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Abstract: This paper reports on the recent model additions to the 3D field code GAS-
FLOW and on validation and application analyses for steam/hydrogen transport with inclu-
sion of mitigation measures. The results of the 3D field simulation of the HDR test El 1.2
are summarized. Results from scoping analyses that simulate different modes of CO2 inerti-
zation for conditions from the HDR test T31.5 are presented. The last part discusses diffe-
rent ways of recombiner modeling during 3D distribution simulations and gives the results
from validation calculations for the HDR recombiner test El 1.8.1 and the Battelle test MC3.
The results demonstrate that field code simulations with computer codes like GASFLOW
are feasible today for complex containment geometries and that they are necessary for a reli-
able prediction of hydrogen/steam distribution and mitigation effects.

1. Introduction

Since 1994 revised German safety regulations for new nuclear reactor power plants require
the demonstration that hydrogen release during core melt down accidents in pressurized wa-
ter reactors cannot generate combustion loads that cause early containment failure. For this
reason, a strong need exists for reliable simulations of the major physical processes that con-
trol hydrogen behavior. One important item is the simulation of hydrogen distribution in the
containment that includes the effects of various mitigating measures such as inertization, ca-
talytic recombination and early ignition of burnable mixtures. GASFLOW is a 3D field co-
de that allows the integral analysis of hydrogen distribution and mitigation measures inclu-
ding combustion in complex geometries of reactor containments during core melt down acci-
dents. In 1994 Forschungszentrum Karlsruhe (FZK) obtained a basic version of GASFLOW
from the Los Alamos National Laboratory in exchange for experimental data from German
government funded programs in the HeiBdampfreaktor (HDR) and Battelle Model Contain-
ment (BMC). GASFLOW has been extended since then at FZK to better describe specific
needs for the simulation of hydrogen issues during core melt down accidents. Parallel to the
model improvements large efforts have gone into validating GASFLOW with the new mo-
dels. Code validation focussed on integral tests from the HDR and Battelle test program.
We have reported earlier about our GASFLOW simulations of the steam hydrogen distribu-
tion test T31.5 and of the combustion tests from the HDR E12 and the Battelle HX series
[1]. This paper summarizes the GASFLOW analysis of the HDR steam hydrogen distribu-
tion test El 1.2 performed in the last year. It reports about scoping analyses to dilute burnable
steam/hydrogen mixtures with different modes of CO2 release and it presents the recent
GASFLOW modeling and validation of catalytic recombiners during the steam hydrogen
transport. The discussion is preceded by a brief overview of the GASFLOW code and the
recent improvements made to this code.

2. Overview of the GASFLOW code

GASFLOW is a 3D finite-volume computer code , that solves the time dependent, compres-
sible Navier-Stokes equations for multiple gas species. The fluid dynamics algorithm is cou-
pled to the chemical kinetics of combusting liquids or gases to simulate diffusion or propa-
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gating flames in complex geometries of nuclear containments. Fluid turbulence is calculated
to enhance the transport and mixing of gases. The basic GASFLOW version 1.0 [2] has
been improved by adding a homogeneous two phase model for steam/water mixtures, by in-
cluding a film tracking model for steam condensation and vaporization on structures, and by
a new heat conduction model for a reliable prediction of the structure surface temperatures.
The code structure was generalized, different code versions that existed for transport and
combustion simulations were merged so that the homogeneous equilibrium two phase model
can now also analyze sequences of transport and combustion processes. This involved tem-
perature dependent analytic function approximations for steam and water in the form of hig-
her order polynomials. The functional format for the steam/water properties was made consi-

. stent with the existing gas component library that was developed on basis of the JANAF ta-
bles [3] and results from the Chemkin code [4]. The approximations were made to the wa-
ter/steam function library from Thurnay [5].

An ignitor model was integrated into GASFLOW. It allows to position up to 300 ignitors
(glow plugs or spark plugs with a given spark frequency) in the containment. A time step lo-
gic reduces and increases the time step between transport and combustion phases.

