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In the context of explosion protection, very conservative safety factors need to be considered, e.g. in the
design of electrical devices. This is due to standards which are mainly based on empirical data as op-
posed to a detailed knowledge of the underlying physiochemical processes. In this work, the early phase
of ignition of burnable gas mixtures close to their respective minimum ignition energy is investigated
experimentally by means of high-speed schlieren imaging. Our data quantifies how the ignition process
at such low energies becomes less repeatable which is evidenced by a high scattering of the flame prop-
agation. It was found that, depending on the mixture, the flow field induced by the electrical discharge
may exhibit a considerable effect on the ignition process. This effect is more pronounced for mixtures
which are characterized by a large Lewis number, thus, leading to a more random flame propagation.
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1. Introduction

In safety engineering and the process industry, electrostatic dis-
charges pose a potential risk as ignition sources which must be
avoided. An important safety characteristic property of burnable
gases which is used in this context is the minimum ignition en-
ergy (MIE). A specific obstacle in the prevention of fatal explosions
in industrial facilities lies in the highly random behavior of igni-
tions at energy levels close to MIE. In the frame of forced ignition,
such as in automotive engines, the MIE is often defined as the en-
ergy where a given mixture ignites 50% of the time [1-3]. How-
ever, regarding safety-relevant ignition processes a 50% chance of
ignition is too high to be tolerated. Therefore, in this context the
MIE is defined as the energy where one in 100 electrical discharges
ignites the most ignitable mixture of a burnable gas with air or an-
other oxidizer [4,5]. Due to their perceived randomness, the char-
acteristics of ignitions near the MIE are quantitatively and qualita-
tively substantially different from the commonly investigated case
of high energy input, such as automotive spark ignition. A detailed
discussion of the ignition probability of the MIE can be found in
the appendix of [6].
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At discharge energies close to the MIE of typical combustibles
like hydrogen, ethene, and propane (which all have MIEs consider-
ably smaller than 1 my]), loss processes play an important role for
the ignition and transition to a self-sustained flame propagation.
They include external (ohmic) losses in the electric circuit, heat
transfer to the electrodes, radiation, and losses due to the devel-
opment of a shock wave [7]. In addition, the MIE depends not only
on the substance under investigation but also on the method used
to determine it, specifically the electrode geometry and arrange-
ment as well as discharge characteristics [8-10].

Near the MIE, ignition has a stochastic nature so that there
is only a limited probability of ignition. This was pointed out by
Bane et al. [11] who investigated the statistical nature of spark ig-
nition and the role of the MIE for a range of combustibles with
relevance to aviation safety [6,11,12]. In particular, the MIE is not a
threshold value that segregates a non-ignition regime from an igni-
tion regime. A logistic fit of the ignition probability was proposed
which allows for a more accurate assessment of the risk of explo-
sions than the MIE alone. Thereupon, other researchers have used
this method to determine the properties of other combustibles.
Eckhoff et al. [13] found that for propane the probability of igni-
tion at the MIE is below 1%. The measurements by Wahner et al.
[14] showed that the probability of ignition at the MIE is between
0.1% and 1% for hydrogen, ethene, and propane.

The effect of ignition energy on the ignition of propane/air mix-
tures was investigated by Lim et al. [15]. They identified the causes
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of early and later kernel growth to be mass entrainment and dif-
fusion, respectively. The boundary conditions of this work were,
however, not close to MIE conditions relevant for explosion pro-
tection applications. Champion et al. [16] compared a numerical
model for spherical flame initiation to experimental results. They
proposed the existence of a critical spherical flame radius for suc-
cessful ignition of lean mixtures of heavy fuels. Research focused
on the flame kernel formation induced by short-duration sparks
was performed by Kono et al. [17]. The calculations were per-
formed for nitrogen and were able to describe the kernel shape
in good agreement with the ones observed in experiments with
propane/air mixtures. This demonstrated that the gas flow pat-
tern is the main cause for the kernel configuration. Borghese et al.
[18] investigated the ignition of propane/air at elevated pressure
and described in detail several phases of the early flame propa-
gation: the fast expansion of the spark channel, the build-up and
detachment of a shock wave and the development of a flow field
which influences the further flame propagation. The relative im-
portance of the flow field and chemistry were analyzed. Neverthe-
less, this work was related to forced ignition at elevated pressure
and limited to propane. Near-MIE conditions of propane/air were
investigated by Ko et al. [19] with the laser-schlieren technique.
The different phases of early flame propagation were described and
loss processes were identified via spark calorimetry. In this study,
the 50% definition of MIE was used; hence, the ignition energies
tested were around one order of magnitude larger than the MIE
defined at 1% ignition probability. Pitt et al. [20] studied in de-
tail the toroidal flow structure and the mixing connected with it.
The transition from laminar to turbulent mixing was taken into
account in their study. However, the ignition energies considered
were 162 m] - much larger than the MIEs of the gases considered
in our work. For methane/air mixtures, the effects of discharge en-
ergy and loss processes were analyzed thoroughly [21], but no ex-
tension to other fuels was carried out in this study.

