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ABSTRACT

In order to reduce the accumulation of hydrogen and thus to mitigate the risk of a combustion, passive
auto-catalytic recombiners (PARs) have been installed within LWR containments in many countries. The
severe hydrogen combustion events in the recent Fukushima—Daiichi accident are likely to imply an
increased demand in upgrading nuclear power plants with PARs. Numerical simulation is an important
tool in order to assess PAR operation during a severe accident in terms of efficiency and proper
installation. For the quite challenging boundary conditions during a severe accident, including e.g. low
oxygen amount, high steam amount, presence of carbon monoxide, advanced numerical PAR models are
required. The REKO-DIREKT code has been developed in order to provide a PAR model capable to
simulate complex PAR phenomena and at the same time being suitable for implementation in thermal
hydraulics codes.

The development of REKO-DIREKT was supported by small-scale experiments performed at JULICH in
the REKO facilities. These facilities allow to study PAR related single phenomena such as reaction
kinetics under different conditions including variation of steam, oxygen and carbon monoxide (REKO-3)
and the chimney effect (REKO-4). Recently, the code has been validated against full-scale experiments
performed in the THAI facility at Eschborn/Germany in the framework of the OECD/NEA-THALI project.
By this, the code has proven its applicability for different PAR designs and for a broad range of boundary
conditions (pressure of up to 3 bar, steam amount up to 60 vol.%, low-oxygen conditions). REKO-
DIREKT has been successfully implemented in the commercial CFD code ANSYS-CFX as well as in the
LP code COCOSYS (GRS, Germany).

The paper gives an overview of the basic code features and development steps. Different
validation steps are presented from stand-alone application to the analysis of a full experimental
transient by means of code coupling with the CFD code ANSYS CFX 15. The consistent
representation of all test parameters underlines the good predictive capabilities of the modelling
approach.
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1. INTRODUCTION

Passive auto-catalytic recombiners (PARs) are the key element for the mitigation of combustible gases
during a severe accident in LWRs in many European countries [1]. The proper implementation of PARs
inside the containment (required number of units, optimum location) depends on expert judgement
supported by numerical tools enabling the simulation of PAR operation inside the containment under the
boundary conditions of a severe accident.

In the last decades, different modelling approaches have been developed in order to describe the
operational behavior of PARs in terms of achievable hydrogen conversion rates. More recently, modelling
approaches have emerged from simple parameter models towards more detailed and mechanistic models
[2]. One of these approaches is the REKO-DIREKT code developed at JULICH.

The modelling approach of the REKO-DIREKT code (Fig. 1) includes two basic elements: PAR
operation is modelled as the interaction of the recombiner chimney and the catalyst section. The chimney
induces a vertical buoyant flow which can be described as a function of the density difference between
the hot gas inside the chimney and the cold gas outside the PAR box. The resulting mass flow is
transferred to the catalyst section model where heat and mass transfer occurring between the catalyst
sheets and the bulk flow are calculated. For this purpose, the catalyst geometry is reduced to one single
channel formed by two catalyst plates. The catalytic reaction is described with a mass transfer approach,
i.e. species diffusion through the boundary layer is assumed to be the relevant reaction step and no
chemical reaction on the catalyst sheets is calculated. A detailed description of modelling the catalyst
section is given in [3], while the chimney model is described in detail in [4].

* buoyant chimney flow
+ pressure losses

ol e

Il + catalytic reaction
[ + heat/mass transfer

= —

Figure 1. REKO-DIREKT general modelling approach.

The principal development strategy is illustrated in Fig. 2. The development of REKO-DIREKT has been
supported by experiments which have been performed in the REKO test facilities at JULICH. REKO-3
tests aimed at investigating the steady-state conversion rates and catalyst temperatures of the catalyst
section [5]. REKO-4 tests were performed in order to optimize the chimney model [4]. In REKO-1,
specific phenomena e.g. the ignition potential at hot catalyst sheets have been studied [6]. In order to use
REKO-DIREKT for numerical scenario analyses, the code has been successfully coupled to CFX
(ANSYS) [7] and more recently to COCOSYS (GRS) [4]. While the latter coupling is still under
validation, the application with CFX is already successfully applied in simulations of PAR operation.
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Figure 2. REKO-DIREKT: Development, validation and application.
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2. CODE DEVELOPMENT

A comprehensive experimental program has been performed — and is still on-going — in order to
understand PAR operational behavior and to support model development (Tab. I). The test matrix includes
basic PAR operation (dry atmosphere, chimney effect) as well as challenging conditions as expected to
occur during a severe accident including high humidity, oxygen starvation, and presence of carbon
monoxide.