The recombiner model in GASFLOW simulates reaction rates as function of local hydro-
gen/oxygen concentrations around the recombiner with inclusion of all component diffu-
sions. Correlations from Siemens and from GRS [6] can be applied. Use of these correla-
tions requires a detailed simulation of the local geometry particularly in the startup phase
with instationary convections. The development of the buoyancy driven convection can be
quite complicated and involve flow reversal when hydrogen stratification initiates higher
concentrations above the recombiner. For this reason we have implemented also a coarser
model for the recombiner. It simulates the flow through the recombiner box as an active ven-
tilation process with a velocity boundary condition applying local experimental information
from qualification tests for the recombiner (see also part 3.3.2).

The newly implemented ignitor and the recombiner model allow integral GASFLOW analy-
ses that simulate transport and combustion sequences with inclusion of all important mitiga-
tion measures (in particular the so-called "dual concept" with ignitors and recombiners cur-
rently under discussion for German nuclear power plants).

A general procedure for maintaining and updating GASFLOW in a multi-user environment
has been developped. All updates are made to a generic code version. Automatic procedu-
res (Makefiles) then generate platform dependent source codes from this generic version,
compile these versions and generate executables for debugging and production runs. Current
platforms on which GASFLOW runs are the IBM Risc6000/590, the SGI machine with the
new R8000 processor, the Cray J90 and the mainframe machine Siemens/Nixdorf S400 in
Darmstadt.

3. Code Application

The status of the GASFLOW code will become clearer when discussing results in the diffe-
rent application areas of this code. We will report here only about our validation and applica-
tion analyses for steam/hydrogen distribution. This includes results from simulations of miti-
gation measures with CO2 dilution and from simulations involving catalytic recombiners.
Steam/Hydrogen transport simulations with/without local combustions at ignitors have also
been performed. They will be presented in a separate paper of these proceedings [7].

3.1 HDRTestE11.2

The successful analysis of the steam/hydrogen distribution test El 1.2 [8] in the HeiBdampf-
reaktor (HDR) was a major achievement in our GASFLOW activity in 1995. This HDR test
was characterized by a strong hydrogen stratification in the dome. Until today no lumped pa-
rameter code could give a satisfactory description of this stratification that results from an
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Fig. 1: HDR Containment for El 1.2

external spray cooling.

H2 release at a rather high position in the contain-
ment [9]. Our GASFLOW simulation of test El 1.2
is the only field code simulation of this experiment
to date. On the first full GASFLOW field simula-
tion, a much better stratification behavior was cal-
culated than with the lumped parameter codes. We
have analyzed test El 1.2 with strong support of
Siemens/Nixdorf in Munich who gave us free
computer time on their S400 mainframe computer
in Darmstadt. This computing power was necessa-
ry for the analysis of the long problem time (20h)
in the complex HDR containment model with
12000 computational cells.

The HDR containment (Fig. 1) is 60 m high and
20 m in diameter, it has a free gas volume of
11300 m**3. Its geometry is quite representative
for commercially sized reactor containments. The-
re is a gap beween the steel shell and the outer
concrete shell that is characteristic for German
PWR's of the Konvoi type. The HDR test El 1.2
simulates steam hydrogen release after a small
break loss of coolant accident (LOCA). It starts
with a steam release at a high position that is follo-
wed in the same room by the release of hydrogen
in the form of a light gas (85%Helium, 15% Hy-
drogen). Then further steam is released in the lo-
wer part or the containment. A water spray on the
spherical part of the steel dome finally simulates an

The initial steam injection (Fig. 2)
source that produce 109 tons of
steam over a 12h period. The light
gas release initially overlaps with
the steam release. It adds 151 kg of
hydrogen simulant over a lh time
period. The release position in our
analysis is the same as for the up-
per steam source. A steam release
from the lower location starts after
the hydrogen release at 13h. It adds
another 23 tons of steam over 3h.
The outside spray cooling on the
spherical part of the steel shell is
activated from 16 to 20h. We simu-
late the spray cooling by specifying
a time dependent temperature on
the outside of the steel shell over a
top area that corresponds to the
spherical part of tl.-e containment
shell. The specified spray tempera-
ture has been determined from a le-
ast square fit to all measured outsi-
de temperatures of the spray cooled
part of the dome. The spray tempe-
rature decays from 80 C down to
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3: Temperatures in HDR test El 1.2

opens up nearly all the surface of the steel shell for steam condensation.

25 C over a 4 hour period. Our GAS-
FLOW analysis covers a 20h time peri-
od (72000 s) and extends to the end of
the external spray cooling phase.

