
AECL-11762
- 235 - NEA/CSNI/R(96)8

3.5 DEVELOPMENT AND VALIDATION OF A CATALYTIC RECOMBINER
MODEL FOR THE CONTAINMENT CODE RALOC MOD4.0

J. Rohde, W. Klein-HeBling and A.K. Chakraborty
Gesellschaft fur Anlagen- und Reaktorsicherheit

CA0000163

Abstract: This paper reports on the development of a catalytic recombiner model for the
containment code RALOC MOD4.0 /KLH 95, KLH 96/ and the detailed validation work,
carried out at GRS. The model was qualified by using the results of medium and large scale
experiments, being performed in Germany /KAN 91/. The comparison of measured data with
the calculations demonstrates, that this new model is suitable for real plant applications to
investigate the overall effectiveness of a catalytic recombiner system under severe accident
conditions for large dry containments of German PWR design. The results of such investigati-
ons will serve as the basis to work out some guidance for the determination of the system
capacity needed and an optimal positioning of such devices in containments.

This work was sponsored by the German Federal Ministry for Education, Science, Research
and Technology (BMBF).

1 Introduction

For the removal of hydrogen, being transferred and accumulated in the containment atmosphe-
re during the course of a severe accident, in Germany it was recommended by the Reactor
Safety Commission (RSK) during June 1994 to use catalytic recombiners. Such devices were
developed and tested mainly in Germany and Canada. In the last years special models have
been developed at GRS to simulate the behaviour of such devices in the containment code
RALOC. Especially a box-type of catalytic recombiner was modelled by an one-dimensional
junction type using a height depending temperature profile inside the box and the casing. The
one-dimensional junction can be divided in several elements. For each gas component in an
element the mass and energy equations are solved. The casing and the plate type catalytic foils
are simulated by defined structures. For the catalytic reaction rate an Arrhenius type equation
is used. The aim of such hydrogen recombiner model is to give reliable predictions for the
reaction rate, the temperature of the catalytic foils and the housing, the exit gas temperature
and the convective flow rates for different layout of devices.

This model was validated, using medium and large scale experiments, being performed in Ger-
many. The results obtained showed reasonable values, but some weak points still exist, espe-
cially to simulate the starting conditions for the catalytic reaction, the influence of low oxygen
concentrations in the gasmixtures and the reduced reaction behaviour of the catalysts as a
result of surface poisoning. Work on these items are in progress.

In the following, the model will be described, together with the results of selected post-test
calculations, performed to demonstrate the ability of this new model simulating the effective-
ness of catalytic recombiners.
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2 Description of the Catalytic Recombiner Model

2.1 Short description of existing catalytic devices

In Germany two types of catalytic devices have been developed by the industries for the miti-
gation of hydrogen problem during severe accidents. Both the type of catalytic devices have
been qualified by numerous small scale experiments and tested for large scale experiments
within the Battelle Model Containment. Although the general feature of the devices are related
to common box type, they differ substantially in their selection of catalysts as well as in their
individual details.

Fig. 1 illustrates the catalytic device as developed by the manufacturer Siemens. This box type
of device consists of thin catalytic plates of stainless steel substrate coated with platinum. The
plates are arranged parallely with intermediate gaps to allow convection flow and combined
with the structure of housing a chimney effect is generated.

Other device by the utilities is described in Fig. 2. This concept uses catalysts consisting of
Pd-coated alumina granulates stacked within two parallel wire nets forming an element. These
elements are arranged parallely with intermediate channels within a box to form a module. This
modular construction is open at top and bottom to develop chimney effect.

A number of these type of devices are foreseen to be placed at various compartments within
the containment where substantial release of hydrogen is going to be expected.

2.2 Basic Phenomena, Relevant for a Catalytic Recombiner Model

At first, the essential thermohydraulic processes will be described important for the develop-
ment of a catalytic recombiner model.