As regards the ignition of hydrogen/air mixtures, numerical
studies [22,23] as well as detailed experimental works have been
performed. Ono and Oda [24] looked into ignitions at energies
close to the MIE using laser-induced pre-dissociation fluorescence
for a stoichiometric and a rich mixture. The effect of ignition en-
ergy was discussed and the different regimes of flame propaga-
tion were identified. However, the stochastic nature of ignition at
such low ignition energies was not considered in their work. Fur-
ther, the critical radius for ignition, its relationship to the igni-
tion energy and the dependence on the Lewis number of the com-
bustible mixture were investigated by Chen et al. [25,26] and Zhou
et al. [27]. Although the different flame trajectories for varying ini-
tial conditions were discussed, the stochastic variability at energies
close to the MIE was not analyzed.

The flow field which is induced by electrical discharges
in a two-electrode arrangement was described by Kono et al
[1,28] for two successive sparks in propane/air mixtures. Bane et al.
[29] studied the effect of different electrode geometries on the re-
sulting flow pattern in spark ignition situations relevant for indus-
trial and aviation safety by means of numerical simulations and
schlieren experiments. The study was limited to ignitions in hydro-
gen/air mixtures but clearly showed the importance of the elec-
trode shape on the ignition process. The varied geometry of the
electrodes (cylindrical, conical and flanged) induced different flow
fields which strongly influenced the ignition. Recently, Singh et al.
[30] studied the flow field induced by the discharge using particle
image velocimetry.

Despite all these research efforts, even after decades of research
starting with the works of Lewis and von Elbe [4], the prediction
of safety-relevant ignition processes is not feasible with the cur-
rent numerical models. This is due to a lack of knowledge con-
cerning the physical and chemical processes leading to the ignition

by low-energy electrical discharges relevant to explosion safety.
Hence, standards for the design and testing of explosion protected
devices are mainly based on empirical data [5,10,31,32]. Conse-
quently, relatively large safety factors need to be considered, for
example, in the development of explosion protected devices and
the control of processes in the chemical and petrochemical indus-
try. Thus, a more detailed knowledge of the physical and chem-
ical processes underlying the ignition by electrical discharges at
near-MIE conditions could help to improve those standards. Subse-
quently, it could lead to economic benefits for producers of explo-
sion protected equipment as well as operators of processes where
explosion risks need to be considered.

This study aims to contribute to closing this gap. We investi-
gate the ignition of the most ignitable hydrogen/air, ethene/air, and
propane/air mixtures by electrical discharges close to the respec-
tive MIE experimentally. High-speed schlieren imaging of the early
expansion of the flame kernel is employed to study single ignition
processes. We analyze the stochastic behavior of the ignition and
the early flame propagation. Furthermore, we discuss the effects of
ignition energy, the flow field, Lewis number, and flame stretch on
the early flame propagation. The findings from this study can be
used to improve numerical models to predict safety-relevant igni-
tion processes.