The calculated pressure (lower part of
Figure 2) matches the measured data
quite well. The pressure transient re-
flects the above pictured different injec-
tion and cooling periods. Both curves
peak around 2 bar. It is only in the final
phase where the calculated pressure de-
cays faster than in the test. The good
agreement in the pressure data was ob-
tained only after following the recom-
mendation from GRS to simulate a gap
between the internal concrete structures
and the steel shell. Such gap did indeed
form after the numerous earthquake tests
performed in the HDR containment. It

The calculated temperature at the top of the dome (Fig. 3) peaks 5 degrees higher than the
test data at a maximum of 120 C. In the final phase it drops too fast due to some overpredic-
tion from the simplified representation of the spray cooling. This becomes also visible in the
pressure. In the bottom part of the containment our calculated temperatures are 5 degrees be-
low the measured data. Their increase during the lower steam release phase is quite well pic-
tured. The enthalpy of the condensate running down the walls from the upper release loca-
tion has been neglected in GASFLOW. Therefore the calculated gas temperatures prior to
the light gas release phase are significantly (up to 30 degrees) lower than the measured ones
in the middle section of the containment below the source room. This overestimates gas den-
sities in these regions. When the steam release starts at the lower location this reduces the
upward relocation of light gas that was initially dispersed downward.

The initial hydrogen stratification after the light gas release is quite well predicted (Fig. 4).
The light gas stratification also continues during the phase with the low steam release. But
because of the before discussed problem with the gas temperatures less previously down-
ward converted light gas is converted upward with the steam release in the lower part of the
containment. Sensitivity studies show that with higher gas temperatures in the middle part of
the containment this stratification effect during the lower steam release phase would be more
pronounced. Note however, that GAS-
FLOW predicts a continuing light gas stra-
tification also during the low steam release.
Lumped parameter codes don't show this
[9].

The outside spray cooling after 16h increa-
ses the hydrogen volume fraction initially
by condensing the steam. Convection then
superimposes and causes mixing processes
which decrease the light gas volume frac-
tion in the second half of the spray cooling
phase. GASFLOW describes these proces-
ses quite well. The calculated light gas vo-
lume fraction at the top of the dome peaks
at 18%, the measured one near 23%. Most
of the differences to the test data result

H2+B
release

60
time [1000 S]

80

Fig. 4: Hydrogen distribution in HDR test El 1.2
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from too little stratification during the low
steam release phase. The reduction of the
light gas content by the mixing process oc-
curs somewhat later than in the test. In the
late phase it is overshadowed by a too strong
spray cooling effect. Very good agreement
with the measured data is obtained in the
low region of the containment. Lumped pa-
rameter codes tend to overpredict mixing
causing too high values in the lower part of
the containment.

This is demonstrated in the comparison of
our results to published data [9] from open
post test predicions with a number of lum-
ped parameter codes (Fig. 5). The sensor lo-
cations for this comparison refer to loca-
tions in the top and bottom part of the con-
tainment (Fig.l). Note the differences in the
data reading of the top H2 sensor which is at
the same axial position only a short distance

Region with
outside spray

cooling

H2+He
Release

0. 2

0. 0

60 time [1000 s] 80

Higher light gas
concentration

near spray
cooled steel

shell

Light gas
isosurface
15Vol%

Fig. 6: Local light gas enrichment near spray cooling sur-
face in HDR test El 1.2

Fig. 5: GASFLOW vs. lumped parameter code
results for H2 distribution in test El 1.2

away from the one in Figure 4
while GASFLOW predicts
roughly the same concentrations
at both top locations. Compared
to the GASFLOW results the
light gas volume fractions from
the lumped parameter codes are
lower at the top and higher at the
bottom with only a weak concen-
tration gradient towards the top.
The lumped parameter codes pre-
dict a more mixed configuration
already right after the hydrogen
injection. They don't predict any
stratification during the low
steam release phase. The light gas
volume fraction increase during
the spray cooling phase is also
not predicted by the lumped para-
meter models. A nearly instantan-
eous convection process must oc-
cur in the lumped parameter mo-
dels and smear out the light gas
enrichment during the spray coo-
ling phase.

