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Introduction
During hypothetical core melt accidents steam and hydrogen can be released into the containment of pressurized
water reactors. Without counter measures flammable mixtures may form and cause combustion loads that could
threaten the integrity of the containment. Such accident sequences have a very low probability of occurrence and
are outside of the current design envelope. Nevertheless as a measure for a further risk reduction most German
PWR’s are currently being equipped with catalytic recombiner boxes by the plant owners. They contain arrays of
plates coated with a platinum catalyst that is designed to reduce the hydrogen concentration in time to prevent
the accumulation of detonable hydrogen clouds under such conditions. The safety improvement achieved with
such recombiner boxes has recently been demonstrated with 3D CFD simulations for a German Konvoi type
PWR for a given positioning concept of recombiner boxes of the Siemens type [1]. For the hydrogen mitigation
one considers now also the use of catalytically coated surfaces so-called foils as an alternative. These catalytic
foils are easier to install than boxes. They could in principle be used to coat any available structure in the containment and would allow distributing the recombination process over larger surface areas. Forschungszentrum
Karlsruhe and Forschungszentrum Jülich have an ongoing hydrogen program that is funded by the Helmholtz
Gemeinschaft Deutscher Forschungszentren. One objective of this project aims at developing and testing different catalytic foil materials and evaluating their mitigation potential under hypothetical accident conditions with
3D-CFD simulations for a full reactor containment using representative source terms for steam and hydrogen [2].
We contribute also to the so-called THINCAT Project [3] supported by the European Union that focuses on the
catalytic coating of thermal insulation materials. We are using the GASFLOW code [4] for simulating the steam
hydrogen distribution in the containment and have recently developed a new model for hydrogen recombination
that calculates the behavior of the catalytic foils during such simulations. This contribution describes this model
and the results we obtained from applying it to the HDR test E11.8.1 [5]. This test measured the behavior of a
catalytically coated foil that was excentrically positioned in a spherical tank and exposed to a steam/hydrogen/air
atmosphere (fig. 1). The contribution is organized in three parts, the description of the model, the results from
the model application that will also give the details of the test conditions and the conclusions in which we will
also outline the planned further applications of this model.

Fig. 1: The Catalytic Foil Test HDR E11.8.1, air-, hydrogen-source and containment pressure
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Model
The model for catalytic foils in GASFLOW (fig. 2) considers structure surfaces with a special structure material
index to recombine hydrogen and oxygen from the fluid node adjacent to such structure. It removes the mass and
energy of steam and hydrogen from the fluid node (∆H2, ∆O2), adds their heat of recombination (242 kJ/mol) to
the heat conduction node on the surface of the structure (qrec), and returns 1 mole of steam per removed 1.5
moles of hydrogen and oxygen with the steam energy of the foil surface temperature (∆H2O). If not enough
oxygen is available, the oxygen concentration controls the reaction rate.
1D Heat conduction into the structure and radiative and convective cooling of the structure surface (qrad, qconv)
determine the structure surface temperature. GASFLOW applies an orthogonal grid. A fluid node can be bounded
in the limit by up to 6 different catalytically coated structure surfaces (fig. 2 gives two surfaces as an example).
The structure underneath the catalytic foil is considered as composite material with thermal conductivities and
heat capacities that can differ in each heat conduction node. The user can define so called walls, where hydrogen
recombination, 1D heat conduction and heat exchange are simulated from both sides for a given number of heat
conducting nodes in the wall. The walls are located on the boundaries of the computational mesh. They block
the flow perpendicular to the mesh without taking away flow volume. GASFLOW also allows the definition of
catalytically plated slabs. These are thicker structures, so called obstacles that take away flow volume from the
3D mesh. 1D heat conduction is simulated into these slabs which are generally quite thick. The heat flow into
these structures is simulated in a 1D heat conduction mesh with a given number of meshpoints and an inner
boundary that is either adiabatic or kept at a given temperature. The implemented algorithm identifies all recombining structure surfaces around a fluid node and recombines hydrogen proportional to the recombining surface
areas that bound the fluid node.
The foil model has been developed for realistic containment geometries that are represented in a coarse fluid
mesh. The heat transfer is calculated with the Reynolds analogy between the momentum and thermal boundary
layers from a logarithmic wall function applying a free slip flow boundary condition [4]. Molecular and turbulent diffusion of hydrogen, oxygen and steam are simulated also in the coarse mesh. But the recombination rate
on the catalytic foil is determined dependent on the hydrogen volume fraction (vfH2) and wall surface temperature
(Tsurf) from experimental data because the mesh is generally too coarse near the wall. Figure 2 shows the applied correlation for the hydrogen recombination in HDR test E11.8.1 that was developed by Chakraborty [6].
The foil recombination is diffusion controlled and grows largely linear with the hydrogen concentration with
only little dependence on the surface temperature in the temperature range of interest (Tsurf> 500K). Newer
findings from foil tests in Jülich [7] suggest to neglect the temperature dependence of the recombination rate in
such recombination processes because they are only diffusion controlled. In a simple geometry GASFLOW
could directly simulate the hydrogen diffusion near such recombiner foils also in a first principle approach without experimental correlations. This will require finer nodalisations and a consistent description of momentum,
heat and mass transfer to the catalytic foil applying new wall functions for no slip boundary conditions [8].
The radiative cooling of the hot foil surfaces is simulated with the radiation transport model from GASFLOW
[9]. It calculates radiation transport through an absorbing emitting medium applying a P1 approximation for the
direction dependent radiation intensity. The model calculates the radiation heat flux without view factors. It is
applicable in arbitrary 3D geometries. But as is the case with neutron diffusion, which cannot be simulated in a
vacuum, the model requires a certain radiation absorption in the gas. The model has indeed been developed for an
absorbing gas mixture with a sizeable steam content.