Table 1. Experimental program on PAR behavior

Tests Facility
Recombination in dry
atmosphere REKO-3 &
Recombination in wet
atmosphere REKO-3 o
Recombination under O, y
starvation conditions REKO-3 (& o
&) Finalized
Parallel recombination of z
hydrogen and carbon monoxide| REKO-3 &
On-goin,
Ignition on hot catalyst REKO-1 A Foing
surface 2 \ 7,
Catalyst poisoning by
carbon monoxide REKO-3 \ 7
Catalyst poisoning by
cable fire products REKO-1 A
Chimney effect REKO-4 L/
Adverse flow conditions REKO-4 €

The numerical model of the catalyst section includes a mass transfer approach for the catalytic reaction of
hydrogen and carbon monoxide with oxygen. At the same time, heat transfer by conduction, convection,
and heat radiation between the catalyst sheets is taken into account. The corresponding energy balance is
solved for one single gas channel limited by two catalyst sheets on each side (Fig. 3). In order to provide
suitable data for model optimization, the temperature distribution on the catalyst sheets as well as the
hydrogen and carbon monoxide depletion along the catalyst sheets are measured under well-defined
boundary conditions inside the REKO-3 test facility (Fig. 4, left) which represents a PAR section with
four catalyst sheets. Fig. 5 shows typical steady-state measurement data. The model provides very good
overall agreement with the experimental data base.
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Figure 4. REKO-3 facility (left), REKO-4 facility (right).
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The chimney model is based on the momentum balance for a vertical chimney. Main model parameters
are here the flow resistances at the PAR inlet, outlet, inside the catalyst section and inside the chimney.
Experiments for model optimization have been performed inside the REKO-4 test vessel (Fig. 4, right)
using different chimney designs [4]. Calculated flow velocities are in good agreement with the
experimental data. Fig. 6 shows representative results for experiments at a vessel pressure of 1.5 bar.
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Figure 6. Comparison of measured and calculated flow velocities at the PAR inlet [4].

3. CODE VALIDATION

In the frame of the OECD/NEA-THAI and THAI2 projects [9], a total of 37 experiments using different
PAR types provided by the manufacturers AREVA, NIS, and AECL have been performed (“HR” test
series). As these PARs differ in design and size, these experiments provide a comprehensive data base for
the validation of both stand-alone PAR codes as well as coupled PAR/thermal hydraulics codes under a
broad range of boundary conditions. Consequently, the data has been used for validation of the REKO-
DIREKT code and demonstration of the versatility of the code for full-scale PAR application.

3.1. Description of the Experimental Database

The THAI facility, operated by Becker Technologies in Eschborn/Germany, is a cylindrical vessel with a
free volume of approx. 60 m* (Fig. 7). Hydrogen is injected through a ring feed line located at the vessel
bottom. Higher pressures up to 3 bar are realized by additional air injection. The vessel atmosphere may
be heated by steam and by the vessel walls. Additional steam and oxygen injections are performed as
required by the corresponding test matrix [9]. During the HR tests, the PAR is attached to the outer wall
of the inner cylinder. Each PAR is equipped with an instrumented inlet channel which has the same flow
cross section as the corresponding PAR.

Most of the experiments are performed according to the following procedure: Hydrogen is injected up to a
concentration where no ignition is presumed to occur. After reaching the target concentration, the
injection is stopped and the recombination process continues until a small amount of residual hydrogen is
left inside the vessel. Then, the second injection starts and is maintained until ignition at the PAR occurs.
Injection is stopped and the recombination process continues until hydrogen is almost completely
consumed except for small residual amount < 0.5 vol.%. A few tests differ from the procedure described
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above in order to investigate specific phenomena such as multi-ignition or start-up and operation under
oxygen starvation conditions.
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Figure 7. THAI vessel (right) and experimental set-up (left) [9].

The HR test series can be roughly grouped according to the following test parameters:
- Initial vessel pressure (1.0 — 3.0 bar)
- Steam amount (0 — 60 vol.% corresponding to elevated temperatures)
- Tests where partially or permanently the oxygen concentration is below the required minimum for
optimum hydrogen conversion (‘oxygen starvation’).
- Tests where ignitions were intentionally provoked.

A number of 32 of these tests are used in the present code validation. In the present study, only PARs of
AREVA and AECL design are taken into account as the used catalyst sheets are directly suited for
modelling with REKO-DIREKT. Modelling NIS PARs which contain cassettes filled with catalyst pellets
requires pre-tests with original material.