The outside spray cooling enri-
ches the light gas mainly next to
the cooled walls and below where
most steam condenses. This be-
comes visible in Figure 6 which
gives a cut through the HDR con-
tainment from the CAD code
Kismet [10]. We have displayed
the 3D isosurface of 14.8% for
the light gas volume fraction into
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this cut. The arrows mark
the region where the outsi-
de steel shell is given the
measured temperature
(Fig.2) during the spray
cooling phase. The picture
documents the strong light
gas stratification in the do-
me and the strongly three
dimensional effects due to
the local light gas enrich-
ments which are not captu-
red with the lumped para-
meter models.
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transfer from the draining zation/dilution under conditions of HDR test T31.5
water film to the structure
is necessary if one wants to further improve the quality of this GASFLOW simulation. We
are currently discussing the development of such a model that would involve the introduc-
tion of a new flow field.

3.2 Analysis of dilution effect from CO2 injection

As seen in HDR test El 1.2 there is a certain potential for hydrogen stratification leading to
flammable or even detonable gas mixtures in the dome. The potential of such hydro-
gen/steam/air mixtures for a deflagration can be greatly reduced and in the limit even avoi-
ded, if the containment atmosphere can be diluted in time through release of an inert gas like
CO2. We have made scoping analyses for the inertization effect of CO2 under these condi-
tions and with the geometry of HDR test T31.5 [1].

We injected 9 tons of CO2 into the HDR contaiment over a time period of 30min. The CO2
amount was not enough to fully inertize the containment, it could rather dilute the hydrogen
concentration to below the detonation limit. We investigated two release positions for the
CO2, one at the top of the dome, above the spiral stair case of the HDR containment, the ot-
her in the original break-room above the release position for the hydrogen (Fig. 7). Two
release intervals were simulated, a release prior to the hydrogen release, and a release that
overlaps with the hydrogen release. In all cases the 9 ton CO2 release increased the pressure
by about 0.3 bars compared to the case without CO2.

Figure 8 shows the mixture developments in the break-room and in the dome region. Plotted
are the hydro-
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Fig. 8: Flammability potential with different modes of CO2 dilution

gen versus the
inert gas con-
centrations
(i.e. the sum
of the steam
and CO2 volu-
me fraction ).
Displayed into
this figure are
the flammabi-
lity maps for
hydrogen
steam air mix-
tures. Assu-
ming that CO2
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effects the flammability in the same way as steam (this needs still confirmation through ex-
periments) one can see that the 9 tons CO2 release increases the inert gas volume fraction
enough to avoid the dangerous regime for detonations. The simulation without CO2 dilution
on the other hand enters the regime of detonable mixtures. The best results are obtained with
a CO2 release that overlaps the light gas release. In this case the downward flow of the hea-
vy and the upward flow of the light gas lead to a rather homogeneous mixing. CO2 released
prior to the light gas still acts as a strong dilutor, but it cannot prevent stratifications. Overall
the high release position for the CO2 is more favourable particularly when the CO2 release
occurs prior to the light gas release. The high release position for the CO2 assures an atmos-
phere with inertizing CO2 in the dome region where hydrogen stratification builds up the
strongest combustion potential. The sedimentation of the heavy and stratification of the light
gas during the CO2 inertization can be well pictured in the 3D field approach from GAS-
FLOW. It may be good to validate the distribution simulation with real CO2 distribution
tests which should best cover similar conditions as those in HDR. Then GASFLOW can be
used as a tool to design the CO2 dilution to rule out turbulent deflagrations and detonations
for a wide spectrum of accident conditions in real reactor containments.

3.3 Analysis of Recombiner Tests

There are three aspects which come into play when looking at catalytic recombinations of
hydrogen and oxygen during different release scenarios. One is the local chemistry at the re-
combiner surface, the other the diffusion and convection process of the reactants to the re-
combiner surface, and the third the overall convection processes in the reactor containment
associated with the pumping action from the catalytic recombination energy. While the sur-
face chemistry of the recombiner requires other models, GASFLOW simulates the remaining
two aspects quite well, using defined reaction rates as function of local mixture composition
or in a macroscopic approach flow rates with overall recombiner efficiencies as function of
the gas composition at the recombiner inlet.