1. Gasdynamics
In a boxtype recombiner flows the hydrogen containing gas mixture through the bottom
opening to the catalytic plates. After the initiation of the catalytic reaction, the exother-
mal heat of reaction will be transmitted to the surrounding gas and a pronounced con-
vection flow will be generated through the box. A fresh hydrogen containing gaseous
mixture will thus be sucked into the box. The flow through the box will accelerate until
an equilibrium is reached between the heat flux due to reaction and the heat losses to the
surrounding gas and to the structure of the housing.

2. Energy Distribution
Heat transfer from the plates to the gaseous atmosphere will be determined initially by
natural convection with a laminar boundary layer. With the increasing plate temperature
a turbulent convection is generated. As the height of the plates is small (~ 150 mm), so
the laminar boundary layer cannot possibly develop fully. Due to this reason, the heat
transport will result from combined natural and forced convections.

With the increasing temperature of the plates, the heat transfer due to radiation increases.
Radiation heat transfer between the plates is not significant due to slight temperature
differences. The absorption of radiation heat by the gas will essentially be determined by
the steam content. A part of the heat will be directly transmitted to the surrounding
structure of the housing.
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Figure 1 Schematic drawing of the Siemens boxtype catalytic recombiner

Figure 2 Schematic drawing of the NIS granular bed catalytic recombiner
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3. Kinetics of Reaction
It is known that the reaction mechanisms of Palladium and Platinum for the Hj-C^- re-
action are similar in principle. However, due to different designs of catalytic recombiner,
differences of gasdynamics result causing differences in the rates of recombination. For a
boxtype of recombiner, the reaction rate will essentially be determined by the availability
of H^ and O2 at the catalytic surfaces. Thus the K,- and (^-concentration reduces along
the plates significantly. These sort of influences should be considered for the modelling
of reaction behaviour of different recombiners by specific coefficients in the equation,
describing the kinetic reaction.

4. Additional Process

Behaviour of water droplets
Water droplets sucked in the box will evaporate and influence the heat transfer from the
plates

Bypassing
At large distances existing between the plates, the amount of gaseous mixture taking part
in the reaction can be limited

For different plate distances, the view factors for radiation exchanges change. For consi-
deration of such parametric conditions corresponding equations in the model should be
realised

In the boundary layer on the surfaces of catalytic plates temperatures above 600° C can
occur. With such high temperatures a thermal recombination can proceed directly in the
gas phase generating the heat of reaction directly in the gasflow. Thus a distribution of
the reaction heat occurs at the catalytic surface as well as in the gasphase. This phenome-
non has to be considered with suitable assumptions in the model.

The resistance of gasflow through the box consists of individual factors like constriction
at the inlet, frictional losses at the plates and their holders and by the expansion at the
box outlet. In order to limit the complexities in the model the frictional loses of individual
components has been taken into account with a single parameter.

Based on these manifold individual aspects, a simplified model has been developed for the
boxtype of recombiner.

2.3 Main Assumption for the Model Development

Especially the model, being developed for a boxtype recombiner is based on the following,
simplifying assumptions:

1. One dimensional equations for the balance of mass and energy transport

2. Momentum equation to determine the buoyancy within the box

3. Use of a modified Arrhenius equation for the catalytic reaction kinetics

4. The conditions at the entrance and exit of a boxtype recombiner, like gas concentrations,
temperatures, pressure are taken from the lumped parameter code RALOC (connected
nodes)
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5. The parameters inside the box, like gas mixture composition and temperatures vary only
with the height

6. Inside one volume segment, homogeneous mixing is assumed, the conditions are only time
dependent

7. Heat transfer between catalytic plates, the structures of the housing and the gas by natural
convection and radiation is assumed. Radiation is taken into account for each axial seg-
ment separately. The view-factors are calculated for the local geometric conditions

8. Saturated and superheated conditions are considered

9. To stabilize the mass flow rate through the box, the rate is splitted up into two parts, the
instationary flow through the box and a stationary part due to the volume expansion inside
each element of the flow path through the box.