The full database of each test includes measurements of the THAI vessel (wall temperatures), the vessel
atmosphere (gas temperatures, gas concentrations, total pressure), and the PAR (gas temperatures, gas
concentrations, catalyst temperature, flow velocity). The most relevant measurements at the PARs are (see
Fig. 8):

- Gas temperature at the PAR inlet (KTFin) and outlet (KTFout) as well as immediately above the
catalyst sheets (KTFgas)

- Catalyst temperatures (KTWCcat) at different positions of the catalyst sheets

- Hydrogen concentration at the PAR inlet (KCHin) and outlet (KCHout)

- Oxygen concentration at the PAR inlet (KCOin)

- Flow velocity at the PAR inlet (KVTin)

- PAR box temperature (KTBin, KTBout)
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Figure 8. Instrumentation of AREVA PAR (left) and AECL PAR (right) [8]; boxes indicate data
used for code validation (blue: input data, green: output data).

3.2. REKO-DIREKT Validation (stand-alone)

For the calculation of the HR tests, the required input data retrieved from the experiments are the gas
temperature and gas composition at the PAR inlet as well as the pressure. As an example, the results of
two tests are discussed in detail (HR-3 for the AREVA PAR, HR-19 for the AECL PAR). Finally, the
validation results for all test calculations are summarized.

Test HR-3 starts at dry atmosphere while test HR-19 includes a 25 % steam atmosphere. Both tests are
performed at an initial pressure of 1.5 bar. Fig. 9 (top) shows the history of hydrogen concentration
measurements. The hydrogen injection into the THAI vessel causes an almost linear increase of the
hydrogen concentration at the PAR inlet (blue). After injection stops, PAR operation causes the hydrogen
concentration to decrease. The three concentration measurements at the PAR outlet follow the inlet
concentration value until the recombination reaction starts. For the AREVA PAR, the agreement between
calculation (black) and measurement is very good over the whole experimental time period. For the
AECL PAR, the measurement values differ quite significantly. Although the calculated values (black) are
within the measurement range, an estimation of the quality of the calculation is not possible.

The course of the experiment is further illustrated by the history of the catalyst temperature measurements
(Fig. 9, middle). The start-up of the exothermal hydrogen reaction causes a steep increase in the catalyst
temperature. For the AREVA PAR, the catalyst temperatures measured at the lower edge of three different
catalyst sheets (see Fig. 8) show quite similar values. The calculated maximum temperature (black) is in
very good agreement and only slightly underpredicts the peak value of the injection phase. Major
deviations are visible during the hydrogen depletion phase where the catalyst temperatures decrease too
slowly in the calculation. This kind of deviation can be found in all calculated HR tests. For the AECL
PAR, the calculated catalyst temperatures are in reasonable agreement with the values measured at
different catalyst positions (see Fig. 8) during the whole transient.

The comparison of measured and calculated flow velocities at the PAR inlet is given in Fig. 9 (bottom).
The flow velocity rises steeply after the start of the reaction and reaches its peak value at the end of the
injection phase. Although deviations exist during the start-up phase, the calculated peak values as well as
the values during the depletion phase (black) are generally in good agreement for both PARs.
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In order to assess the overall performance of REKO-DIREKT taking into account the entire HR database,
the peak values at the end of the injection phase (see Fig. 9) of the relevant parameters hydrogen outlet
concentration, maximum catalyst temperature, and flow velocity of all tests are compared with the
calculation results. A small number of experiments which didn’t include an injection peak are not
represented in this assessment.

Fig. 10 (top left) shows the comparison of measured and calculated outlet hydrogen concentrations. For
both PAR types, an average value of the concentration measurements has been used. The diagram shows
very good agreement for the AREVA PAR (open symbols), for most tests within +/- 10 %. Only test HR-
13 is far out of range. For the AECL PAR (closed symbols), the deviation towards the measurements is
within the range of up to 15 %. Calculations of experiments with and without steam reveal similar
deviations. In Fig. 10 (top right), measured and calculated maximum catalyst temperatures are compared.
The agreement of the calculated results is excellent for tests in dry atmosphere (squares) for both PAR
types. For tests with steam (triangles), the experimental data are systematically overestimated in the
approximate range of 10 — 15 %. The reason for this systematic deviation might be neglecting the heat
radiation adsorption of steam between the catalyst sheets in the model. Measured and calculated flow
velocities are compared in Fig. 10 (bottom). The deviation of most of the calculated results is well below
10 %. As for the calculated hydrogen concentrations, no systematic discrepancies for experiments at
clevated pressure or at high steam amount can be observed.
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3.3. Validation of the Coupled RD-CFX Approach