3.3.1 HDR test £11.8.1

Models for calculation of the local reaction rate in the fluid node adjacent to the recombiner
surface have been implemented using correlations from Siemens and from GRS. The GRS
correlation calculates the recombination rate in g hydrogen/sec by an Arrhenius type corre-
lation from:

m =
1.05. -A£ (T)f(R • T)

• e

8.5 Nm3 air

Man hole
{not insulated) <

ffl

with molh2=mol H2/cm**3, kl recombiner constant
AE(T) = activation energy and Nrec being the recombiner surface

This model has been applied in the analysis of the HDR test El 1.8.1 [6]. In this test that was
specified and
performed by
GRS a 0.4
m**2 catalytic
foil with a Pd-
Cu-Ni alloy on
a SS-304 plate
was excentri-
cally position-
ned inside a
spherical steel
shell (Fig.9) .
The 10 m**3
steel shell was
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Fig. 9: Configuration and pressure for HDR recombiner test El 1.8.1
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insulated. It was
initially flushed
and pressurized
with steam to a
pressure of 1.2 bar.
Subsequently it
was filled with air
from the top and
hydrogen from the
bottom. The pres-
sure, the steam and
hydrogen con-
centrations and the
temperatures were
measured at va-
rious locations in-
side this vessel du-
ring the hydrogen
recombination.
GASFLOW simu-
lated this experi-
ment in a 3D carte-

sian mesh applying a 180 degree symmetry. The simulation covered a 60 min period. It app-
lied the above correlation for the local hydrogen recombination rate. The local use of this
correlation from a lumped parameter approach in a 3D simulation required a readjustment of
the coefficient kl but then gave quite good overall agreement with the test data.

The calculated pressure (Fig.9) agrees quite well with the measured data. It reflects the initi-
al air and hydrogen injection. Its decay due to the reduction of the number of moles during
the recombination is calculated somewhat slower than in the test which we attribute to the
neglect of radiative cooling in our analysis.

The calculated hydrogen volume fractions (Fig. 10) match the measured ones quite well ne-
arly at all locations. There is a slight tendency for an underprediction in the regions away
from the recombiner (sh5 and sh2) indicating a suction effect of the simulated recombination
with respect to hydrogen. The results are largely insensitive to reducing the mesh size adja-
cent to the recombiner foil from 10 to 1 cm. This is related to the excellent diffusion proper-
ties of hydrogen which allows to quickly replace the hydrogen consumption also in the smal-
ler node adjacent to the recombiner. It did lead to higher local node temperatures because the
same energy was released into a smaller node. We plan now to release the recombination
energy into the outermost structure node of the recombiner foil instead into the fluid node
adjacent to its surface. This will give a more precise description of the structure surface tem-
perature which is also important to correct for radiation heat transfer.

The succesful analysis of test El 1.8.1 shows, that convection and diffusion processes can be
adequately accounted for in this detailed GASFLOW simulation of the recombiner foil.

3.3.2 Battelle Test MC3

Models with local reaction rates can be directly applied to the simple recombiner foil geome-
try from test El 1.8.1. Their application to a full recombiner box in a complex containment is
more difficult. It may require the calibration of the coarse ID modv;l for the recombiner box
that is integrated into the containment model with a more complex 2 or even 3D model that
simulates only the complex chemical and thermohydraulic processes and their heat capaci-
ties inside the recombiner box. Fortunately such refined model is only necessary for the de-
tailed simulation of the start up phase, when the pumping action of the recombiner develops
under the competing effects of the energy release from the recombination and the energy ab-
sorption from the heat capacities of the recombiner structures. This has become clear during
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Fig. 11: Kismet Model of the BMC MC3 recombiner test with hot plume from recombiner

the analysis of the Battelle recombiner test MC3 [11].

Test MC3 involved the entire Battelle model containment with the four banana rooms and
the dome with a total free gas volume of 640 m**3. We developed a 3D cylindrical model
for GASFLOW with a total of 4752 computational cells. Simulated were the injection and
transport of hydrogen and the convection processes in a steam/air atmosphere with hydrogen
recombination in a NIS type granulate recombiner module [12]. A Kismet cut shows this test
configuration (Fig. 11). The outer walls of the banana rooms have been intentionally left out
in Fig. 11 also the outer containment walls and the top of the dome for display purposes. The
containment has a diameter of 12 m and a height of 10 m. Hydrogen is injected from a line
source at the bottom of the lower banana room R8. The hydrogen finds its ways into the ba-
nana rooms above where it stratifies near the ceilings. The NIS recombiner box is located in
the banana room R5 on the opposite side of the source room in the upper level. Initially it
sees a somewhat higher gas concentration at the top than at the bottom.

