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Abstract. This paper presents a discussion of the results received in a simulation of hydrogen deflagration and flame propagation during experiment HD-22 in the test facility THAI. The analysis has been performed by the integral computer code
ASTEC.
The assessment of severe accidents indicates that a significant load on the containment may occur, reaching or even exceeding the design loads due to hydrogen combustion. Therefore, loads such as melt jets, direct heating of the containment
structure, deflagration or detonation of hydrogen are likely to cause significant risks to the integrity of the containment. The
mode of destruction of the containment is the decisive factor for external effects. One of the factors that can occur at each
stage of a severe accident and threatens the final barrier against non-proliferation of radioactivity is the generation, spread
and burning of hydrogen. Therefore, it is very important to properly simulate the processes in the containment. For this
purpose, modules for processing hydrogen behavior in the containment have been developed. These modules are introduced
into the integral code ASTEC.
Keywords: THAI (Thermal- hydraulics, Hydrogen, Aerosols, and Iodine) facility, ASTEC (Accident Source Term Evaluation
Code), HD (Hydrogen- Deflagration), CPA (Containment Part of ASTEC).

1

Introduction

This work considers the behavior of the hydrogen during
a hypothetical severe accident. Various risk studies have
shown that hydrogen combustion is one of the major risk
contributors to early containment failure in the case of a
severe accident in a nuclear power plant. In the past two
decades, the different aspects of this issue, namely hydrogen sources, distribution in the containment, combustion
behavior and loads, have been investigated in many research programs, including single effect tests and integral
experiments, model and code development and nuclear
plant analysis. Hydrogen mitigating and controlling systems like recombiners, igniters or inertisation measures
have been proposed and developed and their practical implementation is underway. To assess the related risk for
hydrogen specific accident scenarios, and to design and
optimize mitigating systems, quantitative hydrogen analysis has to be carried out. Necessary input for such an
analysis is the knowledge of the hydrogen release conditions, especially source rates, total mass and time sequence [1–4].
The hydrogen burns as a diffusion flame and, by rising hot
combustion products, increases the mixing of the atmosphere by entangling fresh oxygen and hydrogen rich gas
into the flame [5,6]. Depending on the hydrogen and steam
content and the temperature, volumetric combustion can
also take place. If these processes occur on the same time
scale as the debris dispersal process, they contribute to
the peak pressure in the containment. The pressure increase due to hydrogen combustion may be higher than
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that by other processes. Due to the flammability limits for
hydrogen-air-steam mixtures not all available hydrogen
will burn. Between 30% and 90% of the available hydrogen has been observed to burn in experiments. The hydrogen burning follows the Shapiro’s diagram, i.e. it depends
also on the oxygen and steam concentration [7]; burning
is not possible in steam inert atmosphere when most of
the oxygen has completely reacted. For this reason, oxygen and steam concentrations have been investigated in
the present work and compared with the results from test
HD-22 performed in THAI facility [8–11].

2

The Computer Code ASTEC Overview

The ASTEC computer code is a development of the IRSN
(Institut de radioprotection et de sûreté nucléaire) and
the GRS (Gesellschaft für Anlagen- und Reaktorsicherheit) [12–15]. The ASTEC is used for simulation of all
possible severe accident conditions beginning from the
initiation of specific events to the reactor core damaging,
reactor vessel failure and containment behavior. Simulations of various processes related to the hydrogen generation in the reactor core and reactor cavity, its distribution,
burning, deflagration and detonation as well as hydrogen
regeneration by Passive Autocatalytic Recombiners (PARs)
are part of important processes during accident simulation
in the Nuclear Power Plant (NPP) containment volume
carried out by ASTEC. The containment hydrogen behavior is carried out which is important in developing of the
strategies for preventing and mitigating the consequences
in a severe accident. The results of presented paper is

1310–8727 © 2018 Bulgarian Nuclear Society

Investigation of Hydrogen Behaviour in the Test Facility THAI by Simulation of Severe Accident Conditions in the Containment

Thermal
hydraulic
Hydrogen

Iodine
Aerosol

Figure 1. THAI test objectives.

important to improve understanding of the processes. The
ASTEC-V2.0R3p3 which was used to perform a numerical
simulation has a modular structure in which each module simulates a section or set of physical phenomena flowing into the respective reactor installation. Simulating the
behavior of hydrogen in hazardous Conditions by ASTECV2.0R3p3, based on the THAI experiment, allows for a
more detailed study of the inhomogeneous atmospheric
distribution of the reactor core in which the presence of
hydrogen is simulated. The last one, in turn plays a very
important role in the assessment of the effects of combustion and the ignition / detonation of hydrogen. Studying
this process leads to better process management through
the use of hydrogen regeneration systems. The module
CPA (Containment Part of ASTEC), which deals with phenomena in the containment atmosphere, uses a lumpedparameter description: the containment is simulated as a
network of control volumes (sometimes called “cells” or
“zones”), which are connected by flow paths (“junctions”)
[12]. The control volumes of the input model may correspond to actual containment compartments or not. Thus,
to model a non-homogeneous atmosphere, large volumes
may be divided into several control volumes. In each control volume, conditions are modelled as homogeneous.
Thus, a “zero-dimension” description is used. The flow
paths that connect control volumes are not repositories of
mass or energy [8].