10. Implicit solution of the set of equations.

2.4 Model Description

Based on the previous assumptions, a detailed model was developed /KLH 96/. With this mo-
del it is possible to simulate hydrogen recombination within a boxtype of device. The box can
be segmented across the length in multiple segments and thereby leading to a one dimensional
junction type between the zones of the RALOC nodalisation.

In this model the catalytic plates as well as the structure of the housing are considered. The
heat transfer between the surrounding gas and the structures is calculated by means of free or
forced convection, condensation and radiation. Required view factors for radiation will be
determined from the geometrical conditions.

The geometrical construction of a box is reproduced in principle in the following figure

foil(s)

casing structure

Figure 3 Geometry of the recombiner
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The box is subdivided along the height in several segments of volumes with the depth b, the
width a and the length 1,. The structure of the housing will be described with the thickness df

and can be subdivided in several layers. Every segment of volume can contain a given number
n; of catalytic plates with the length h;, the depth C; and a thickness of t(. The distance between
the plates is given by A(. The structure of the plates is represented by one layer (for each seg-
ment of volume).

With this general description of the geometry numerous different type of structures of recombi-
ners can be simulated.

The equations to calculate the thermohydraulic state of single elements of volume correspond
to the equilibrium model used in the code RALOC M0D4.

• Equation for Massflow

For stabilising the massflow rates between the volume segments, this will be divided in two
parts

Gj = Go + Gsj

with an instationary part Go passing through the total junction (box), and with a stationary part
GSJ considering the expansion in each volume segment. For the treatment of water droplets
within superheated volume segments additional assumptions are needed.

• Instationary Massflow Go

The driving force for the massflow through the box is determined by the density differences
within and outside the box. The following figure depicts the relationship of inner volume seg-
ments to the surrounding zones. If the lower edge of a volume segment lies below the bottom
height of the upper RALOC zone, then it will be connected to the lower zone.

t

upper zone

floor area of upper zone

lower zone

Figure 4 Relation between the volume segments and the surrounding zones

The equation of massflow Go through the recombiner is analogues with the instationary at-
mospheric junction type in RALOC.
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• Stationary Massflow Equation for Gs{

Due to the heating of gases and resulting expansion additional pressure differences are genera-
ted. This will be compensated by the stationary massflow Gs( analogous to the stationary
atmospheric junction type in RALOC.

• Modelling of possible water droplets in the gasflow through the recombiner

If the model for recombination is combined with a non-equilibrium zone, then a possible flow
of droplets through the box can be treated. As within the box only an equilibrium state is calcu-
lated so assumptions for the treatment of droplets in superheated volume segments will be
made analogous to the equilibrium zone model in RALOC. A complete evaporation of the
droplets causes a strong inhomogeneous behaviour within the box. Therefore a parameter 'time
for evaporation' has been introduced to damp down this effect.

• Kinetics of reaction

The form of the equation for reaction corresponds with the Arrhenius expression

r— a A r"1 f1"2 r~jf l"mol1

r - a • A • CH2 • LO2e RT|_—J

where a Reaction constant

A Total surface of the catalytic plates [cm2]

CH2 Hydrogen concentration 1^41
C o2 Oxygen concentration | ^41

L cur J
n,,^ Constants

AE(T) Activation energy as a function of catalytic temperature

T Catalyst temperature

As the catalytic surface is large compared to the surrounding volume segment so also the con-
stants n, and r̂  are large even for low concentrations. Along the plates the change in concen-
tration will be considered by logarithmic interpolation. The thermal energy will be completely
transmitted to the plates.

• Description of the structures of recombiners

Calculation of heat conduction is analogous to the HECU-model in RALOC /KLH 96/ for the
usual structutes. In the case of existing catalytic plates in one of the volume segment then this
will be described by the first layer of the structural segment. The structures are basically subdi-
vided in equidistant layers.
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• Calculation of Heat Transfer within Box

Following heat transfers will be considered in the recombiner

7T n * n T¥

reaction

Figure 5 Various Heat Transfer Structures

casing

catalytic plate

Convection and Condensation
Heat transfer will be calculated by free or forced convection and by the condensation of the
internal as well as from the external side of the housing and at the catalytic plates. The conden-
sate will be transfered to the lower surrounding zone.

