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Abstract
Under accidental conditions, considerable amounts of hydrogen may be released into the

containment. Catalytic reacting surfaces in recombiners are a reliable method to recombine
this hydrogen and other burnable gases like carbon monoxide from the atmosphere in a
passive way.

Many experiments have been carried out to study the main phenomena occurring inside
recombiners, like the efficiency of hydrogen removal, the start-up conditions, poisoning,
oxygen starvation, steam and water impact, and others. In addition, the global behaviour of
a given recombiner device in a larger environment has been investigated in order to
demonstrate the effectiveness and to facilitate the derivation of simplified models for long
term, severe accident analyses.

These long-term severe accident models are complemented by detailed investigations to
understand the interaction of chemistry and flow inside a recombiner box. This helps to
provide the dependencies of non-measurable variables (e.g. the reaction rate distribution),
of local surface temperatures etc. to make long-term or system models more reliable. It also
offers possibilities for increasing the chemical efficiency by optimising the geometric design
properly.

Computational Fluid Dynamics (CFD) codes are available for use as development tools
to include the specifics of catalytic surface reactions.

The present paper describes the use of the code system CFX [1] for creating a
recombiner model. Some model predictions are compared to existing test data.
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1 INTRODUCTION
A loos-of-coolant accident may develop under very pessimistic assumptions into a

severe accident. This potentially involves the release of considerable amounts of hydrogen
into the containment.

As a counter measure the placement of catalytic reacting surfaces in the containment
has been developed. These start catalysing the oxidation of hydrogen very soon after the
first hydrogen is released into the containment. Their continuous and fully passive reaction
avoids the formation of high hydrogen concentrations in the containment atmosphere and
thereby rules out strongly accelerated combustion by random ignition sources.

Catalytic recombiners are available in a number of designs. They distinguish in the shape
of the reacting surfaces (mainly plate, pellet type or porous design) and the layout flow
conditions (natural or forced flow). The investigations reported in this paper are related to a
plate type recombiner under natural flow conditions, although different geometries or a
forced flow regime with a predefined flow can also be dealt with. One major plate type
design is illustrated in Fig. 1. In the lower section there is a cartridge of reacting sheets
which is flown through by the hydrogen containing gas. In order to increase the buoyancy a
convection shaft is placed above the arrangement of reacting sheets. The exhaust gas is
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leaving through an vertical exit area. The vertical orientation of this exit avoids the direct
contact of water drops from the containment atmosphere with the reacting sheets.

The consumption of hydrogen inside a
recombiner is governed by the speed of
natural circulation flow and species
diffusion, the availability of reacting
species at the inlet and others. To provide
optimal and reliable conditions and to
understand the main phenomena
involved, there is an interest in modelling
the internal processes inside a given
recombiner device in detail. This may be
helpful in the following ways:

Simplified approaches as they are
frequently used to describe the global
hydrogen recombination rates over long
times just by a correlation are very
dependent on the experimental situation
from which they were derived. This implies
uncertainties if the recombiner design or
the boundary conditions change.
- Some phenomena like the self start-

up capability, a decrease in
recombination efficiency at higher

Figure hydrogen1: Plate type catalytic
recombiner (Siemens)

species concentrations, gas phase
ignition and outside temperature stratification or counter current flow conditions and
others can be addressed.

- The geometry of a design, in particular the arrangement of reacting surfaces and the
conditions for heat removal, may be checked or improved to gain better performance.

The combined solution for a flow field in a two- or three-dimensional environment
depending on chemical reactions can be obtained from the general purpose CFD code CFX
[1] which also offers a number of interfaces for model extensions. For this code a surface
reaction model has been set-up. This is discussed next.

2 DESCRIPTION OF THE PHYSICAL PROBLEM
Phenomena inside a catalytic recombining device fall into chemical and physical

processes. The chemical reactions are predominant as they provoke the convective gas
flow through the device but they also depend on the availability of reacting gas flow species
by mixing and diffusion.

Figure 2 gives a schematic overview of internal recombiner processes which are
expected to occur and which are dealt with.

2.1 The Chemistry
Gas phase or homogeneous and surface or heterogeneous reactions follow the same

principal law for a given reaction j :
N aS N

R i =

It can be applied to an arbitrary number of forward and backward subreactions. Each
subreaction can depend on the molar concentration of all considered species [XJ. The
temperature dependence is expressed in the reaction rate coefficient k and can be
expressed as a superposition of potential and exponential functions in temperature:
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e~E* /RT with x = For BI, _ A * "T P^

This approach is also known as the modified Arrhenius law.