Fig. 2: Catalytic Foil Model for Hydrogen Recombination in GASFLOW and Applied Correlation [6]
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Results
The HDR test E11.8.1 with a
catalytically plated foil was performed in an atmosphere with a
high steam content. The spherical
steel tank for the test had a volume
of 9.5 m 3, was insulated on the
outside and was initially filled
with steam. A foil that was catalytically coated on both sides was
excentrically positioned in this
tank. Air (8.5 Nm3) from the top
and then hydrogen (2.4 Nm3) from
the bottom were added to this
Fig. 3: GASFLOW Simulation of HDR Test E11.8.1 with Thin Foil
steam atmosphere over 600 s and
Recombiner and Radiation Transport (Conditions at 1100s)
400 s, respectively and the hydrogen and steam concentrations and
the gas and foil temperature were measured for over an hour. The pressure increased from an initial 1.2 to 2.7 bar
during the air and hydrogen injection and subsequently decayed from the reduction of the gas moles during the
ongoing recombination (fig. 1).
GASFLOW simulated this experiment in a 3D Cartesian model for the tank with 15 nodes in the x-, y-, and z
direction (3375 physical cells). The code predicts the measured gas pressure during the initial air and hydrogen
injection into the steam atmosphere quite well. The steam volume fraction reduced from 100% to 60 % during
the air-hydrogen injection. The gas mixture never became flammable. GASFLOW underestimates the pressure
decay during the recombination. This is likely to come from the neglected heat loss through the manhole. We
considered only the heat capacity of the steel tank with a thickness of 2 cm assuming an adiabatic outer boundary
everywhere. Figure 3 shows the 3D-geometry model with the catalytic foil. Included is a snap shot with the
calculated conditions at the end of the hydrogen injection at (1100s). Displayed are the calculated isosurface of
the hydrogen cloud with 14 Vol%, the 150 C isosurface of the hot gas cloud around the catalytic foil and the
temperature distribution on the foil surface.
Surface temperatures of the foil are indicated by the colored panels and vary from 370 to 430 C at this time. The
foil is simulated as 24 wall panels that are catalytically active on both sides. 1D heat conduction is calculated
through each panel using 20 heat conduction nodes. The thin plate (1 mm) with the high thermal conductivity of
steel brings about identical temperatures on the front and back of each panel. Note that calculated foil temperatures are higher at the lower end and in the two outer rows of the panels which see higher hydrogen concentrations from both sides. The ongoing hydrogen injection forms a rising source jet that is deflected near the upper
tank wall. Hydrogen rapidly mixes and diffuses into the containment atmosphere after the injection. The recombination reduces the hydrogen concentration near the catalytic foil. The jet deflection and the form of the gas
temperature isosurface with 150 C indicate a downward circulation path on the right side of the foil that transports further hydrogen from the source jet to the foil while moving down some of the hot recombined steam.
The tank temperature is
indicated through the
colored panels in the left
of figure 3 and varies
between 100 and 110 C.
Radiative and convective
heat transfer from the hot
foil bring about higher
tank temperatures above
the foil and on the vessel
side nearer to the foil with
an asymmetric temperature distribution that is
controlled by the simulated radiation transport.
The calculated and measured hydrogen volume
fractions for test E11.8.1
are compared in figure 4 at
the indicated sensor locations. The sensors sh1 and

Fig. 4: Measured and Calculated H2 Concentrations in HDR Test E11.8.1
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sh4 were located 10 cm
away from the foil, the
sensor sh5 on the other
side near the axial midplane, 30 cm away.
GASFLOW
applied
10 cm
fluid nodes
adjacent to the foil
surface. The calculated
hydrogen concentration
agrees quite well with
the measured data, that
peak around 12 Vol%.
The good diffusion
properties of hydrogen
lead to a rapid atmospheric mixing in the
calculation, which is
also seen in the exFig. 5: Measured and Calculated Surface Temperatures of the Recombiner Foil
perimental data. An
exception are the sensor
data sh5 in the lower right that indicate a higher residual hydrogen concentration for the low location far away
from the foil which is likely to come from hydrogen air sedimentation due to the steam condensation at the man
hole. The measured surface temperatures on the recombiner foil peak at 600 C (fig. 5) The highest foil temperatures occur at the lower end of the foil (ft12). High surface temperatures are also measured at the upper end (ft8)
where the increase occurs with some delay relative to the lower end. They can be explained with the calculated
downward circulation from GASFLOW (fig. 3) and are in good agreement with the calculation. The two sensor
data given for ft12 and ft8 refer to two symmetrically located thermocouples. GASFLOW pictures the measured
temperature peaks at the edges and near the axial midplane of the foil quite well with an emissivity value of 0.7
for the foil surface. Without radiative cooling the calculated foil surface temperatures would exceed 1000 C and
be quite unrealistic. The calculated foil surface temperatures peak at similar values as the sensor data, but then all
show a somewhat faster decay. GASFLOW simulated an ideally plane foil surface. The foil was actually coated
by a fiber glass filter with an unknown surface and net porosity, which may allow for some trapping of the
recombination energy and bring about some impedance to the radiation heat transfer. Radiative heat transfer is
largely responsible for the calculated temperature increase on the tank surface (ft14) which is calculated to be
only marginally above the sensor readings.
Conclusions
The analysis of the HDR test E11.8.1 with the new catalytic foil model in GASFLOW and with simulation of
the radiation transport from the catalytic foil surface shows a quite good agreement with the experimental data.
We will perform scoping calculations with this model now for full reactor containments. New experimental
correlations for the hydrogen recombination rate in dependence of the hydrogen concentration that are being derived for such foils with different densities of the platinum coatings will be applied in this analysis.
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