Radiation

Interaction of the external side of the housing with the surrounding atmosphere

In case of non-existence of catalytic plates
Interaction of the interior side of the housing with the volume segment

In case of the existence of catalytic plates
Interaction between the plates and the interior side of the housing considering the
gases in the volume segment
Interaction upwards with the interior side of housing, respectively with the higher
zone considering the gases in the volume segment
Interactions downwards with the interior side of housing, respectively with the lower
zone considering the gases in the volume segment
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Switching Criteria

Criteria for changing from superheated to saturated states correspond to the equilibrium zone
models in RALOC. Values of hydrogen concentration for the activation and deactivation of the
recombiners will be given by the user. The values for the oxygen concentrations needed are
fixed in the program.

3 Validation of the catalytic recombiner model

3.1 Siemens plate type recombiner (REKO-box)

To check the capabilities of the catalytic recombiner model, described above, it has been vali-
dated against a number of experiments performed in Germany /KAN 91, MOV 94/. The results
of small and large scale recombiner tests performed at the Siemens VB-1200 facility listed in
the table 1 and at the Battelle Model Containment facility listed in table 2 were used. All these
experiments were carried out with a prototype version of the Siemens recombiner FR90-10,
containing 10 catalytic plates.

In the Siemens experiments performed in a vessel of 12 m3 the hydrogen has been injected in a
short time period at the beginning of each experiment with different initial conditions. The total
pressure, average Hj concentration in the bulk, the bulk temperature and outlet gas tempera-
ture were measured. Despite the small size, leading to a greater influence of the outer surface
of the vessel, and the limited instrumentation, the results are useful for the validation.

More detailed experiments have been performed at the Model Containment/Battelle. For these
experiments the four inner banana shaped rooms (R5, R7, R6 and R8) and the inner cylindrical
compartment Rl/3 have been used (Fig. 6).

In the following the calculations performed for the Gx4 and Gx6 experiment will be described
briefly.

After a heatup phase with sump valves open to the environment to realize the specified initial
conditions, the valves were closed and hydrogen was injected from the bottom into the com-
partment R5, just below the position of the recombiner. The amount of injected steam was
controlled, to ensure an equilibrium state between condensation at the walls and injection lea-
ding to a total pressure of about 1 bar. This pressure level avoids an uncontrolled leakage of
hydrogen out of the containment system. Due to different steam injection rates into the upper
compartment (R5) and the lower compartments (R6 and R8) a stable stratified atmosphere has
been realized. Therefore the hydrogen was accumulated mainly in the upper region. A special
characteristic of the Siemens recombinator is the threshold value for the start of the catalytic
reaction. In the selected tests the recombination started at about 3.2 Vol.-% of H^ Before the
start of a second test-phase 7 h later the sump valves were opened again and the compartments
were vented by air. After a second heatup phase to perform stratified conditions, the hydrogen
was injected into the lower part of the test facility far away from the position of the recombi-
ner. Because the recombmer was still at elevated temperatures resulting from the previous test,
no threshold value to start the recombination was observed. During this phase an unintended
air injection took place, followed by a repeated opening and closing of the sump valves to keep
the pressure constant at 1 bar. In the late phase (after the steam injection phase) the sump
valves were opened at about 10.6 h to avoid subatmospheric conditions.
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The distribution of the steam injected into the different compartments led to counter current
flow conditions in the openings between the compartments. The experimental results demon-
strate an effect of stratification inside the different compartments of the test facility. To simula-
te this complex behaviour, a very detailed nodalization scheme has been chosen, shown in
figure 7. The upper compartments have been subdivided into 4 levels and the lower compart-
ments into 6 levels. For each banana shaped room five columns of zones were used. Especially
all connections were subdivided, to allow counter current flow conditions. The inner cylindrical
room had been split up into 4 zones at each elevation. Additionally figure 7 includes the diffe-
rent positions of the instrumentation to allow comparison with calculated results.

