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ABSTRACT 

Nine experiments on hydrogen combustion in hydrogen-air and hydrogen-steam-air 
atmospheres, which were performed in the THAI experimental facility in Germany, were 
simulated with the lumped-parameter code ASTEC. Experimental and simulated time-
dependent pressures and temperatures are compared. 

1 INTRODUCTION 

The issue of hydrogen combustion during a severe accident in a nuclear power plant 
(NPP) came to prominence after the accident at the Three Mile Island (USA) NPP in 1979, 
and has received new attention since the accident at the Fukushima Daiichi (Japan) NPP in 
2011. The Fukushima accident also highlighted that both in-depth understanding of severe 
accident sequences and development or improvement of adequate severe accident 
management measures are essential in order to further increase the safety of NPPs operated in 
Europe. The CESAM (Code for European Severe Accident Management) research and 
development project, which was initiated within the 7th Framework Programme of the 
European Commission, aims at the improvement of the European reference code ASTEC 
towards use in severe accident management analyses for NPPs. The ASTEC code is jointly 
developed by the Institut de Radioprotection et de Sûreté Nucléaire (IRSN, France) and by 
Gesellschaft für Anlagen- und Reaktorsicherheit (Germany) [1]. 

Within assessment of the hydrogen combustion modelling in the ASTEC code, nine 
experiments on hydrogen combustion, which were performed in the THAI experimental 
facility, were simulated at the Jožef Stefan Institute [2]. The THAI facility, located at Becker 
Technologies GmbH in Eschborn (Germany), is basically a single-volume cylindrical vessel. 
In the considered experiments, combustion with upward flame propagation occurred in air-
hydrogen and air-steam-hydrogen atmospheres, at different temperatures, pressures and initial 
hydrogen concentrations. Three different multi-volume input models of the THAI facility 
were developed for the ASTEC code, and the experiments were simulated. The calculated 
pressures and temperatures are compared to experimental results and discussed. 
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2 EXPERIMENTAL FACILITY GEOMETRY AND DIMENSIONS 

As prepared for hydrogen combustion experiments, the THAI experimental facility is 
basically a single-volume cylindrical  vessel,  with  a  volume of 60 m3,  an internal  height  of  
9.2 m, and an internal diameter of the main part of 3.2 m (Figure 1). The vessel is insulated on 
the outside. The temperature of the walls is not controlled. The vessel is equipped with a fan 
to enable the mixing of the atmosphere prior to the experiment, if necessary. For combustion 
experiments, internal structures that were present for other experiments (for instance, on 
atmosphere stratification) were removed. The flame propagation is inferred from temperature 
measurements with thermo-couples. 

Additional details about the THAI facility may be found in relevant reports [3,4]. 

 

 

 

 

Figure 1: Schematic of interior of THAI vessel  
(ignition at the vessel bottom). 

Figure 2: Nodalizations of THAI input model 
for ASTEC code (16-cells and 71-cells 

models). 
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3 SIMULATED EXPERIMENTS 

Nine experiments were simulated. In all of them, hydrogen combustion occurred in a 
homogeneous atmosphere (air-hydrogen and air-steam-hydrogen). The mixture was ignited in 
the centre at the vessel bottom, and the flame propagated upwards. 

Seven experiments were performed in an air-hydrogen atmosphere, and two 
experiments in an air-steam-hydrogen atmosphere. However, due to the additional 
systematisation of the initial conditions by initial conditions, six experiments will be 
considered as having been performed in an air-hydrogen atmosphere, and three in an air-
steam-hydrogen atmosphere, with one of them with zero steam concentration. 

The initial conditions of the performed experiments are provided in Table 1 (air-
hydrogen atmosphere) and Table 2 (air-steam-hydrogen atmosphere). It should be pointed 
out, that the experiment HD-22 was also used for the OECD International Standard Problem 
No. 49 on hydrogen deflagration [5], and that it was already simulated by IJS [6], albeit with a 
different set of adjustable parameters. 

 
Table 1. Experiments in air-hydrogen atmosphere. 