2. Experiment
2.1. Discharge circuit and initiation of discharges

Electrical discharges were generated between two tungsten
rod electrodes (2.4 mm diameter) with rounded tips (hemisphere
electrode arrangement) which were placed inside an optically
accessible stainless steel test vessel. Previous experiments showed
that the use of such electrodes allowed ignition of the investigated
mixtures at their respective MIE [14,33]. The vessel was flushed
with burnable gas/air mixture until its volume had been ex-
changed at least five times. The mixtures were produced via mass
flow controllers (Bronkhorst EL-FLOW) and controlled through
their oxygen content which was measured with an oxygen ana-
lyzer (Servomex MiniHD 5200). Three mixtures were investigated
at conditions close to the respective MIE (Table 1). These MIE
conditions comprise the optimal mixture composition and the
optimal electrode distance where optimal in this context means
that the ignition energy is minimized. The most ignitable mixture
composition and corresponding electrode distance were chosen
according to Wahner et al. [14]. At larger or smaller electrode
distances, the required ignition energy increases. Thus, to be able
to perform experiments at energies as close to the MIE as possible,
the electrode distances are different for each mixture and are
kept constant throughout the experiments. The effective Lewis
numbers given in Table 1 were calculated via the approach by
Addabbo et al. [34] using Cantera [35] and thermodynamic data
from GRI 3.0 [36]. Table 1 also lists the mixture-averaged diffusion
coefficients used in the calculations.

The electrical circuit (Fig. 1) consisted of the electrodes, a high-
voltage source, a variable capacitor in parallel to the spark gap,
and a large resistor in between the source and the spark gap to
prevent continuous discharges. A high-voltage probe was attached
to the top electrode for measuring the voltage at breakdown. In
addition, a current transformer picked up the discharge current.
The discharge energy could be adjusted by the variable capacitor
via the relation E = 1/2 CU2, where E is the discharge energy, C is
the capacitance of the set-up, and U is the voltage at breakdown.
Further details concerning the discharges and the set-up may be
found in [37]. The discharges were precisely triggered by means
of ultraviolet radiation from an Nd:YAG laser [38]. The experi-
ments were carried out at room temperature (21.5+1.0°C) and
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Table 1
MIE conditions of the burnable gases investigated. v - concentration in air, ¢ - equivalence ratio, MIE - minimum ignition energy, d - electrode distance, Le - effective Lewis
number of the mixture, Dy, - mixture-averaged diffusion coefficient of the fuel, Do, - mixture-averaged diffusion coefficient of O,.

Burnable gas v [14] @ MIE [5] d[14] Le Dryel Do,
Hydrogen 23.3 vol% 0.72 17 yJ 0.5 mm 0.56 1.001 x 10~4m?/s 2.415 x 1075 m?/s
Ethene 8.0 vol% 1.24 82 1.2 mm 1.11 1.609 x 10-> m?/s 1.970 x 107> m?/s
Propane 5.2 vol% 131 240 yJ 1.7 mm 1.17 1.108 x 1075 m?/s 1.936 x 107> m?/s
Table 2
HV probe 180 MQ Ignition probabilities for the energy levels investigated, rounded to three significant
digits [14].
Hydrogen Ethene Propane
E/MIE Pign (%) E/MIE Pign (%) E/MIE Pign (%)
v . 23 99.0 15 6.80 1.5 0.28
Spark Variable il L*f Hv 34 100 20 41.0 20 1.08
gap capacitor 7/— | source 45 100 2.9 97.6 2.9 121
4 56 100 38 100 40 75.4
Current transformer ) ) o
@ | ‘ | —_ 2.2. High-speed schlieren imaging

~ |

Fig. 1. Sketch of the electrical set-up for the generation of low-energy discharges.

atmospheric pressure (1000 4+ 40 mbar). After each ignition, the
vessel was flushed with dried air sufficiently long until no reac-
tion products remained and the vessel temperature was at room
temperature. In order to examine stochastic fluctuations in the ig-
nition process, the experiment was repeated for each energy level
until at least five ignitions were observed or, for cases with very
low ignition probability, up to a maximum of 100 trials (with or
without ignition).

The ignition process was investigated at four energy levels close
to the respective MIE of each mixture (Table 2). For hydrogen the
lowest energy we were able to investigate with our set-up was 2.3
MIE due to internal capacitances of the set-up. Since the voltage
needs to be in a certain interval for each configuration, the mini-
mum energy is determined by the capacitance. The ignition proba-
bilities P, for each configuration given in Table 2 were calculated
based on the logistic regression formulas given in [14], which in
turn are based on the large number of experiments reported in
that work.

