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ABSTRACT

The GASFLOW code has been applied for the analysis of the steam/hydrogen distribution with
mitigation by catalytic recombiners under conditions of a large break loss-of-coolant accident
for 3D containment models of two different types of German pressurized waler reactors
(PWRS). The contribution describes the developed 3D containment models, the applied concept
for recombiner positioning, and it discusses the calculated results in relation to the applied
source term which was the same in both containments. It identifies the principal mechanisms
that determine the hydrogen mixing in these two containments, and it shows up generic differ-
ences to similar simulations performed with lumped parameter codes.

INTRODUCTION

During hypothetical core ielt accidents, steam and hydrogen can be released into the contain-
ment of pressurized water reactors. Without counter measures, [mmmable mixtures may form
and cause combustion loads that could threaten the integrity of the containment. Such sequences
have a very low probability of occurrence and are beyond the design envelope of nuclear power
plants. New safety regulations issued in Germany in 1994 request measures for a risk reduction
to prevent an early containment failure during such beyond-design sequences. One such meas-
ure is the implementation of recombiners for the early catalytic combustion of the released hy-
drogen to prevent the buildup of detonable hydrogen/air mixtures in the containment atmos-
phere.

The 3D field code GASFLOW [1] s a joint development of Forschungszentrum Karlsruhe and
Los Alamos National Laboratory for the simulation of steam/hydrogen distribution and com-
bustion in complex containment geometries. GASFLOW gives a full solution of the compressi-
ble 3D Navicr-Stokes equations and has been validated by analysing experiments that simulate
the relevant aspects and itegral sequences of such accidents. The newly released and validated
version 2.1 of GASFLOW has been applied in a mechanistic 3D analysis of steam/hydrogen
distribution with mitigation involving a large number of difterent catalytic recombiners at vari-
ous locations in two types of spherical PWR containments of German design. The simulations
are the first full analyses for quite complex containment models. The results show up some ge-
neric differences between similar simulations carried out in parallel by using so-called lumped
parameter {LP) models [2] that represent the containment by various centrol volumes which are
interconnected through (D flow pathes, and they identify the controling generic effects for a
scenario with a large-break loss-of-coolant accident (LOCA) in two quite different containment
geometries. This contribution summarizes the results from these simuiations that are further
documented in more detailed reports [3.47. 1t describes the 3D containment models, explains the
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applied concept of recombiner positionning, and discusses the results for the pressure and
steam/hydrogen distribution in relation to the applied source term.

CONTAINMENT MODELS

Two large 3D Cartesian geometry models P

were developed for GASFLOW. Plant A fant A | Plant B
represents a spherical PWR containment of Volume m*| 70,163 69,698

a German pre-Konvoi type, Plant B repre-
sents a current German Konvoi type PWR.
Both plants have spherical containments that
are bounded by a concrete shell with an an- ]
nular gap of air and a steel shell around a free | in- steel shell | m* | 7,639 7,919
gas volume of ca. 70,000 m® (Fig. 1).
GASFLOW simulates the spherical concrete
shell as stair-stepped obstacles and the steel
shell as stair-stepped walls in a 3D Cartesian mesh using 158,000 cells for plant A and 184,000
computational cells for plant B with an average cell volume between 1.3 and 1 m® per cell. The
structures inside the steel shell are set up according to the plant layouts by defining obstacles