Experiment H2 concentration 
 (vol.%) 

Initial pressure  
(bar) 

Initial temperature 
(ºC) 

HD-4 6 1.0 25 

HD-1R 6 1.5 25 

HD-2R 8 1.5 25 

HD-7 10 1.5 25 

HD-20 6 1.5 140 

HD-17 10 1.5 140 

 
Table 2. Experiments in air-steam-hydrogen atmosphere. 

Experiment H2 concentration 
 (vol.%) 

Steam concent.  
(vol.%) 

Initial pressure  
(bar) 

Initial temperature 
(ºC) 

HD-15 10 0 1.5 90 

HD-22 10 25 1.5 90 

HD-24 10 47 1.5 90 

 

Additional details about the experiments may be found in the relevant report [4]. 

4 INPUT MODELS FOR THE ASTEC CODE 

4.1 Nodalizations 
When large volumes are modelled with lumped-parameter codes, they are subdivided 

into smaller control volumes (or “cells”, or “zones”). In the remaining part of the report, the 
term “cell” will be used. The subdivision of a large volume into smaller cells is called 
“nodalization”. The cells are connected with junctions, with a cross-section equal to the area 
of the common boundary surface of the cells. As the junction models in lumped-parameter 
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codes were developed with actual conduits in mind (considering, in particular, the friction 
losses in the conduits), some adjustable parameters when modelling these “fictive” junctions 
have to be prescribed as values that are outside the foreseen range. Also, the prescribed length 
of such junctions is a fictive value as well, as the actual length is zero. Thus, in general, the 
following issues are still open when modelling large volumes with lumped-parameter codes, 
using a subdivision into smaller cells (either for modelling gas distribution, or for modelling 
combustion): 
 what is an adequate nodalization, to obtain a reliable prediction of the considered 

phenomenon ? 
 which values of flow loss coefficients and lengths should be applied to junctions ? 

The issue of nodalization in lumped-parameter codes is different from the issue of 
discretisation in Computational Fluid Dynamics codes, as algebraic equations in lumped-
parameter codes are meant to be applied to relatively large volumes and should not 
necessarily provide more accurate results with a further subdivision. 

Be that as it may, three different models of the THAI vessel were developed for the 
simulations of combustion experiments, described in the present paper:  
 a 2-cells model, with one cell representing the lower plenum (where ignition took place), 

and the other cell representing the remaining part of the vessel, 
 a 16-cells model, with 9 vertical levels, and a maximum of 2 cells in the radial direction, 
 a 70-cells model, with 17 vertical levels, and a maximum of 5 cells in the radial direction. 

Schematics of the 16-cells and 71-cells models are shown in Figure 2. The cells in the 
model have only their base area and height defined, but they represent cylinders or rings in 
the actual vessel (which is irrelevant anyway due to the lumped-parameter description). The 
length of the junctions was defined as the distance between corresponding cell centres, except 
for the 2-cells model, where a value of 0.5 m was prescribed. The values of all flow loss 
coefficients were set to 20.0. 

4.2 Heat structures 
The only heat structures that were considered were the vessel walls. They were 

modelled as heat slabs of steel with a thickness of 0.0185 m. On the outer side of the vessel, 
the steel is covered by 0.120 m of rock wool, which is in turn covered by 0.002 m of 
aluminium. 

4.3 Combustion modelling and adjustable parameters 
The FRONT model, implemented in the ASTEC code, was used [7,8]. The model 

allows a linear and an exponential combustion model. Both models were used to gain insight 
into the different options of the ASTEC code. 