(a) (b)
0.160 ms

0.240 ms

We investigated the early phase of flame propagation with the
schlieren technique [39]. A high-power LED (Luminus SBT-70-G) in
continuous wave mode in combination with a pinhole was used as
a light source. The set-up consisted of two 500 mm field lenses
and another pinhole as the schlieren stop. A high-speed camera
(Photron Fastcam SA-5) was used to record schlieren images at
62.5 kHz. The images were post-processed in Matlab in order to
find the kernel radius in each frame. Details are found in the sup-
plementary material.

3. Results and discussion
3.1. Early flame propagation

We recorded high-speed schlieren videos of the early phase fol-
lowing an electrical discharge in a burnable gas mixture to in-
vestigate the reasons for the stochastic behavior of the ignition.
Figures 2-4 display selected series of such schlieren images. For
each investigated gas mixture, different levels of ignition energy
are compared. In the case of hydrogen (Fig. 2), only a minuscule
variation between the discharge energies is visible. Hence, only
two energies are shown in this figure. An increase in ignition en-

Time after discharge —

(c) (d)
0.480 ms 0.800 ms

2.3 MIE

« Ignition Energy

4.5 MIE

Fig. 2. Series of schlieren images showing the early phase of flame kernel expansion after ignition by an electrical discharge in a 23.3 vol% hydrogen/air mixture (0.5 mm
electrode distance). Each row corresponds to a specific ignition energy indicated on the left while the columns are labeled with the time after ignition. The images were
enhanced in brightness and contrast for better visualization.
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Fig. 3. Series of schlieren images showing the early phase of flame kernel expansion after ignition by an electrical discharge in an 8.0 vol% ethene/air mixture (1.2 mm

electrode distance).

Time after discharge —

(a) (b) (c)

0.016ms 0.064ms 0.128ms 0.288ms 0.608 ms

(d) (e) () (9)
1.25ms 2.37 ms

2.0 MIE
(noign.)

20MIE |+
(ignition) |-

2.0 MIE
(ignition) |

« Ignition Energy

2.9 MIE
(noign.)

2.9 MIE
(ignition)

Fig. 4. Series of schlieren images showing the early phase of flame kernel expansion after ignition by an electrical discharge in a 5.2 vol% propane/air mixture (1.7 mm

electrode distance).

ergy leads to a slightly larger flame for the same time after igni-
tion. Of course, the ignition probability was very high in all cases
that we were able to investigate (cf. Table 2). The flame appears to
be spherical from the start.

For ethene (Fig. 3), larger differences can be observed. When
the energy is increased the early flame growth becomes faster. The
shape of the flame kernel in frames (a) and (b) is asymmetrical
in axial direction at low energies and becomes more uniform at
larger energies. At low energies the ignition process is very sensi-
tive to changes in ignition energy. This could be explained by the
fact that the ignition delay time is a non-linear function of the dis-
charge energy. Therefore, at low energies the time scale at which
processes may interfere with the ignition is much longer than at
larger energies. On the other hand, at sufficiently large ignition en-
ergies, bigger absolute changes in the ignition energy are required
for a significant change in the early flame kernel propagation. Thus,
the flame kernels at 3.0 MIE and 3.9 MIE are very similar.

Even larger variations of the ignition process are observed in
the propane mixture (Fig. 4). Here, we compare ignition events

and non-ignition events at two energy levels. Up to frame (d)
(0.288 ms), the kernel expansion is very similar for ignitions and
non-ignitions at the same energy. After 0.6 ms (frame (e)), small
differences become visible. The kernel in the ignition case has ex-
panded a little further than the non-igniting kernel. The frames
(f) and (g) (1.25 ms and 2.37 ms) illustrate how the non-igniting
kernel cools down while the flame propagates in the other case.
As the image series of ignitions at 2.0 MIE (rows two and three)
demonstrate, there is substantial variation between igniting cases
at low ignition energy. For reference, the ignition probability for
propane/air at 2.0 MIE is only around 1% (cf. Table 2). In the igni-
tion case in the third row, the discharge occurs not in the center
between the electrodes but offset to the left-hand side. Therefore,
the vortices which are induced in the flow field due to the dis-
charge and the fast expansion of the kernel [28,29,40,41] should
be asymmetrical. It appears that the kernel is convectively
transported to the right-hand side where, eventually, the ignition
occurs. Such one-sided ignition events were observed only in the
propane/air mixture and only at 2.0 MIE and 2.9 MIE. They have in
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common that the position of the discharge was slightly off-center,
i.e., shifted from the electrode axis by up to one quarter of the
electrode diameter (0.6 mm). This can happen due to microscopic
changes of the electrode surface induced by previous discharges
which locally change the electric field and thereby the most likely
location of the discharge. This effect would not be expected with
pointed electrodes. However, pointed electrodes would change the
characteristics of the flow field [29]. In general, the ignition pro-
cess becomes more reproducible with increasing ignition energy
and the flame becomes more symmetrical. At 4.0 MIE, we did not
observe single-side ignition events even when the discharge was
off-center.