e

Concrete m 19,851 31,140

Tab. 1: containment volumes and surfaces

Concrete
Shell

Recombiners
{44}

Steel
Shell

Steam
enerator
Towers

deck 21 m*~ Missile Protection ”
Cylinder

Fig. 1: 3D GASFLOW geometry model for plant A

that occupy full cell volumes, and by putting walls on cell boundaries that block the flow per-
pendicular to the surface. Obstacles and walls are simulated as heat absorbing structures of ei-
ther concrete or steel. Their surfaces are adjusted to exactly represent the projected areas on the
spherical steel and concrete shell, and they balance in total to the plant data for the internal con-
crete surfaces and the spherical steel shell surfaces that are given in table |, The gas flows
through the interconnected free cells not occupied by obstacles and through openings that be-
came transiently available when the pressure difference across selected walls (defined as rupture
disks or rupture flaps) exceeds a certain value (between 55 and 100 mbars) and causes the re-
moval of this particular wall from the mesh. Figure | displays such flaps on the sides of the
steain gencrator towers for plant A. They open connections hetween the operating room and the
so-called component rooms with the pumps and steam generators inside. Steel shell, dome,
crane, operating deck and missile protection cylinder are the relevant structures of the operating
room visible in Fig, [. The blowdown source is located in a component room under the left
steam generator tower at & low axial location. Its focation in the 3D mesh is shown on the right
side of the graph which gives the geometry inside the steel sphere without the stmctures.
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The GASFLOW analysis of plant A includes the simulation of mitigation by a total of 44 cata-
lytic hydrogen recombiners that are placed at various Jocations in the operating and component
rooms (Fig. 1). The recombiners are from the NIS type [5]. About 30% of them are attached to
the crane support bars and above. Each recombiner is represented by a single fluid cell that is
bounded by steel walls on the sides. Gas flow occurs into and through these boxes applying an
active ventilation option which determines the flow rate in dependence of the calculated local
hydrogen concentration at the box entrance on basis of measured operating data. The recombin-
ers thus operate in a 3D concentration field and reflect ali effects from local stratification and
scdimentation of gases. An efficiency that is defined pressure-dependent recombines a large
fraction of the inflowing hydrogen with oxygen to steam and adds the chemical energy to the
gas flow, so that colder gases with hydrogen enter the boxes and hot gases of steam, nitrogen,
and oxygen with only some residual amounts of hydrogen leave the boxes. For the NIS recom-
biners, gases leave the boxes in vertical flow. The analysis of plant B simulates 62 recombiners
of the Siemens type [3] that are closed at the top and open on the sides so that hot gases leave
the boxes in horizontal flow. The GASFLOW modeling of the Siemens type recombiner boxes
was validated with the successful analysis of the Battelle recombiner tests GX4, GX6 and
GX7 [6], and for the NIS type recombiners with the analysis of the Battelle test MC3 [7].

RESULTS

The investigated scenario was a large-break LOCA at a low release location from a rupture of
the pressure relief line from the hoti leg of the primary loop to the pressurizer {surge-line
LOCA). The same source was applied in the analysis of plants A and B. It was taken from a
MELCOR analysis of this accident [8] and covered the in-vessel phase of this scenario with a
total problem time of 7000 s. In the blowdown phase (first 700 8) a two phase mixture of 462
tons of water and 39 tons of steam gets injected. Isenthalpic expansion to the transient contain-
ment pressure adds another 50 tons of steam. The relocation of water and steam is considered in
a single [low field using a homogeneous equilibrium model, from which the water is parametri-
cally removed with a time constant of 100 s after the achievement of thermal equilibrium be-
tween water and steam. Mass and energy of the rained out water are balanced. They could be
applied for the simulation of sumps, but were neglected in this analysis. Another 50 tons of su-
perheated steam are released after the blowdown with peak temperatures above 1000 K. Hydro-
gen release starts after 1500 s. Alltogether 531 kg of hydrogen are added of which 120 kg are
entered during a strong release peak at 5932 s due to an enhanced steam/zirconium reaction af-
ter the failure of the core support, Volatile fission products (Xenon) are also released. They
carry 4 total decay heat of 8 MW which is released volumetrically dependent on the local Xenon
density.

The applied steamv/hydrogen release rates are displayed in Fig, 2 together with the calculated
pressure transients from

GASFLOW for plants A and B. 3 100
Isenthalpic expansion of the blow- . 28
down source leads to an early ini- 4 PlantA  —dso .,
tial pressure peak of nearly 4 bars . 1
i both containments. The further & N7 o PlantB || 60 320 ®
pressure development is controlled 2 T I 1 846 %
by steam condensation and re- @ 1=
lease. Both containments have the £ 2rr 402 2%
same free gas  volume of i Steam 1 “ ] 08
70,000 m*. But because plant A is 1 -26 9"
less compartimentalized than plant N - o4

B and has 30% less concrete sur- 0 5 o Joo
faces, the pressure decays less 0 2000 4000 6000 time, s )

rapidly than in plant B after the  Fig. 2: Steanvhydrogen source and pressure
blowdown, and it increases mwre
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Fig. 3: Hydrogen source jets, stratified clouds and recombiner exhaust plumes,
KISMET [[1] snapshot of GASFLOW results at end of H2 injection (5932 s)

during the further steam/hydrogen release again reaching 4 bars at the end in plant A compared
to 2.4 bars in plant B. Pressure waves open most flaps and rupture disks during the first 0.5 s
of the blowdown,