We attempted to model the startup of the recombination and pumping process in this box to-
gether with the convection in the whole containment in a coarse single node model using lo-
cal recombination rates and heat capacities. Our model predicted an initial downward flow
through the recombiner with flow reversal occurring after structural heat up from the recom-
bination. But it could not come to a correct prediction of the quasistationary flow rates and
recombination efficiencies which had been measured. The experiment was analyzed for
over 4 hours and actually showed only a relatively short startup phase during which the
pumping action developed.

A much better agreement was obtained after we implemented a correlation for the volume-
tric flow rate through the recombiner box which had been developed by Fischer [11] as func-
tion of the hydrogen volume fraction at the recombiner inlet. This correlation was deyelop-
ped directly from the local measurements at the recombiner inlet and outlet. It applies a stea-
dy state volumetric flow Q0 given by

where
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C = hydrogen volume fraction

a = 0.67e+06 (cm3/s)

b = 0.307

are all determined from the experimental data. The time-dependent behavior of the
volumetric flow Q(t) is described by the differential equation

where x is a relaxation time determined by the experiment to be 1800 s. By carefully
examining the time averaged data at the recombiner inlet and outlet, Fischer found that the
hydrogen recombination through the flow passages was incomplete. He determined an
efficiency factor

r\ = 1— C o u ! k l l C jnlet

where r\ = 0.846. GASFLOW has been modified to automatically formulate this volumetric
flow rate for the given hydrogen volume fraction in the node below the recombiner entrance
as a velocity boundary condition (like an active ventilator) at the entrance to the recombiner
box. Using a constant efficiency TI of 0.846 GASFLOW simulates a recombination rate from
this inflowing hydrogen as

unwrapped BMC geometry
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Fig. 12: H2 release and concentration
at recombiner box in BMC
test MC3

R = V-Q-Pk.
We use this recombination rate to drive the chemical
kinetics

•2
1

and release energy into the recombiner region with a li-
mitation imposed by the availability of oxygen. We
found that this model was adequate to represent the
quasistationary convection processes in the reactor
containment associated with the pumping action from
the catalytic recombination energy during test MC3.

The results from our GASFLOW analysis of test MC3
are shown in Figure 12. The unwrapped containment
geometry shows the pathes which the hydrogen can ta-
ke on its way from the source to the recombiner box.
The total H2 release was 3.5 kg in this test. It was rele-
ased in two periods each of one hour with a one hour
interval between the first and the second injection pha-
se. The GASFLOW calculated hydrogen mass in the
containment never exceeds 1 kg indicating that the re-
combiner is quite efficient in limiting the hydrogen ac-
cumulation inside the containment. This is also reflec-
ted in the hot plume above the recombiner that is dis-
played in Fig. 11 as the 440K isosurface and that impo-
ses quite significant thermal loads on the ceiling. Most
of the released hydrogen convects to the far end of the
source room from where it is driven upward by buoy-
ancy and sucked horizontally to the catalytic module
in the adjacent banana room. The GASFLOW calcula-
ted velocity vectors in Fig. 11 (their origin is at the ti-
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ny white dot their length represents their magnitude) document this convection. The time
evolution of the hydrogen volume fraction at the recombiner inlet and exit is in good agree-
ment with the measured data (Fig. 12) considering the large distance between the source and
the recombiner through which the released hydrogen has to convect and diffuse. The Fischer
model lacks some details in the startup phase (first 20 min) where it gives a somewhat too
early start of the buoyancy pump. But the long time processes are the more important ones
when recombiners are involved. For these processes overall this analysis demonstrates well
the ability of GASFLOW to simulate hydrogen transport processes in large containment geo-
metries in an integral approach that includes the pumping action and the species changes
due to the recombiner box and that applies correlations for the recombiner that have been
qualified with local test data.