(2)
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Figure 2: Main transport phenomena along catalytic sheets

In recombiners the gas phase reactions can usually be neglected as the catalytic surface
reactions with considerably lower activation temperatures dominate.

With a running, that means heated, recombiner a summarising single-step reaction of the
form:

2 2 2
H2O (3)

can be used. Equation 1 now simplifies to one forward reaction and only the molar
concentration of hydrogen [H2] controls the reaction rate R r The rate coefficient k (Eq. 2)
does not have an explicit temperature term. This leads to:

R i =A*[H2]*e-E/RT =A*[H2]*e-T
-Ta/T (4)

2.2 Flow Phenomena
It is obvious that natural convection and diffusion of species in the main component of

the gas mixture which is considered to be nitrogen are prevailing in the gas phase. Natural
flow speeds are in the range of 1m/s (measurements). In general laminar flow can be
expected. This does not exclude some local turbulence along the reacting sheets as a
result of rough surfaces.

Through the boundary layer, gas species can find their way to the reacting surfaces only
by diffusion except at the inlet region of the recombiner where all over the flow area all
species are available with their initial concentrations.

The high energy output from the hydrogen-oxygen reaction results in a considerable heat
transmission from the surfaces by convection and radiation to the environment. Most of the
heat is removed by convection. Thermal radiation between the reacting sheets tends to
smooth the temperature profile along it considerably.
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3 DEVELOPMENT OF THE MODEL
In order to adopt the CFX code to the given problem of surface reactions a number of

modifications and extensions had to be applied.

3.1 The Geometrical Model
Figure 3 gives details of the recombiner device as it was used in the Gx-test series at

the Battelle-Model Containment (B-MC) [2]. This device contains 16 sheets of 0.15m height
0.116m depth and 0.0005m thickness with platinum coating on a stainless steel base. The
total height of the device is 1.6m with about 0.74m of channel length above the sheets to

assist natural
convection of
the hot exhaust
gas.

For the
description of
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phenomena
may
beneficial
model three
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Figure 3: Prototype recombiner device and its model for the CFX code

model is also shown in Fig. 3.

3.2 The Physical Description
For the chemical reaction a single-step surface reaction scheme according to equation 4 is
used with constants based on the analysis of available data:

R, =[H2]*2*e-1500/T[kmol/m2sJ (5)
To deal with the turbulence which may be generated along the sheets, a turbulent flow is

assumed generally.
Heat conduction is accounted for in the reacting sheets and the fluid.
Diffusion of the species hydrogen, oxygen and steam in the carrier fluid nitrogen is dealt

with carefully because it is the basic transportation mechanism of species close to the
reacting sheets.

Pressure boundaries are imposed at inlet and exit. With the geometric model according
to Fig. 3, radiative heat exchange between sheets and heat losses to the outside are
addressed by using the radiation package of CFX.
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4 DISCUSSION AND COMPARISON WITH EXPERIMENTAL DATA
Data are available from Gx-experiments that were carried out to study the hydrogen

decay in the B-MC [2] caused by a prototype plate-type recombiner (Fig. 3) under various
conditions. These experiments are related to hydrogen mitigation evaluation. They were run

for several hours and used a test volume of 210m3 distributed over several compartments.
Attention was paid to record temperatures, mole fractions and local velocities around and to
some extent inside the recombiner box.

For a basic validation of the model features, steady-state situations were selected from
two experiments. Two sequences with almost equilibrium conditions were identified, one
with a low hydrogen mole fraction of 2.93% (Gx6 at 5.5hours -later referred to simply as
Gx6-, 30% steam) and the other with a higher value of 8% (Gx8.1 at 6.1 hours -later referred
to simply as Gx8-, 60% steam). In the recombiner inlet region, with almost uniform
distribution, temperature, hydrogen mole fraction and velocity are available. From the
sheets there are only two surface temperatures available.
For both simulations the steady-state option of CFX is used starting from completely calm
initial conditions. At the beginning of the calculations, measured inlet values are distributed
throughout the box model and at the inlet pressure boundary. Then the chemical reactions
start and the flow develops. In the simulations the total pressures at inlet and outlet are set
to the single value measured elsewhere in the model containment.