3

Objectives of the THAI Program Research

The THAI program [10] was created and sponsored by the
German Federal Ministry of Economics and Technology.
The main purpose of this project is to answer the questions related to the thermo-hydration, the behavior of the
hydrogen and the fission products in the containment, as
well as the behavior of iodine with its radiological sig-

nificance. The THAI provides a very important experimental data on nuclear safety simulation programs that
allow a better understanding of the processes in such a
situation. The facility allows investigating safety relevant separate and combined effects in these areas under thermal-hydraulic conditions, typical for severe accidents. Thermal-hydraulic scenarios can be simulated,
ranging from turbulent convection to stagnant stratified
containment atmospheres, and can be combined with hydrogen, iodine, and aerosol related processes. The THAI is
equipped with innovative measuring, sampling and data
acquisition systems [9]. Experiments in the THAI vessel began in 2000. Following the traditions of German
containment research in the large-scale facilities BMC
(Battelle Model Containment) and HDR (Heissdampfreaktor). Since 2007, the national THAI research program is
rounded off by the OECD THAI project with 8 international partner countries from Canada (COG-AECL), Czech
Republic (NRI), Finland 2 (STUK), France (IRSN), Hungary (VEIKI), Korea (KAERI), the Netherlands (VROM) and
Switzerland (PSI), focusing on the behavior of PARs under
different thermal-hydraulics including interaction with
aerosols and iodine, hydrogen deflagration and He/H2 material scaling tests proving helium being an adequate replacement for hydrogen in experiments [9, 10].
An overview of THAI investigation topics linked to the four
main topics – thermal hydraulics, hydrogen, Aerosol and
iodine – is shown in Figure 1.

4

Description of the Test Vessel and the Instrumentation of the THAI Facility

The 60 m3 test vessel is made of 22 mm stainless steel, its
height being 9.2 m, its diameter 3.2 m. It can be operated
up to 180◦ C and 14 bars. For the HD-tests the THAI vessel
13
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Figure 2. THAI test vessel configuration.
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and in this sense is a serious threat to the integrity of the
containment. In order to reduce the likelihood of rupture
of the containment due to the sudden increase in pressure and thermal stresses associated with the hydrogen explosion, detailed information on the hydrogen generation
velocity, time and spatial distribution in the containment
structures for hydrogen ignition in a number of thermal
and hydraulic conditions during a hypothetical severe accident is important. Of particular importance is information about the percentage of hydrogen in the THAI facility.
A number of experiments have been performed with THAI,
the main objectives of which are analogous to those
described above. The initial boundary conditions are
changed - the percentage volume of hydrogen and oxygen,
pressure, temperature, number of volumes in the reactor
containment sampling scheme.
The boundary conditions at the beginning of the process,
subjected to the numerical simulation, suggest that combustion of hydrogen should take place in a homogeneous
atmosphere. The mixture ignites in the center of the bottom of the THAI housing and the flame spreads in the upward direction.
The received results from performed experiments in the
THAI test facility are used for validation of computer codes
such as ASTEC, MELCOR etc. In the presented paper the
results received by ASTEC simulation of HD-22 test [5] in
the THAI facility are compared with the corresponding facility results.

5

Initial and Boundary Conditions

In the hydrogen combustion experiment THAI HD-22, air,
steam and hydrogen were initially present in the vessel
atmosphere. The initial pressure was 1.5 bar, the initial temperature was 90°C, the initial steam concentration
was 25 vol.%, and the initial hydrogen concentration was
10 vol.%. The flame is propagated from the bottom of the
vessel in the upward direction, and in the radial direction
towards the vessel cylindrical wall. During the experiment,
the maximum pressure was about 5 bar, whereas the maximum temperature was about 900–930◦ C.
The combustion model COMB in the ASTEC module CPA
(Containment Part of ASTEC) calculates the hydrogen
combustion inside of a CPA zone. It accounts for the mass
and energy balance. Currently, the ignition time and the
duration of the combustion process has to be defined in the
input by the user. This input requires assumptions about

the propagation direction and the propagation velocity of
the flame front. The analysis of the containment integrity
is one of the main tasks in the simulation of severe accidents. Therefore models for the hydrogen production, distribution and combustion are essential parts of the code
ASTEC. The calculation of all features of a hydrogen combustion requires sophisticated models including the phenomena of turbulent flow, laminar and turbulent deflagration, turbulent flame acceleration, DDT (deflagration-todetonation transition), and detonation. For best estimate
calculations the use of advanced CFD codes with combustion models is recommended. However, these codes require a considerable time effort for the dataset preparation and the calculation. In the frame of an integral calculation of severe accidents and particularly with regard
to PSA analyses the application of CFD codes is too complex and time consuming. Because of the importance of
the consequences to reactor safety an adequate estimation of the essential parameters of hydrogen combustion
is required inside of the integral code ASTEC. This work
describes the flame front model inside the containment
module CPA. It allows in combination with the combustion
model COMB the calculation of a hydrogen combustion in
a multi compartment geometry. COMB extends the conservation equations of CPA by an additional term for the
combustion in a zone. It provides a combustion model for
selected CPA zones [2].
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Discussion of the Model and Results