Figures 7 to 12 show the calculated results for the Gx4 experiment. The temperature stratifica-
tion is well predicted. Even the temperature oscillations due to the repeated opening and clo-
sing of the sump values was simulated correctly. The same behaviour has been obtained for the
hydrogen concentration, reaction rates and the gas velocity through the box. Concerning the
temperatures at the catalytic plates some additional remarks are necessary. It is known that the
catalytic reaction starts at the lower end of the plates nearby the flow entrance. Therefore
strong height dependent conditions exists in the junction segment containing the catalytic pla-
tes. This effect could not be simulated, because only one node is assumed in the plate region.
The resulting temperatures show that the calculated plate temperature corresponds well to the
measured one at the lower end of plate and the calculated gas temperature around the catalytic
plate corresponds to the measured upper plate temperature. This leads to the conclusion that
the upper plate temperature is close to the temperature of the surrounding gas. In figure 8 the
measured reaction rate is given compared with the one being calculated from the overall hydro-
gen balance in the system.

In the experiment Gx6 the hydrogen has been injected into the compartment R8 leading to
mixed atmospheric conditions. The hydrogen flows upward to the recombiner. At a concentra-
tion level of about 3.2 Vol.-% the recombination starts. For the calculation the same parame-
ters and nodalisation have been used as for the previous test Gx4. The only exception is the
threshold mol concentration used for the starting of the recombination, which differs from
experiment to experiment. The physical reason for this variation is not known up to now. The
results shown in the figures 13 to 17 demonstrate a similar quality of the results like those of
the Gx4 experiment.

3.2 NIS gravel bed recombiner

With the general concept of the recombiner model in RALOC M0D4 it is possible to simulate
different types of catalysers, using different values for the reaction constants, loss coefficients
and so on. For the validation of the model the MCI experiment performed at the Battelle Mo-
del Containment facility has been used. The principal idea of this experiment is similar to the
Gx4 experiment, but with mixed atmospheric conditions. The quality of the calculated results
are as good as those gained for the Siemens type of recombiner. The NIS type of recombiner
needs relatively long time to get the catalytic reaction started. There is some delay to reach a
higher temperature in the gravel bed due to the short height and the high mass of catalytic
material.
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4 Summary

Models for the simulation of plate and boxtype of recombiners are presently available in RA-
LOC M0D4. The validation based on experimental results shows that the essential physical
phenomena like temperature behaviour, reaction rates and gas flows for different types can be
reproduced fairly well. The degree of nodalisation of the direct surrounding of the recombiners
has no direct influences on the characteristic of the models under the same thermohydraulic
parametric conditions. The overall structure of the models is flexible enough to simulate va-
rious types of recombiners. One dimensional model for the boxtype of recombiners (Siemens
and NIS recombiners) has been successfully applied for the postcalculation of experiments. The
stability of the models is sufficient enough for the application of detailed nodalisation with a
system of recombiners within a real plant under a tolerable computing time.

It can, however, be confirmed that for some single effects, sufficient experimental databasis are
lacking presently for further development and realisation of models.

This is specially true for cases like

Threshold value for the onset of catalytic recombination under various initial conditions
(present range: 0,7 • 10"3 - 1.116• 103 Kmol/m3)

Catalytic recombination of carbon monoxide under the simultaneous presence of hydro-
gen in gaseous mixture

Upper limiting value of reaction rate and temperature of the catalysts for very high hy-
drogen concentrations. Clarification of the question, under which conditions an ignition
of the gaseous mixture within a recombiner or at the outer wall of the housing can occur.

