
hydrogen mass develops.

— A diffusion process time. If the PAR inlet falls the
buffer layer, this time characterizes the mixingqass at
the interface between the buffer layer and the tagér
(due to the absence of flow in the PAR). Otherwibe,
time characterizes the mixing process between tifterb
layer and the floor layer.

The PAR exit interaction with the atmosphere is not
clear. When the heated mixture leaves the PAR, dntoy
and inertia forces compete in order to define tAR @xit
behaviour. If it is clear that the flow will movepdue to
buoyancy, the lateral extension depends on thailembe.
As hydrogen mobilization depends on the extensibn o
thermal convection loops, this point should be Hert
investigated as code to code comparisons disagree.

Due to the very simplified modelling, no real défire
conclusions concerning the influence of PARs on the
containment atmosphere during an actual hypotHetica
severe accident can be stated. However, the resaljshe
an indication of the possible phenomena that cdéd
expected and an illustration of the influence ofRPA
actuation on the non-homogeneous structure of the
containment atmosphere.

V. STEAM CONDENSATION

Condensation in the presence of non-condensabés gas
is also among the relevant phenomena that influence
containment atmosphere mixing. Many activities hiagen
performed in the past to investigate this phenomeno
However, new possibilities have appeared recenitly the
opportunity to use CFD codes. This justifies theriest for



studies of
support the

additional experimental and theoretical
condensation, which are aimed to
developmental work in the field of CFD.

Within SARNET, a “condensation benchmark” was
organized by the University of Pisa (Italy) [7, 8h the
first phase (“Benchmark-0"), a numerical benchmzaked
on a simple geometry was proposed, while in a alaise,
comparison with experiments will also be considered
These benchmarks are mainly aimed at studying the
following phenomena:

— wall condensation for air-steam, air-helium-steard a
air-hydrogen-steam mixtures,

— bulk condensation phenomena,

— the effects of different turbulence models.

The initial benchmark exercise was only relatedhi®
steady-state simulation of wall condensation phesr@rin
forced convection conditions in a simple two-dinienal
geometry, similar to the University of Pisa CONAN
experimental apparatus (Fig. 12).

o
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Figure 12. Schematic of CONAN experimental facility

The test section is a vertical rectangular cha@r@im
high and 0.34 m wide. Condensation occurs only on a
single cooled vertical plate (0.34 m wide in thérdh
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dimension). The aim is to highlight code capalgiitiin
simulating heat transfer phenomena in pure forced
convection conditions and the corresponding analsgo
mass transfer that occurs during condensation. A we
known engineering correlation for heat transfereoffiat
plate was taken as reference for this exerciserderoto
compare computed local Nusselt and Sherwood numbers

Four simulation cases with different boundary
conditions were considered, with two steps for ezade:

— the evaluation of the purely convective heat tramnsf
given the wall surface and the bulk temperature, itthet

air velocity and turbulence intensity,

— the evaluation of the corresponding mass transfer b
condensation given the wall surface and the bulk
temperatures, mixture velocity and steam massidract

The following organizations have participated ire th
benchmark and submitted results: CEA, FZJ, FZK, JRC
JSI, NRG, UJV, UNIPI, VEIKI and VTT.

The performed exercise proved very useful for chmeck
the capabilities of available condensation modéis.
particular, the interactions that occurred in tielatto
obtained data allowed improving the results of saithe
adopted models. In this regard, the benchmark eetids
purpose to discuss and equalize as far as posgible
capabilities of different models on the basis afcanmon
understanding.

Figure 13 reports an example of how the condensatio
rates, computed by different organizations, compeith
each other for one of the addressed mass tranagasc
Though discrepancies do appear, it must be corsidéat
their reasons were understood and a feedback amiobe
taken to improve coherence where needed.

0.012 HTM-30-6_}

Overall Condensation Rate [kg/s]

0.002-

CEA FZJ FZK JRCP JSI NRG UJV UNIPI VEIKI VTT

Figure 13. Condensation rate computed by different
organizations for one of mass transfer Benchmassts.



VI. HYDROGEN COMBUSTION

Although previous studies of hydrogen combustion
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use partially different approaches, such as gmetand
resolution.
The uniform test is characterized by an expansactof

were concentrated most of the time on homogeneous of 4.21. In this case, the ratio between the marirspeed

mixtures (e.g. [9]), in case of a severe accidemtoa-
homogeneous hydrogen-air-steam mixture is formetthén
reactor containment during the release of hydrogen.
Therefore simulation tools have to be also validatesuch
non-homogeneous conditions. For this reason, the
ENACCEF facility is operated at IRSN. ENACCEF albw
the study of the influence of hydrogen gradientsflame
acceleration and deceleration. The facility is atival
stainless steel setup with a total length of 4.9limis
constituted of two main parts, the acceleratioretahd the
dome (Fig. 14). In the acceleration tube, annulmstacles
are dedicated to the flame acceleration due toutenice
generation. More details about the ENACCEF facitign

be found in ref. [10]. Due to the vertical setup of
ENACCEF, it is possible to create defined hydrogen
gradients inside the test facility before ignition.

=
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— .
<
ol
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“ 3
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Figure 14. Sketch of the different parts of ENAGCE
facility.