In order to simulate PAR operation as well as its interaction with the hydrogen transport inside
containment compartments, RD has been coupled explicitly to the commercial CFD code ANSYS CFX
15 [10]. Data handling between RD and CFX is performed by means of the CFX Memory Management
System (MMS), which can be accessed by both codes. The coupling is performed on a master-slave base,
i.e. the RD execution is fully controlled by CFX. For this purpose, the program flow of RD has been
modified to run only a single time step for each call. All variable fields are stored in the MMS and read
out as an initialization for the next RD call. Figure 11 illustrates the domain decomposition and interface
data handling of RD and CFX. Basically, the full PAR can be modeled by RD, while for the THAI
validation the flow inside the chimney is resolved by CFX in order to allow for a consistent representation
of the exhaust gas plume.

The necessary input parameters for a RD run are provided by CFX. Besides the geometrical information
of the PAR and the CFD time step size these are the averaged gas composition and temperature at the
PAR inlet cross section as well as the absolute pressure level. Based on this information, RD predicts the
gas, catalyst and box temperature, the change of the gas composition along the catalyst sheets as well as
the gaseous mass flow through the PAR. This mass flow and PAR outlet conditions are fed back to the
CFX simulation afterwards. The heat transfer rate between gas and PAR box is calculated based on the
averaged PAR box temperature, provided by RD and handed back as an input to the RD.

large scale application, small scale application
coarse mesh (e.g. PWR) (e.g. resolving the plume @ THAI )

{ll PAR Outlet
o mox, T

PAR OQOutlet
m, %, T
PAR Inlot [t L2
mx%,T,P .'fl‘xi,T,P
Figure 11. Principle domain decomposition and interface data handling for large scale application
(left) and detailed resolution of the chimney flow used for the THAI validation (right).

A more detailed description of the code coupling and data management is given in [11]. The CFD
approach based on the SST model used to predict the transport and mixing of hydrogen has been
extensively validated for containment typical flows e.g. [12], [13] or [14]. The systematic assessment of
the coupled approach is performed in based on the validation of the stand-alone version in two further
steps: A simple 2D channel domain allows to prescribe the PAR inlet conditions according to the
experiment. In comparison with the stand-alone version any effects of the coupling on the results can be
identified. It also provides reference results in order to separate possible discrepancies in the CFD model
of the hydrogen mixing in the 3D THAI test transient. In order to allow for a separation of different
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process parameters, the validation scheme includes five tests with increasing complexity out of the THAI
HR data base for AREVA PARs:

- HR2/HR3/HRS5 - effect of pressure in dry atmosphere,
-  HRI12 - effect of humid atmosphere and late oxygen starvation,
- HR35 - effect of early oxygen starvation.

Based on the simplified geometry (Fig. 7, right), two hexahedral grids have been built (Fig. 12) taking
into account the common Best Practice Guidelines ([15], [16] and [17]) as well as code specific
recommendations [10]. The grids are refined in the vicinity of the PAR and above the H, feed line
considering the gradients due to the rising H, rich plume and the PAR in- and outflow. In the sump and
the upper free volume of the facility, the mesh is evenly distributed. The standard grid is used for the
majority of validation runs, while the reference grid, refined by a factor of ~2 in each spatial direction, is
used in order to prove grid independency of the CFD solution.

Nymemum_ Intume_u_x_ddn!ﬂ-

Nodes  310.000 Nodes  1.706.000
Y <100 ¥y <20
faceangle >31" ¢ face angle  >31°
aspectratio <30 {l aspectratio <30

volume ratio <14 volume ratio <10

Figure 12. THAI-HR g.rid hierarchy: standard grid (left), reférence grid (fight).