Consequence of oxygen deficiency in the gaseous mixture on the efficiency of recombi-
ners

However, for calculations to estimate the overall effectiveness of a system of catalytic recom-
biners for hydrogen removal during a severe accident in real containment geometries, the
achieved status of development of models as well as for validation can be considered as suffi-
cient.
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Experiment

Initial conditions

- Pressure [bar]

- Temperature [°C]

- Peak ^-concentration

- Steam concentration [Vol.-%]

Duration of the test [min]

Max. deviation between
experiment and calculation

- Hj-concentration [Vol.-%]

- Total pressure [bar]

- Bulk temperature [K]

- Outlet temperature [K]

2.2a

1.0

28

4.1

4

60

2.2b

2.2

35

3.9

2

80

Siemens

2.2c

2.2

97

3.9

41

80

Recombiner Test

2.2d

2.94

112

4.3

51

80

2.2e

3.76

125

3.8

61

80

2.2f

4.09

132

9.1

60

200

2.2g

4.23

131

14.1

59

250

<0.2

0.01

<5

(200)

0.5

0.05

< 10

25

0.5

0.05

10

50

0.4

0.05

10

(200)

0.3

0.1

15

30

0.7

0.1

15

(100)

1.8

(0.5)1

15

50

Table 1:
Selected Siemens recombiner tests, compared with some calculated results
(experimental results in brackets are uncertain)

1 Deviation at the end of experiment
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Experiment

Total volume

Configuration

Boundary conditions during the
test:

•r Pressure

- Humidity

- Temperature [°Cj range
upper region
lower region

- Peak ^-concentration [Vol.-%]
upper region
lower region

- Peak temperature of
catalyst [°C]

Experimental
realisation

Duration of the test [h]

Nodalisation used

Max. deviation between
experiment and calculation

- ^-concentration [Vol.-%]

- Bulk temperature [K]

- Plate temperature [K]

Gx4

Battelle Gx-

Gx5

•Experiments

Gx6

240 m3

Gx7.1

Network of five compartments

- 1 bar

in most cases saturated conditions

-65
- 40-60

3.8/3.0
3.3/5.5

360 / 330

- 8 5
- 50-70

3.8/2.0
1.5/4.5

380 / 350

- Steam injection into R5,1

- Injection into R5 (near,
upper region) + late
injection into R8 (far and
lower region)

- stratified conditions

20 25

- 7 0
- 7 0

3.2
3.9

-375

16 and R8 (see

- injection
into R8

- mixed
conditions

25

detailed nodalisation
(143 zones, 276 junctions, 245 structu-
res)

0.2/1.0

- 5

-20/50

-0 .5

— 5

-20/50

-0 .4

- 1 0

- 2 5

- 8 5
- 60-65

8.5
2.0

-560

Fig. 6)

- injection
into R5

- use of
igniters

- stratified
conditions

5,5

simplified
nodalisation

(5 zones)

-1.0 1

- 4 0

Table 2:
Battelle Gx tests used for validation and comparison with some calculated results
1 first part of the test
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Figure 6 Battelle Model Containment (BMC) Test Facility
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Time: COiOQ:0 .005 ' -

Figure 7 BMC Gx experiments: RALOC-Nodalisation of the banana compartments
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Figure 8 BMC Gx4 experiment: Hj-injection and reaction rates
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Figure 9 BMC Gx4 experiment: Temperatures in the different compartments
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Figure 10 BMC Gx4 experiment: Catalytic plate temperatures
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Figure 11 BMC Gx4 experiment: Hj-concentrations in different compartments
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Figure 12 BMC Gx4 experiment: Gas velocity through the recombiner box
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Figure 13 BMC Gx6 experiment: Hj-injection and reaction rates
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Figure 14 BMC Gx6 experiment: Temperatures in the compartments
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Figure 15 BMC Gx6 experiment: Catalytic plate temperatures
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Figure 16 BMC Gx6 experiment: Hydrogen concentrations in different compartments
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Figure 17 BMC Gx6 experiment: Gas velocity through the recombiner box


