IGNITION OF HYDROGEN-STEAM-AIR MIXTURES UNDER SEVERE
ACCIDENT CONDITIONS

Ulric h Bieler t, Wolfgang Breitung

Forschungsz entrum Karlsruhe
Institut fir Neutronenph ysik und Reaktor technik

During severe accidents hydrogen and steam will be released into the containment.
The investigation of such accident scenarios consists of four distinct phases: release
of the hydrogen/steam mixture, distribution, ignition and combustion. These processes
develop on different time and length scales. While the distribution of the hydrogen mix-
ture must be tracked for several hours, the combustion proceeds possibly within sec-
onds. The distribution and combustion calculations must consider the complex geom-
etry of the complete containment, while the ignition is a localized process. A complete
assessment of the hydrogen scenario must of course cover all four processes and the
ignition process can then be viewed as the link between distribution and combustion
models.

While several experimental investigations on ignition have been performed (e.g.
[1, 2, 3, 4, 5, 6]) these investigations do not cover the whole range of conditions which
are interesting in reactor applications. A numerical simulation of the ignition process
was performed to get more detailed insight into the phenomena involved.

During ignition first a pool of chemical radicals builds up and then the reaction can
proceed as a propagating flame. To simulate the ignition process the details of the
chemical kinetics must be considered. Here we use a reaction schema of Maas and
Warnatz [7] with 9 species and 37 elementary reactions.

It is well known that the turbulent flow field and its interaction with the chemical
reactions play an important role in the acceleration of the combustion process. While
this is true once a flame is established, the influence of turbulence during the ignition
process is opposite. Turbulence enhances mixing and thus the energy released during
the ignition is distributed over a larger region resulting in an effective cooling of the
ignition location. In addition the mixing also spreads out the chemical radicals needed
to establish a propagating flame. As a result the presence of turbulence should reduce
the effectiveness of an ignition source.

Following this idea we conservatively consider a one dimensional instationary lami-
nar premixed flame in a spherical geometry. The initially homogenous mixture is heated
at the center of the computational domain. If the ignition energy is sufficient a laminar
flame starts to propagate outward from the ignition source. At the outer boundary of
the computational domain a constant pressure boundary condition is assumed. This
boundary condition reflects the fact that during the ignition process the state in the
containment is not changed.

For the numerical calculations we use a program developed by U. Maas. Details
of the numerical model, the solution procedure and the reaction mechanism are given
in [7]. The numerical model solves the conservation equations for mass, momentum,
energy and species concentrations on a Lagrangian grid using a reaction mechanism
with detailed chemical kinetics. Diffusivity of the different species as well as thermo



Figure 1: Ignition of stoichiometric H,-air mixture. Initial temperature 425 K (left) and
450 K (right)

diffusion are fully accounted for. Due to the one dimensional character of the numerical
model buoyancy effects had to be neglected.

Figure 1 shows the results of two example calculations for a stoichiometric hydro-
gen air mixture. On the left of the figure the mixture was initially at a temperature of
425 K. The energy added in the center region was not sufficient to ignite the mixture.
The temperature in the core region rises but then heat conduction distributes the en-
ergy over the whole computational domain (top left). The corresponding concentration
of hydrogen is also shown at the bottom left in this figure. Due to thermo diffusion the
light species move to the hot region. On the right side of this figure a similar calculation
with an initial temperature of 450 K is shown. All other parameters are the same as
on the left side. Now the energy is sufficient to initiate a propagating flame. After the
energy is deposited in the core region the temperature remains constant for a period
of time. After this ignition delay the mixture in the center fully reacts and the tempera-
ture increases again. The propagating flame can be observed as a temperature jump
(top right) and a concentration jump (bottom right) moving outward. Please note the
different time scales for the reacting and the non reacting case.

With the numerical model the influence of the ignition parameters (size of ignition
source, duration of energy deposition and total amount of energy deposited) was inves-
tigated. Figure 2 shows the ignition energy density as function of ignition source radius
and duration of energy deposition. The symbols indicate conditions that led to ignition
and the lines conditions which did not ignite. It can be seen that the required specific
energy increases with decreasing radius of the source. This is due to the enhance-
ment of heat transfer for smaller ignition sources. For sufficiently large ignition sources
the duration of the energy release has no significant influence on the minimum ignition
energy. The parameters of real igniters (e.g. Siemens igniter) are in the flat region at
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the front of the diagram, thus the results are only weakly dependent on the source size
and ignition duration. For the following calculations we have used fixed values of these
parameters.

For a given mixture and a given initial temperature the ignition energy was varied to
find the smallest values that resulted in flame propagation. This values were then used
as minimum ignition energy. Figure 3 shows this minimum ignition energy as function
of initial mixture temperature for three mixtures with 10 % H,. The minimum ignition
temperature decreases with increasing initial temperature as less energy is needed
to heat the mixture to the ignition temperature. However we see a sharp drop in the
minimum ignition energy at an initial temperature of approximately 900 K. Above this
temperature no energy addition is needed to initiate the reaction. Thus the sharp drop
can be defined as self ignition temperature of that mixture. The curves shown vary
in the steam content of the mixture. It can be seen that mixtures with higher steam
concentration require higher ignition energies and have higher ignition temperatures.

Figure 4 shows similar results for a variation of the H, concentration. For initial
temperatures well below the ignition temperature the minimum ignition energy does
not depend on the H, concentration. However the ignition temperature shows some
variation with mixture composition. The ignition temperature decreases with increas-
ing H, concentration. For rich mixtures this trend seems to reverse and the ignition
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Figure 4. Minimum ignition energy as function of temperature



temperature increases with H, concentration.

Numerical simulations were performed for a wide range of H, and steam concentra-
tions in a temperature range from 300 K to 1000 K. To make this results available to the
three dimensional distribution and combustion models a local regression model [8] was
fitted to the ignition energy data. Subroutines allow access to the data of the regression
model and return the minimum ignition energy as function of mixture composition and
temperature.

The numerical simulation of the ignition processes of a laminar premixed flame in
spherical geometry was able to reproduce the expected influence of all parameters
varied. Compared to experimental results the calculations show less variation with
the discussed parameters. Especially near the flammability limits the criteria used to
define ignition become blurred. Here undocumented details of the boundary conditions
in experimental investigations become exceedingly important. This makes it difficult to
compare the numerical results quantitatively to experimental findings.

Nevertheless the presented study has demonstrated the predictive capabilities of
the numerical code. It will be used in further studies to define conservative data for the
self ignition temperature of H,-air-steam-N, mixtures at accident relevant pressures.
Furthermore it is planned to derive conservative ignition limits of these mixtures for
various ignition sources (igniters, electrical sparks) in severe accidents. The final result
will be an ’ignition module’ which can be used in different distribution and combustion
codes.
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