The kernel radii that were extracted from the schlieren images
for different ignition energies are compared in Fig. 5. Only suc-
cessful ignition events are shown here. Individual experiments are
represented by dashed lines while solid lines indicate the average
values for each energy level. In addition to the reduced ignition
probability, this data ascertains the enhanced fluctuation of the
flame propagation at low energies.

The hydrogen kernels (Fig. 5(a)) closely follow a single line at
constant ignition energy. When the energy is increased, the kernel
expansion is enhanced during the period up to 0.1 ms after igni-
tion and the ignition delay time appears to decrease slightly. After
this time, the ignition source has no further effect on the kernel
propagation. Bradley and Lung [42] called this the spark assisted
flame propagation regime. Its duration depends on the combustible
gas/air mixture and the ignition energy. Overall, the effect of igni-
tion energy is small for the energy range investigated for hydrogen.
Between the highest two energy levels (4.5 MIE and 5.6 MIE), no
significant change in the kernel propagation can be observed.

In the case of ethene (Fig. 5(b)), substantial variation is present
at low ignition energies. At 1.5 MIE and 2.0 MIE, there is consider-
able scatter between individual experiments. The scatter becomes
smaller for the larger energies investigated. Moreover, all curves
approach the same slope after about 1ms when only chemistry and
stretch due to the spherical flame shape govern the flame propa-
gation. However, during the first 0.5 ms, the ignition source still
plays an important role. For the kernels of low ignition energy,
the spark assistance is relatively weak. Thus, they propagate very
slowly up to 0.5 ms. Then, they accelerate until the average ker-
nel propagation speed reaches a constant value. This effect is due
to the fact that the Lewis number of the ethene/air mixture is sig-
nificantly larger than unity. Therefore, positive stretch as it occurs
especially in spherically expanding flames of small diameter im-
pedes the flame front propagation. As the flame kernel grows, the
stretch reduces and thus, the kernel propagation speed increases.
The Lewis number effect will be further discussed in Section 3.3.
At larger ignition energies, the flames start with a speed that
is even higher, approaching the same average kernel propagation
speed from above. This is due to the aforementioned spark assisted
flame propagation. There is a clear effect of an increase in ignition
energy on the ignition process and early kernel propagation such
that ignition becomes faster and more reliable.

Figure 5(c) compares the early kernel propagation in the
propane/air mixture for varying ignition energy. No ignitions were
observed in 100 trials at an energy level of 1.5 MIE. An increase
in ignition energy yields more reproducible results. The one-sided
ignition events (dotted lines) occur quite often at 2.0 MIE and 2.9
MIE but not at 4.0 MIE. There is no observable shift towards faster
or slower kernel growth compared to the normal ignition events at
the same energy. For this mixture, the effect of the ignition source
is evident for about 0.5 ms.

The results illustrate the stochastic behavior of the ignition pro-
cess in burnable gas/air mixtures at energies close to the respective
MIE. In practice, small deviations from the nominal mixture com-
position, fluctuations in the initial temperature and initial pressure,

Kernel radius / mm
S

0.0 0.2 0.4 0.6 0.8 1.0

Time / ms

(a) 23.3 vol. % hydrogen/air mixture

Kernel radius / mm

25

Time / ms

(b) 8.0 vol. % ethene/air mixture

Kernel radius / mm
ey

[ ' [ ' [ ' [ ' [ '
0 1 2 3 4

Time / ms
(c) 5.2 vol. % propane/air mixture

Fig. 5. Kernel radius as a function of time after discharge for several ignition en-
ergies close to the minimum ignition energy, extracted from the schlieren images.
The dashed lines indicate individual experiments; solid, bold lines indicate the re-
spective average values. The dotted lines in (c) correspond to experiments where a
one-sided ignition was observed.
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Fig. 6. Ignition and non-ignition events in an 8.0 vol% ethene/air mixture at E = 1.5MIE (Pg, = 6.8%). (a) Kernel radius as a function of time, (b) schlieren images of the
flame kernels of the four ignition events at 0.3 ms (as indicated by the dotted line in the diagram). The order of the images (top to bottom) corresponds to the order of the

four solid curves in (a).