In the ENACCEF facility, various experiments with
different hydrogen concentrations with positive and
negative gradient with varying concentration betweand
18 vol.% of hydrogen in air have been performed. &0
code benchmark, 3 experiments were selected:
homogeneous 13 vol.% hydrogen in air mixture as a
reference mixture, and two non- homogeneous migture
with positive and negative gradients between 10 &8d
vol.% hydrogen in air. Three different codes wesedi
REACFLOW by JRC, TONUS-3D by IRSN and VTT, and
FLUENT by VTT again. All of them are CFD codes but

a

and sound speed in the burned gas is higher tfaar@
the flame regime can be considered as choked re@ihe
experimental results indicate that the flame acasts
strongly in the obstacles field and reaches a maxim
flame velocity of 535 m:5before dropping to a velocity of
about 400 m:& Three flame propagation phases can be
distinguished within the tube:

— 1% phase: “quasi-turbulent” flame propagation regime
between the ignition point and the first obstacénaeen 0
and 0.638 m,

— 2" phase: acceleration phase due to turbulence
generated by the expanding hot gases over the abdxsta
between the *Land the last obstacle from 0.638 m up to
1.87 m,

— 3“phase: deceleration phase after the last obslaele

to the reduced turbulence levels.

The calculation results shows that the FLUENT and
REACFLOW codes predicted reasonably well the first
phase. Flame velocity is overestimated for both TSN
runs during this phase.

All codes predicted the deceleration phase in #st |
part of the tube without turbulence generating atiss.

Figure 15 shows a comparison of pressure histories
between experiment and simulations for 13 vol.%bgdn
in air. The pressure sensor location is about 218 7away
from the ignition, close to the end of the tube dhd
junction between tube and dome. Experimental datee h
not been filtered and therefore contain a lot as@oFor
comparison, the simulation results are shiftednret Due
to the fast flame speed (355 m/s in the experinthetke is
a strong pressure increase of about 2.5 bar jestchbf the
flame. This steep pressure increase is predictedalby
codes, but overpredicted by FLUENT (2 bar) and half
much by TONUS (1 bar). This first pressure wavéofus
a decrease in pressure due to the transition fremube
towards the dome. Afterwards, the pressure incseagain
but not as fast, due to combustion in the large elanea.
Generally, pressures are simulated well for such
homogeneous mixture.

Similar results have been obtained when simulétieg
burning of a mixture with a positive hydrogen geadiwith
the hydrogen concentration increasing from 10.518
vol.%.

Figure 16 shows the results for the negative hyeinog
gradient with the hydrogen concentration decreagiog
13 to 10.5 vol.%. Ignition conditions are similar the
homogeneous case. Results are therefore very sifoila
the first and second phase within the tube un#l st
obstacle is reached in the tube. Then, a strongleiation
of the flame occurred in the experiment, whichue tb the
reduced hydrogen concentration in the third ph&seh



strong deceleration cannot be observed in the aiinuk.
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influence of different parameters in the modelliag, well

Therefore, flame speeds are overpredicted and, as aas benchmarks based on new experimental data waith m

consequence, overpressures as well.

—— experimental
— FLUENT I

35 i A
— TONUS IRSN A

—TONUS VTT ‘ |’1

REACFLOW adapt / N
A ‘A E'
T\ T
/(I B\ i}/ L //
)

Overpressure (bar)

0.075 0.08

Time (s)

Figure 15. ENACCEF Benchmark: experimental and
calculated overpressure histories at 2.877 m fgnition
point, with uniform mixture 13 vol.% hydrogen irr.ai
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Figure 16. ENACCEF Benchmark: comparison of flame
velocity between experiments and negative gradient.

VII. CONCLUSIONS

Within the European network of excellence SARNET,
hydrogen distribution and combustion in the comtent
are being investigated.

As a conclusion of the thermal-hydraulic part oé th
spray benchmark, the level of qualification obtdinis
encouraging for the use of spray modelling for tgafe
analyses. However, it is still not sufficient andonm
investigations are needed in order to reach thel lef
gualification that has been reached on wall conatems in
containment applications during the OECD Internalo
Standard Problem No.47 (ISP-47) [11]. Further &ty
on this topic are encouraged: numerical benchméds
example, with simple test cases), in order to ataluhe

detailed local measurements inside the spray reglosuld
be performed.

As a conclusion of the dynamic part of the spray
benchmark, recommendations are mainly to performeso
numerical benchmarks on different modelling paramset
that modify the mixing process of light gas by spra
activation. This point is probably connected wittors
general work on mixing of buoyant flows in closesksels
under turbulent conditions. ISP-47 as well as the
benchmark on TOSQAN 113 and MISTRA MARC2b tests
show a lack of capability of CFD calculations t@aeer
the transient characteristics of light gas mixing.

Results of REKO-3 experiments can be used durieg th
development and validation of recombiner modelse B
the forced flow conditions, effects of natural ceation
can be separated from the models and the importahce
other physical effects such as radiation can b&uated.

Furthermore, the importance to study hydrogen self-
ignition within the recombiner was demonstrated.

The results of the PAR-atmosphere interaction
simulations have revealed the persistence of ar lajth
high hydrogen concentration at elevations belowRhRs.

Simulations of steam condensation in a simple cibndu
have confirmed that the condensation issue, despée
knowledge accumulated up to the present time, deser
additional efforts for assuring a coherent model
implementation in CFD codes.

The results of hydrogen combustion benchmark showed
that all codes are able to predict flame speedpredsure
for a homogeneous hydrogen air mixture. This is not
surprising, as all codes and models have beendglrea
validated before and tested for similar conditiorisis also
applies to the case, when the hydrogen gradigmsgive.
Nevertheless, when the hydrogen gradient becomes
negative, the flame speed is generally overpredlicidis
indicates that there are still limitations and wesdses in
the combustion models used in the different cotlgsto
now it is not clear, whether the limitations are time
chemistry part or in the turbulent combustion modelin
the coupling between the two. Therefore further
investigations are needed, also because scalingimsran
open issue.
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