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ABSTRACT

For both, the reactor safety in an accidental release of hydrogen into containment compartments and
also for the industrial safety of the production, storage and transport of combustibles like hydro-
gen, propane, methane and others in the Petroleum, Petrochemical and Pharmaceutical Industries,
it is of great interest to know how the pressure forces of fast hydrogen combustion processes
can be reduced. The numerical study of highly turbulent or detonation driven flame propagation
processes is relatively recent because it depends on the availability of high performance computers
and specialized numerical algorithms to solve the governing equations of reactive fluid dynamic
processes. Numerical simulation can be used at a number of levels to study turbulent combustion
and detonations. What is needed is both, to use modelling and numerical simulation to investigate
fundamental interactions, and using modelling and numerical simulation as a tool to predict turbu-
lent flame accelerating processes and decoupling or re-initiation of detonation waves in complex
geometries of technical applications. Today, modelling and simulation show good agreement with a
variety of fast combustion phenomena observed in experiments. Results of reactive computational
fluid dynamics codes deliver inputs to reduce experimental parameters and provide the basis for an
innovative design of arresters for deflagration and detonation processes.

1. INTRODUCTION

Safety aspects and potential hazards of hydrogen energy systems have to be considered and dealt
with in the development of hydrogen as an energy carrier [1].

When used as an energy carrier, hydrogen must be handled safely not only by hydrogen experts,
but in addition and even primarily by lay persons. Untrained people must be able to use hydrogen
as a fuel with the same degree of safety and with no more involved risks than with conventional
gaseous and liquid fuels today. The term risk is denned as a product of the entrance probability
of an incident or accident and the possible extent of damage as a result of an occurred incident or
accident. In this perspective, risk evaluations are used by safety experts to assess a well balanced
and rational safety technology. Two aspects are, therefore, of overriding importance with respect
to safety culture in the lield of energy technologies. First, prevention of accidental situations, i.e.
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reduction of entrance probabilities of incidents and accidents where this is useful and meaningful
and secondly, mitigation of postulated accidents, i.e. reduction of damage or consequence of as-
sumed accidents [2]-[4].

2. SAFETY ASPECTS OF HYDROGEN APPLICATION

First of all it is reasonable to compare hydrogen with conventional gaseous and liquid fuels with
respect to the basic safety characteristics [5, 6]. Of fundamental importance for all safety related
considerations concerning the accidental release of large quantities of hydrogen in nuclear power
plants but also in industry in the course of production, storage, transport and utilization of large
quantities of combustibles and fuels, is the investigation and assessment of the ignition, turbulent
combustion and eventually detonation behavior including the resulting pressure development dur-
ing accidents [7].
Triggering incidents for most accidental situations with flammable combustible mixtures are fuel
leakages caused by material defects, material embrittlement, corrosion, mechanical overload of
construction materials, design weaknesses, collision (in the case of vehicles) or insufficient main-
tenance of equipment.
In the case of an uncontrolled coincidence of released fuel with air or an oxidant and ignition
source (the classical fire triangle) one must thoroughly distinguish between combustion processes
in confined or even partially confined areas and combustion processes in the open atmosphere.
In the case of an ignition, the possibility of a flame front acceleration to a highly turbulent, fast
deflagration and the transition to detonation are decisive for the damage potential of uncontrolled
released combustibles [8]-[10]. Experiments with released gaseous and liquid hydrogen in uncon-
fined and completely or partially confined areas show that in unconfined situations, neglecting
some very special initial and boundary conditions, no deflagration to detonation transition (DDT)
processes have been observed.
However in confined or partially confined compartments there are realistic possibilities that defla-
grations in hydrogen air mixtures, with corresponding composition, may lead to detonation due
to turbulence promoting structures and interaction of pressure waves with unburnt hot spot areas

Combustion processes in hydrogen-air mixtures have been subject to a large extentlot of R+D work
during the last decade [ 14]-[28]. Mixtures of hydrogen-air or hydrogen-air-water vapor are formed
following the accidental release of hydrogen in systems as well as in nuclear power plants. Once
the mixture is formed, it can ignite, deflagrate or under certain circumstances, detonate, figure
I. The initiation, propagation, quenching and re-initiation of detonations, particularly in complex
geometries (obstacles, connected compartments etc.) are among the most challenging problems
in hydrogen safety [17]. Therefore, both the first step in a DDT-process, which is the turbulent
flame acceleration, and secondly the detonative combustion process itself are treated in the next
two chapters.
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3. TURBULENT COMBUSTION OF HYDROGEN

One of the most important objectives in combustion research studies - either for technical appli-
cations or safety aspects - is to obtain better knowledge of the interaction between the exothermic
combustion process and the turbulent flow field, particularly in hydrogen-air mixtures with a lam-
inar burning velocity that is ten times as high as, for instance, the burning velocity of propane-air
mixtures. We have studied the acceleration process of hydrogen-air flames by a numerical analysis
based on the random vortex method and experimental validation. The algorithm models the turbu-
lent eddy movement and provides information on the mechanisms of flame folding from the early
phase after ignition to the propagation through different obstacle areas in tubes.

For the calculations a incompressible reactive Computational Fluid Dynamics (CFD) code was
developed and experimentally proofed [8, 29].

The flame front tracking is mimicked by discrete volumetric sources due to the exothermic chemistry
at the flame front and the laminar burning velocity that makes the flame propagating in its normal
direction into the unburnt gases [30].

Figure 2(b) shows the Schlieren photograph of a turbulent flame recorded in a rectangular tube,
inner dimensions 100x25 mm, at a distance of 500 mm from the spark ignition point. The gas
mixture consists of stoichiometric hydrogen-air. The flame front velocity is in good agreement with
the solution of the numerical simulation, figure 2(a) at about 50 m/s.