Concerning adjustable parameters, an extensive parametric analysis has been performed 
recently [9]. For the sake of consistency of the validation of the ASTEC code, and with the 
purpose of converging towards a unique set of values, it was decided to use the values 
proposed in that report. 
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5 RESULTS AND DISCUSSION 

5.1 Combustion in air-hydrogen atmosphere 

5.1.1 Lower hydrogen concentration 
First of all, in the experiments with the lowest hydrogen concentration (6 vol.%), that is 

HD-4, HD-1R and HD-20, the calculated pressure increase was much below the measured 
value, when the 16-cells and the 71-cells models were used. This occurred because the flame 
did not propagate in all cells. The experimental and calculated pressures for experiments HD-
4 and HD-20 are shown in Figures 3 and 5, respectively. When the 2-cells model was used, 
the maximum calculated pressure was quite close to the measured value in the simulations of 
tests HD-4 and HD-1R. In the simulation of test HD-20, the agreement was also better, but 
still not acceptable. These results suggest that the junctions in the model might represent a 
“resistance” to the flame propagation, and that some parameters should be modified when 
increasing the number of junctions due to finner nodalization. 

For these simulations, temperatures are only compared for the simulations performed 
with the 2-cells model, as comparisons of results obtained with the 16-cells and 71-cells 
models would not make sense. The experimental locations selected for a preliminary 
comparison are on the vessel axis, at elevations 2.1 m and 7.0 m (figures in the present paper 
show the temperature corresponding to the last value). The maximum calculated temperatures 
are close to experimental values in simulations of tests HD-4 (Figure 4) and HD-1R but much 
too low in the simulation of test HD-20 (Figure 6). 

5.1.2 Higher hydrogen concentration 
In general, in the experiments with the higher hydrogen concentration, that is HD-2R, 

HD-7 and HD-17, for both combustion models and the three vessel nodalizations, the 
agreement between the measured and calculated maximum pressure is satisfactory (Figure 7 
for HD-2R and Figure 9 for HD-17). As for the temperature (Figure 8 for HD-2R and Figure 
10 for HD-17), the calculated maximum values are sometimes much too high (the difference 
reaching even 300 ºC). As this occurs also with the 2-cells input model, it is apparently not 
related to the nodalization. Thus, as the ASTEC code has been shown to provide more 
accurate results with a different modelling [6], this matter should be investigated further. 
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Figure 3: Experimental and calculated pressures 
in test HD-4. 
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 Figure 4: Experimental and calculated 
temperatures in test HD-4. 
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Figure 5: Experimental and calculated pressures 
in test HD-20. 
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Figure 6: Experimental and calculated 
temperatures in test HD-20. 
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Figure 7: Experimental and calculated 
pressures in test HD-2R. 
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Figure 8: Experimental and calculated  
temperatures in test HD-2R. 
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Figure 9: Experimental and calculated 
pressures in test HD-17. 
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Figure 10: Experimental and calculated 
temperatures in test HD-17. 

 

5.2 Combustion in air-steam-hydrogen atmosphere 
In general, for both combustion models and the three vessel nodalizations, the 

agreement between the measured and calculated maximum pressure (Figure 11 for HD-15, 
Figure 13 for HD-22 and Figure 15 for HD-24) is satisfactory. As for the temperature (Figure 
12 for HD-15, Figure 14 for HD-22 and Figure 16 for HD-24), the calculated maximum 
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values are again sometimes much too high (the difference reaching even 300 ºC, as in air-
hydrogen experiments). Thus, this matter should also be investigated further. 
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Figure 11: Experimental and calculated pressures 
in test HD-15. 
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Figure 12: Experimental and calculated 
temperatures in test HD-15. 
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Figure 13: Experimental and calculated pressures 
in test HD-22. 
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Figure 14: Experimental and calculated 
temperatures in test HD-22. 
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Figure 15: Experimental and calculated pressures 
in test HD-24. 
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Figure 16: Experimental and calculated 
temperatures in test HD-24. 
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6 CONCLUSIONS 

In general, the performed simulations confirmed the adequacy of the ASTEC code for 
simulating hydrogen combustion in a nuclear power plant containment. However, in the 
simulated experiments with low hydrogen concentration, the combustion was sometimes 
incomplete. In other experiments, the calculated pressure increases agree in general 
satisfactorily with the experimental values. Nevertheless, for these simulations, the 
comparison of measured and calculated temperatures at representative locations in the vessel 
indicates, that the calculated temperature was sometimes much too high. Both these 
discrepancies need to be investigated and clarified. 
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