The analysis was performed by 23 zone input model, which
allows special hydrogen distribution, as well as flame
propagation in axial and radial direction. The main results
are presented in twelve figures below.
The THAI vessel is divided into 23 zones by splitting into
9 axial levels and 3 radial rings. The main cylindrical part
of THAI vessel was divided into 7 axial levels starting from
the second level and there are 2 additional cells: the first
one is the bottom dished head and the other one is the upper dished head. From the second to the eight axially separated zones the vessel is divided into 3 radial rings.
Table 1 gives an estimate of the flame front propagation
upwards and the calculated values are compared to experimental results [5].
The table shows that the values for the model with 23
zones are very close to the experimental values. This good
fit of the flame front propagation with the experimental

Table 1. Upward flame propagation
Elevation for the flame front propagation
Propagation from elev. 1 to elev. 2
Propagation from elev. 2 to elev. 3
Propagation from elev. 3 to elev. 4
Propagation from elev. 4 to elev. 5
Propagation from elev. 5 to elev. 6
Propagation from elev. 6 to elev. 7
Propagation from elev. 7 to elev. 8
Propagation from elev. 8 to elev. 9

Time for 23 zones model [s]

Time for experiment HD-22 [s]

1.65
2.04
2.5
2.83
3.18
3.6
4.01
4.45

1.65
2.4
2.7
3.01
3.4
3.7
4.0
4.5
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parameters and a better simulation of the processes.
In the CPA structure of ASTEC input model was used a “COMB” structure for a simplified H 2 and CO
combustion model [11], where flame front propagation
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After the 5-th second is observed a decrease in pressure in
the experimental and calculated results. During this phase
is observed a discrepancy, which could be explained by the
boundary conditions. Nevertheless, the pressure trends in
both investigated zones are the same for the experimental
and the calculated results.
The important part in the hydrogen deflagration study is
the assessment of code capability to properly predict the
maximum value of the pressure increase as well as the time
of its occurrence. As seen in Figures 3 and 4 there is a good
agreement between experimental and calculated results.
The other important parameter during hydrogen deflagration is containment temperature. Figures 5 and 6 show
the comparison of calculated and measured temperatures
at a center line at different elevations of the THAI facility – for lower (cell 1) and upper (cell 9). As can be seen
from the graphs, the measured temperature is higher by
about 200 K for the bottom and about 100 K at the top
of the test containment. This suggests that the nodalization with 23 zones has caused more intense burning and
less energy loss on the wall compared to the nodalization with 9 zones [16]. The difference between the temperature in the centre-line and in the outer region after
they have reached a maximum is noticeable in the simulation, whereas in the experiment the temperature has apparently become much more homogeneous over the vessel
cross-section. The maximum values are very close and are
reached almost in the same time for calculated and experimental results. There is a small discrepancy during the
decreasing phase. In both zones the trends of calculated
and measured temperature are the same, so it can be stated
that the simulation of hydrogen combustion is reasonable.
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Summary and Conclusions

The calculations made in this work have provided containment parameter behavior such as pressure, temperature and flame spreading during hydrogen deflagration.
The results from the simulation show a good match with
the experiment parameters (pressure and temperature) of
THAI test with hydrogen concentration of 10 vol.%. The
maximum values of the experimental and calculated pressures also match and both have been reached at the same
time. A discrepancy between calculated and experimental
results was observed in the falling down part of the presented curves for pressure and temperature behavior, but
it is not important for the safety. During this phase of simulation the calculated and the measured results have similar trends.
As shown above in this work, the upward flame propagation was similar to the one observed in the THAI HD-22
experiment. As far as the behavior of hydrogen in the radial distribution, the burning is from the inside to outside.
Hydrogen starts to decrease first in the innermost ring on
the second level at 1.61 s, i.e. immediately after the ignition. In the 2.5 s, hydrogen starts to decrease in the next
radially distributed area, Hydrogen begins to decrease last
in the outermost ring in 3.2 seconds. Full burning occurs
again in the 5th second when a pressure peak is reached.
In the vertical direction the burning of hydrogen starts at
cell 1 at 1.61 s and burns completely at cell 9 in the 5-th
second when it reaches the maximum pressure. It is exactly the expected behavior of H2 .
A good match between calculated and experimental data
was obtained. Based on the present calculations it could
be stated that the hydrogen combustion in upward flame
propagation experiment THAI HD-22 is simulated properly with the selected notarization and models in ASTEC.
The results support the applicability of the ASTEC code
for simulations of hydrogen combustion in actual nuclear
power plants.
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