Figure 4: Shaded contours of hydrogen (left)and oxygen (right) mole fractions along the
reacting sheets for low hydrogen inlet fraction (Gx6)

In the first test case (Gx6) the hydrogen mole fraction of 2.93% is low compared to the
available oxygen. Therefore, reactions along the sheets are limited by the availability of
hydrogen rather than by oxygen. This is illustrated in Fig. 4. There shaded contours of the
mole fraction distribution of hydrogen show that a boundary layer develops starting in the
lower section of the sheets. Into this boundary layer, some hydrogen enters by diffusion and
turbulence is created by surface roughness. This keeps reactions running and widens the
boundary layer along the sheets. At all locations oxygen is in excess (right side of Fig. 4)
and does not deplete. A different appearance concerning oxygen can be seen in Fig. 5.
Due to higher steam and hydrogen fractions for the second simulation case (Gx8) oxygen is
almost completely consumed around the sheets resulting in an earlier higher hydrogen
fractions in the exhaust gas. This finding which is also recognised as a decrease in the
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recombination efficiency is in good accordance with the measurements (to be compared in
Tab. 1).

r*

Figure 5: Shaded contours of hydrogen (left) and oxygen (right) mole fractions along the
reacting sheets for high hydrogen inlet fraction (Gx8)

For the sheet nearest to the housing wall (left edge of pictures in Fig. 4 and 5), reactions
and therefore hydrogen or oxygen consumption are weaker compared to an inner
recombiner sheet (right edge of pictures in Fig. 4 and 5). There the transport of species to
the reacting surface is obstructed by the wall and the hydrogen depleted zone finally covers
all the gap between sheet and wall. About two or three sheets from the wall an almost
symmetric flow pattern develops. From there the following sheets to the inner part of the
recombiner will show the same behavior.

Table 1 .Comparison of experimental findings

Entrance of device:
Gas temperature [K]
H2 mole fraction [%]

Speed [m/s]
Sheets:
Max. surface temp. [K]

Heat release per sheet [W]

Hydrogen consumption [mg/s]
Outlet of device:
Gas temperature [K]
H2 mole fraction [%]

Speed [m/s]

Gx6 (5.5h)
Experiment

355
2.93
0.88

535-6322)

2051)
1.71

513
0.4

Simulation

355
2.93

1

620

209

1.74

502
0.4

1.1

to CFX-simulations
Gx8(6.1h)

Experiment

373
8

0.85

550-7502)
4721)
3.94

675
1-1.5

Simulation

373
8

1.1

965

570

4.75

735
0.6

1.6
1) calculated from balances,
2) Only at two locations measured, peak unknown

For the simulations, the values for temperature and gas composition at the entrance of
the device are set to measured ones. The flow speed is calculated. In the outlet section for
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the second test case (Gx8) the remaining hydrogen in the exhaust gas is too low and the
gas temperature too high. This is an indication of existing uncertainties mainly in the kinetic
reaction constants (Eq. 5). Specially designed experiments to produce a more detailed
database for these parameters are currently under preparation.

The available experimental surface temperatures at the reacting sheets are not suitable
for comparing calculated profiles but give an indication of the right tendency.

In summary, with the available data, which is not primarily designed for validating a
detailed recombiner model, the CFD model gives quantitatively comparable results and can
be used for further studies.

5 CONCLUSIONS
The derivation of a detailed catalytic recombiner model is described. This recombiner

model allows much closer insights into the processes along catalytic surfaces than previous
models could do. Results obtained so far may be used to support global and long term
severe accident model development and verification. As an example the distribution of
chemical reaction rate along a sheet surface can be quoted.

Some aspects of the inter-linked internal recombiner behavior cannot fully be checked
against existing data. Additional experiments with detailed instrumentation are currently
being considered.

Potential applications of the developed fluid model include the investigation of some
operational aspects like reverse flow through the recombiner, the transitional behavior and
studies on design modifications to increase the hydrogen removal efficiency.
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NOMENCLATURE
A =
E =

1

k =
R =

j

T =
[X] =

Greek
a =

ji

PF,B=

^icp =

Pre-exponential Factor,
Activation Energy,

Rate Coefficient,
Reaction Rate,

Temperature,

Molar Species Concentration,

Letters
Forward Rate Exponent,

Temperature Exponent,

Backward Rate Exponent,

Subscripts
B =
F =

Backward Reaction
Forward Reaction

kmol.m.s
J/kmol

kmol.m.s
kmol/s

K

kmol/m^

-

-

-

i = Number of Species
j = Number of Reaction
N = Total Number of Species
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