The released source gases of steam and hydrogen form a buoyant jet that rises through the
steam generator tower above the source. The gas enters the operating room through the failed
rupture disks and flaps in the steam
generator tower. The openings from
the failed rupture disks, which are

on the roofs of the steam generator % secondary
towers in plant B, allow a direct ax- ™ g B air/H2 flow
ial expansion of the buoyant source 1 from steam

jet into the dome. In plant A the conden;saﬂoir?
failed flaps are on the sides of the £ ‘oﬁrlflee she
steam generator towers. The gas

from the source jet also rises into

the steam generator tower and gets 3G Towet

injected horizontally from all sides : source
and forms four fingers which rap-
idly extend deeply into the dome.
Figure 3 shows the calculated buoy-
ant source jets in the dome that re-
sult in PlantB (t1 vol% H2) and
plant A (7 Vol%H2) during the last
rapid steam/hydrogen release after
core support failure at 5932 5. The
calculation of these jets has a good :
validation basis, GASFLOW could %
successfully predict such buoyant }
source jets i the blind pre- : vortices
calculation of the Battelle Hyjet He-
lium injection test JX7 [9] and in the
analysis of the Canadian Whiteshell
tests with little sensitivity to the ap-
plied mesh sizes [10]. The snap
shots in Fig. 3 also show recom-
biners higher up in the containment

vmax
47cmfs

Fig. 4: Vortex mixing in the dome and sedimentation
flow in plant B at 5932 s
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with pronounced hot exhanst gases (T>650K). They have little impact on the flow field and are
outside the source jet in a stratified region built up after the first phase of the steam hydrogen
release, while the recombiners at a lower location on the operating deck and away from the
source side tower don’t yet see much hydrogen at this time. The stratified region in the dome is
displayed for plant B as transparent cloud (T>500K).

Fig. 5: Velocity [ield and flow pathes in plant A at 5932 ¢

The rising source jets after the strong hydrogen release are deflected in the dome near the
sphere, spread out to the side, mix within 200 5 due to the vortices calculated in GASFLOW as
the result of Taylor instabilities and flow diversions in the dome (Fig. 4) and contribute to the
formation of a temporarily stratified cloud in the dome, On a larger time scale a secondary flow
develops in a thin layer around the condensing structures when steam condensation locally leads
to a dried gas with a larger hydrogen and air volumne fraction and to a layer with an increased
average molecular weight in which this gas sinks down along the cooled structures. This so-
called condensation sedimentation effect homogenizes the stratified atmosphere in a “wet” sce-
nario with steam. Due to the smaller structure surfaces of plant A it develops more slowly than
in plant B but ultimately it is the same mechanism that is responsible for the atmospheric mix-
ing.

Besides the spreading out of the source jet through the source side stcam generator into the
dome, GASFLOW also shows the buildup of a temporary circulation from a chimney effect
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between the steam generator towers which are heated differently on the source side and away
from the source with gas flowing from the hot tower into the colder tower on the other side (see
cut A-A in Fig.5). A bottom-recirculation also develops through the opened flaps on the low
leve] in cut B-B (Rohrkanat). There are significant asymmetries involved in these circulations
due to a smaller failure fraction of the flaps away from the source. Parametric variations with
sealed exits in the steam generator tower away from the source and sealed openings for the re-
circulation in the bottom region show that these circulations do speed up the mixing for a cer-
tain time, but that they don’t contribute much to the homogenization on a larger time scale which
is controled by the condensation sedimentation effect. The 3D GASFLOW results for the time
development of the hydrogen and steam volume fraction and the gas temperatures in the dome
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Fig. 6: Hydrogen/steam vol. fractions and tem- Fig. 7: Hydrogen/steam vol. fractions and
peratures in the dome of plant B temperatures in the dome of plant A