The atmospheric transport and mixing processes inside the THAI vessel are described by an unsteady
Reynolds Averaged Navier Stokes (U-RANS) approach, closed by ideal gas equations of state and the k-®
based shear stress transport (SST) turbulence model. The latter includes additional terms in order to
describe turbulence production and dissipation due to buoyancy. Species mixing is considered by
additional transport equations for H,, O, and H,O. The mixture properties and molecular diffusion
coefficients are evaluated depended on mixture temperature and composition according to [18]. The
model considers conjugate heat transfer, i.e. it represents the relevant heat capacities of the vessel walls
and the inner cylinder. Heat losses through the insulated vessel walls are considered by means of an
effective heat transfer coefficient of 0.75 W/m2K at the outer boundary. Radiative and convective heat
exchange between the PAR box and the gaseous atmosphere is modeled by means of a Monte Carlo
radiation model. Wall condensation is represented based on a single phase diffusion layer model. The
hydrogen injection is modeled by means of an inlet boundary condition and a prescribed time-depended
injection rate and temperature according to the experimental transient. Gas sampling of in total 600 1/h is
considered by means of 16 volumetric continuity sink points at the corresponding measurement positions.
The PAR itself is modeled by means of an inlet and outlet boundary condition (mass flow, gas
temperature and composition) and a thermal wall boundary condition, which is delivered by the RD-CFX
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interface. The only physical input data defined for REKO-DIREKT are the geometric dimensions of the
PAR. In order to allow a better comparison of experiment and simulation, the PAR start-up is artificially
defined according to the experimental timing and not, as usual, by means of a minimum concentration of
reactants.

The very good predictive capabilities of the coupled approach are demonstrated by means of the test
HR12, performed at elevated pressure of 3 bar gas temperature of ~120 °C and relative humidity of 60 %.
Due to the low oxygen content, oxygen starvation occurs after the second injection of hydrogen.
Considering the transport of O, and H, to the PAR inlet, the resulting conversion rate and heat release
(Fig. 13) characterized by the exhaust gas temperature.

KeHout. <4 ||

w @
g C 5
= a o
= = 2
£ g o
c KCHin | @
2 xcok!--t|> S 5
c L= ™

m
o o o
o E =
o8 8 ﬂJ
e ) =
z : :
o < a

o

02 starvation
PR bt e 5
o 5000 10000 15000 0 5000 10000 1500 o 5000 10000 15(

time [s] time [s] time [=]
Figure 13. HR12: Comparison of PAR in-and outlet concentrations (left) and resulting reaction
rate (middle) and PAR temperatures (right).

The buoyancy driven chimney flow induced by the hot exhaust gas is predicted in good agreement with
the measured inlet velocity (Fig. 14, left). The buoyant flow inside the facility is rather complex, however
it is identified that the concentration and gas temperature levels in the dome region, inside the inner
cylinder, the annular compartment and the vessel sump are well predicted. The overall vessel pressure is
over predicted with increasing time which indicates a slight discrepancy in the gas to wall heat transfer.

PAR inlet velocity [m/s]
Vessel Temperature [*C]

Vessel H; concentrations

wr |+

Pl
0 5000 10000 150 0 5000 10000 150( 0 5000 10000 150
time [s] time [s] time [s]

Figure 14. HR12: Comparison of PAR inlet velocity (left), vessel atmosphere temperature and
pressure (middle) and hydrogen distribution inside the vessel (right).
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The presented test scenario, as well as the others considered in the validation scheme, are predicted quite
consistent to experimental transient regarding all available measurements as well as derived quantities
like the recombination rate. Even though a systematic comparison was performed minor deviations to the
measurements remain but don’t follow a systematic manner. In particular for the humid tests, heat
radiation of hot steam revealed to be the dominant mechanism for the heat transfer between gas and
structures and needs to be modeled as carefully in order to achieve a consistent prediction of the gas
temperature and pressure level.

4. CONCLUSIONS

The experimental program performed in the frame of the OECD/NEA projects THAI and THAI2 offers a
comprehensive data base which is especially suited for the validation of numerical PAR codes. In the
framework of the validation of the PAR code REKO-DIREKT, a total of 32 experiments of both test
programs including two different PAR types (AREVA and AECL) have been simulated.

Taking into account the broad parameter field including pressures between 1 bar and 3 bar, steam
concentrations up to 60 vol.% and low-oxygen conditions as well as the significant differences of both
PAR types’ geometries, the results achieved are highly convincing and confirm the suitability of the code
for the simulation of the operational behavior of full-scale PARs. The implementation of REKO-DIREKT
in ANSYS CFX 15 allows consistent simulation of experimental transients regarding all available
measurements as well as derived quantities like the recombination rate.

In continuation of the presented validation program, on-going experiments are focused on understanding
the gas-phase ignition on hot catalyst sheets as well as catalyst poisoning by carbon monoxide and by
cable fire products. Furthermore, the influence of adverse flow conditions (e.g. counter flow) on the start-
up behavior of PARs is investigated. Consequently, these phenomena are foreseen to be included in the
next development steps of the numerical PAR model REKO-DIREKT.
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