The use of the locally measured volume flow rates and the measured efficiency of the re-
combiner under quasistationary conditions also allows to represent this recombiner in a coar-
ser mesh than its actual geometrical dimension. Heat capacity effects of the structures but al-
so of the gas inventory inside the recombiner box should then be negligible, all that counts is
the volumetric flow through the box and the added recombination energy for the given effi-
ciency. Test calculations show that the results in Fig. 12 don't change with a 50% increase of
the recombiner area over its original size.

We have also started to look at Battelle tests from the GX series in which a Siemens recom-
biner was tested in a multi room geometry. It is intended to simulate this recombiner also ba-
sed on the Fischer model. We have already derived quasistationary volumetric flow rates
from the test data, but must still derive an appropriate time constant that helps to match the
transient flow variations during changes of the hydrogen concentration.

Parallel to the validation analysis for various recombiner modules we are now testing also
how a number of such recombiner boxes would operate in a real reactor containment and
whether they could influence each other. For this purpose we have modeled the inner part of
a German PWR containment with a height of 28 m and a free gas volume of 19000 m**3.
Our glass model for this containment from Kismet shows the 4 steam generators, the prima-
ry coolant pumps and the pressurizer and pressurizer blowdown vessel (Fig. 13). GAS-
FLOW applies 22400 computational cells for this geometry. The steam generator towers are
assumed to remain sealed at the top in this test calculation. Our recombiners are positioned

365 K
sotherme

NIS
Recos

NIS
Recos

H2 source

Fig. 13: 3D GASFLOW simulation of hydrogen recombination in the inner rooms of a Ger-
man 1300 MWe PWR
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symmetrically at the entrance to the steam generator towers. The source is excentrically lo-
cated and simulates a rather mild steam/hydrogen blowdown after a rupture of one of the pri-
mary coolant pipes. GASFLOW simulates the full sequence of the steam/hydrogen release,
the gas transport and the hydrogen recombination. The hot plume above the recombiners is
characterized here by the 365 K isotherme and reflects the asymmetry of the source. Our re-
sults show that in principal it is feasible to use GASFLOW to determine the number and lo-
cation where such recombiners should be put to be most effective in different release scena-
rios.

4. Conclusions

Significant progress has been made in the development and application of the GASFLOW
code. We are now able to simulate a wide spectrum of mitigation measures in a consistent
3D approach with the distribution analysis. The distribution analysis of steam hydrogen mix-
tures with GASFLOW has been succesfully validated with the analysis of two major HDR
tests (T31.5 and El 1.2) on basis of a condensation model which was validated with the ana-
lysis of the containment thermohydraulics of the Phebus FPTO test [13]. We have used the
same modeling to do integral analysis for the European Pressurized Reactor (EPR) [7], The
presented application/validation analyses involved distribution simulations with the two ma-
jor mitigation mechanisms inertization/dilution and catalytic recombination. We have suc-
cesfully validated different models for recombiner simulation. Validation efforts are continu-
ing. Containment inertization/dilution by CO2 still lacks appropriate experimental data for
the validation, but such tests are in discussion now, also experiments that specifically explo-
re the flammability limits and combustion processes of air/CO2/stearn/hydrogen mixtures.

Our results have shown, that field code simulations have become feasible and provide relia-
ble prediction of both hydrogen/steam distribution and integral simulation of transport and
combustion processes. The hydrogen stratification and local hydrogen enrichment during
spray cooling in HDR test El 1.2 documents these needs impressively. Lumped parameter
codes can be adjusted and calibrated to include relevant findings from the field codes. Field
code simulations that are now possible for complex containment geometries should be seen
as a help to overcome the remaining uncertainties in the predictions of the lumped parameter
codes. GASFLOW demonstrates that field codes can directly help with the design and opti-
mization of mitigation systems. GASFLOW can be used to determine number, position, and
size of recombiners and their possible interactions, to determine number, position, and spark
frequency of ignitors, and to specify sources for gas dilution over a spectrum of hydrogen
release scenarios. But the computer time requirements for these analyses are significant, the
computer running time in the analysis of test El 1.2 was about 5 times the analyzed problem
time on the fastest available machine, the Siemens Nixdorf S400. We will further improve
on the performance after implementing a new Poisson solver that will allow a more effective
parallelization of GASFLOW. Also the development of geometry models for large contain-
ments needs to be made easier. We plan on improving this with the development of a graphi-
cal user interface for GASFLOW on basis of existing software to set up complex geometry
models for our detonation codes.
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