of plants A and B have been averaged for a control volume of ca. 2000 m* at the top of the
dome which is characteristic for a control zone of the dome in a lumped parameter model of
such containment, and which comprises ca. 1500 computational cells in GASFLOW. Figures 6
and 7 display these results for plants B and A. They also include the time dependent local peak
hydrogen concentration and temperature occurring in the jets extending into this dome zone.
For plant B the dashed lines also give the results of the same simulation without recombiners.
The average H2 concentration with recombiners is 4% at the end after going through a maxi-
mum of 9% during the last hydrogen injection. The average H2 volume fraction in the dome
reaches 3.5 % in plant A at 7000 s after going through a maximum of 6%. Because of the
higher steam content and containment pressuee it is lower in plant A inspite of an overall higher
H2 inventory calculated in plant A due to a slower H2-removal with the installed NIS recombin-
ers. The local peak H2 concentrations in Figs. 6 and 7 significantly exceed the average concen-
trations during the two periods of H2 injection when the source jets penetrate into the dome.
Mixing from vortex formations dilutes the jets within some hundred seconds after each injection
period so that the peak and average H2-concentrations merge in the considered dome regions of
plants A and B, The Peak H2 concentrations reach maxima of 11% and 10.5% for plant B and
plant A. The lean H2-combustion limit [11] in plant B is around 9 Vol% at this time for the
steam concentration of 50 Vol% (Fig. 6), and for some 10 s the source jet that extends into the
dome of plant B becomes flammable. Plant A has a higher lean H2-combustion limit around
I'1% (Fig.7). The dome atmosphere has 60 Vol% steam and is inerted enough that the source jet
can never become flammable. The local peak and the average gas temperatures in the dome
merge rapidly in plant B due to the mixing after each injection period. Temperatures in plant B
reach peak values of 640 K and end values of 560 K. In plant A a high temperature zone devel-
ops at the top. Hot exhaust plumes from the recombiners, the decay heat from the volatile fis-
sion products that stratity together with the hydrogen and a generally reduced structure cooling
effect contribute and increase the dome temperatures to 40 K higher peak gas temperatures at
the end.
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It is difficult to predict such local effects with LP codes even if they represent the containment
by a large number of control zones. Their equations don’t carry information on the 3D mo-
mentum flow which is fully conserved in GASFLOW. The integration effect of the dome con-
trol volume allows only for a relatively slow increase of temperatures and concentrations and
doesn’t reflect the additional heating from the source jet and the fission products which it trans-
ports. The simulation of superheated steam together with vaporizing films on the structure in the
LP results from Fig. 6 additionally delays the temperature increase in this large control volume.

Although LP codes will calculate simi-

L L L I LA B 250 larly mixed conditions at the end, they
500}~ Total H2 Spure cannot conservatively predict the hetero-
- Plant A 200 geneous states occurring during the tran-
4001 NIS Recos sition to these mixed states.
g 200k g::lrﬁg}s i 1508 With the simulated arrangement of the
§ | Recos ! . g NIS and of the Siemens recombiners in
E { -li004 Pplants A and B GASFLOW predicts an
o 200~ *—"3] FlantB {216kgy J & overall hydrogen removal of 20% and
- P e 40%, respectively (Fig. 8). The NIS re-
1001~ i - 50 combiners with granulate catalysts have a
- 7 1 higher heat capacity, start somewhat
ol—sl A Plant A (11Pk9). slfwer, and l'espgnd ‘?,Vith larger inertia to
0 2000 4000 6000 BMe.s  transient loadings with hydrogen, so that
Fig. 8: Hydrogen inventories and recombination they need more time in the defined ar-
rates for analyzed recombiner concepts in rangement for removing the same amount
plants A and B of hydrogen.
CONCLUSIONS

The GASLFOW simulations of this scenario with a large break LOCA demonstrate a strong
steam inertization in both containments. During the release phases with steam and hydrogen
they predict the transient formation of a buoyant jet that extends from the source up through the
steam generator towers into the dome. But there is only a short phase in which locally flamma-
ble gas mixtures develop in the dome. Vortices formed from Taylor instabilities rapidly dilute
the source jet and the regions in which it is flammable, A larger stratified cloud that is inflam-
mahle forms in the dome from which a hydrogen/air mixture sinks down in a secondary flow
near the structures due to the steam condensation that becones the major mechanism for ho-
mogenizing the temporarily stratified hydrogen. This sedimentation occurs on a larper lime
scale in plant A which is a more open containment with smaller structure surfaces and heat ca-
pacities. Larger volume fractions of steam, reduced hydrogen volume fractions, a higher con-
tainment pressure and higher gas temperatures in the dome are the principal differences between
the GASFLOW simulations for plants A and B, which are both controlled by the same mecha-
nisms, The hydrogen recombination rate determined [romn the 3[¥ concentration field is higher
it the dome for some time but becomes more and more homogeneous as the hydrogen becomes
mixed throughout the containment. This homogencous removal of hydrogen is well predicted
also with simple iumped parametes models which at the end predict a similar integral hydrogen
removal as GASFLOW with an overall hydrogen removal fraction at 7000 s of 20% and 40%
for plants A and B, respectively. The principal difference is that the 3D GASFLOW simulation
describes all mixing mechanisms and flow pathes with a full sct of mass, energy, and momen-
twm equations. This resolves all heterogeneous states in between and confirms that the {inal ho-
mogeneous conditions arc achieved without the occurrence of intermediate states in which com-
bustions could develop a load potential. On a larger time scale the analyzed mitigation concept
with catalyiic recombiners of the Siemens and of the NIS type is demonstrated as an effective
measure that prevents the formation of combustible mixtures during the ongoing slow deinerti-
zation process from steam condensation. The installation of the recombiners is therefore an effi-
cient measure for a further reduction of the hydrogen risk.
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