Obstacle areas are very sensitive to reactive flows [7, 31]. In front of the flame a flow field is
built up and develops, particularly in obstacle areas, complex vorticity fields that interact with
the arriving flame front. Figure 3(b) gives the impression of a hydrogen-air flame propagation
around a single flow obstacle received from the distribution of OH-radicals recorded by means of
laser-induced-fluorescence method, from [32]. The flame front, coming from the left, propagates
over the obstacle in a certain distance from the top. Interacting with the large-scale vorticity field
behind the orifice, the flame front returns with a strongly folded structure. Unburnt gas banks and
a lot of small unburnt gas pockets arise. Local extinction due to small-scale vorticity occurs while
hot spot areas of unburnt gas lead to sudden ignition [33]. In figure 3(a) the computational results
from the developed CFD code displaying the flame front are shown. Using a richer hydrogen-air
mixture in the calculations, the flame in front of the obstacle propagates faster due to the higher
laminar burning velocity of the mixture.

Different obstacle types cause different vorticity fields. The model of large-scale vorticity is capable
of describing the mechanims. As an example Figures 4(a)-(c) show the simulation results of the
flame fronts due to turbulence produced by different obstacles.

4. INITIATION AND ARREST OF DETONATION PROCESSES

As noted above, the possibilities of initiation, quenching and reinitiation of detonations are main
concerns in safety aspects related to hydrogen. While the most probable cause for detonation
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initiation is flame acceleration in tubes, the most severe damages are to be expected, if these
detonation propagate into larger volumes filled with explosive mixture. Therefore, the propagation
of a detonation from a tube into a larger volume associated with sudden expansion has been a
topic of research since the late 1950s [35]. The critical diameter was proposed to characterize such
transmission processes. While a tube diameter is below such a critical diameter, the detonation
decays are due to shock diffraction and consequent shock and flame decoupling. If the diameter
becomes larger, the detonation recovers from its core and now propagates through the larger
volume accompanied by heavily increased destructive power. 1965 Mitrofanov et al. [36] found a
correlation between the critical tube diameter and the detonation cell size. For most gas mixtures
the critical tube diameter counts about 13 detonation cell width. Since then numerous investigation
have been carried out to better understand this transmission phenomena [37]-[40].

However, one important aspect has only recently come to consciousness of researchers: In real
geometries there are always walls behind an expansion which can lead to shock reflection thus
causing detonation re-initiation even if the tube diameter is below the critical value.

To study this shock/flame decoupling and recoupling phenomena, experimental and numerical
investigation have been carried out. For the experiments the Schlieren technique was used. For
the numerical simulation inviscid compressible flow was assumed. The chemical reaction was
represented by a two step induction/reaction model. The input parameter for this model were
determined using a detailed H2/O2 reaction mechanism [41]. The fluid dynamics were solved using
a MacCormack scheme with a flux corrected transport (FCT) algorithm [42].

In the case of a sudden expansion, experimental and numerical results showed good agreement for
varying mixture composition. All phenomena found with physical models could be observed and
verified in experiments. These phenomena include sustained detonation propagation (figure 5 left),
shock and flame (figure 5 middle and right) decoupling and eventually detonation re-initiation by
shock reflection at the confining walls (figure 5 middle) [43]-[45],

The so proofed physical model was used to investigate more complex geometries as for example
detonation arresters [46]-[49]. Figure 6 shows the simulation results of a detonation passing a
well designed detonation arrester geometry that was optimized on the basis of results gained with
reactive CFD calculations.

In the first frame of figure 6 one can see a detonation decoupling due to shock wave defraction.
While the main front runs through by-passes, hot jets are permitted to pass through small gaps. The
size of these gaps is small enough that no detonation transmission is possible. The hot jet however,
causes a deflagrative burn-out of the combustible mixture in the flame arrester area. Finally, when
the detonation approaches the expansion area, it meets only burnt gas and decays.

This new detonation quenching principle was then tested in a large scale experiment and its effec-
tiveness was proven.
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5. CONCLUSIONS

The inpact of combustion processes on the structure of the turbulence in the flow field and the effects
of flow field instability on the flame development in tubes containing line or expanded obstacles
was discussed. Reactive computational fluid dynamic code calculations of premixed hydrogen-air
flame propagation behavior associated with vortex interactions due to a pressure waves crossing
flames front have been carried out. Although the physical model is restricted by a number of
idealizations, it correctly displays the essential features of large scale eddy flow associated with
turbulent flame front effects observed experimentally by means of schlieren technique with the use
of stoichiometric hydrogen-air mixture in combustion tubes.

The experimental investigation of unsteady detonation propagation shows that after the decoupling
of shock and flame of a detonation front passing a sudden expansion, detonation re-initiation by
shock reflections has to be taken into account. The numerical simulation of detonation propaga-
tion in complex geometries shows good agreement with the experimental results. Thus it can be
used to analyze and improve the possibilities for quenching detonation processes by design of
compartments, containments and other technical systems.
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Figure 1: Postulated composition range in which various combustion modes can be realized
(schematic).

(a) Numerical (b) Schlieren record

Figure 2: Turbulent flame front.
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(a) Numerical, DLR (b) Experimental, Mayinger et al.

Figure 3: Propagation around an obstacle [29, 32].
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Figure 4: Flame fronts due to turbulence produced by different obstacles.
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Figure 5: Detonation propagation through sudden expansion (27:80 mm). Top: Schlieren pho-
tographs. Bottom: numerical simulation. Left: sustained propagation. Middle: decoupling ard
re-initiation. Right: final decoupling.
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Figure 6: Computional results of a detonation passing a detonation quenching geometry.