and non-quiescent fluid in the vessel are always present. If the dis-
charge energy is sufficiently large, these small deviations do not
affect the ignition process. At energies very close to the MIE, how-
ever, the ignition process is very sensitive to disturbances which is
manifested in the scatter in the plots of the propane and ethene
cases.

The observations from our experiments match the ignition
probabilities given in Table 2: high ignition probabilities corre-
spond to small deviations while low ignition probabilities corre-
spond to a large scatter between repeated experiments. For in-
stance, all investigated hydrogen cases have an ignition probability
of 99% to 100%. Consequently, the ignition process is very stable
and we did not observe any non-ignitions for these energies. In
the case of ethene, the lowest energy tested (1.5 MIE) only has a
6.8% chance of ignition and, correspondingly, a large variation in
the development of the igniting kernels can be observed.

This becomes very clear in Fig. 6 where the traces of four igni-
tions and five non-ignition events in the 8.0 vol% ethene/air mix-
ture are compared. All curves closely follow a common trajectory
up to 0.2 ms, where the kernel radius is close to 1 mm. Then, ig-
nition events are observed in the time interval from 0.2 ms and
0.6 ms. From this long duration one can conclude that here pro-
cesses that facilitate the continuation of the combustion process
on one hand, and loss processes on the other hand which quench
chemical reactions, occur on the same order of magnitude. The
main factor influencing the chemical rate is the temperature, as is
evident in Arrhenius equations describing the rate constants [43].
Here, the temperature field induced by the electrical discharge
reaches values where the rate constants for the dominating reac-
tions lead to conversion of chemical energy to heat which is coun-
teracted by loss processes at a similar rate. These loss processes in-
clude cooling due to mixing with cold gas, heat conduction to the
electrodes and radical quenching at the metal electrode surface.

At the next energy level (2.0 MIE), the ignition probability is
already 41% and indeed we observe less scatter between repeated
experiments and thus better reproducibility of the ignition event.
We can conclude that the elevated temperature field induced by
a 2.0 MIE discharge compared to that of a 1.5 MIE discharge in-
creases the reaction rates considerably. Therefore, relatively small
perturbations trough the aforementioned loss processes do not
lead to quenching of the flame. Statistically, however, also larger

perturbations may occur, albeit less often. These will still lead to
“non-ignition” events which is manifested in the observed ignition
probability. For the higher energies, the ignition probability is close
to 100%, yielding almost no variation in the different experiments.
Still, the higher ignition energy affects the early flame kernel ex-
pansion.

For propane, the distribution of the ignition probability is more
spread out than that of ethene (cf. Table 2). Therefore, the vari-
ations in the experiments are larger even at higher E/MIE val-
ues: there is considerable scatter present in the kernel trajectories
at 2.9 MIE (cf. Fig. 5(c)). Only at 4.0 MIE ignition energy, where
the ignition probability is about 75%, the ignition process becomes
more reliable.

Figure 7 shows the average kernel propagation speed obtained
from the averaged flame trajectories in Fig. 5 as a function of the
kernel radius. The average kernel propagation speed was calculated
as dRg/dt, where R; is the flame kernel radius. For all mixtures,
three regimes of the early flame propagation can be identified.
First, the kernel expansion is over-driven due to the energy input
from the electrical discharge. Here, the average kernel propagation
speed is greater when the ignition energy is large. Second, a tran-
sition phase occurs, during which the average kernel propagation
speed reaches a minimum value for the case of successful ignition.
In cases where no ignition occurs (not shown here), the kernel tra-
jectory follows the same path in this plot but would keep falling
towards zero from this point on. The radius at which the minimum
average kernel propagation speed is reached can be thought of as
having a similar meaning as the critical spherical radius identified
by Champion et al. [16] and the critical ignition volume postulated
by Bradley and Lung [42]. In case of ignition, the average kernel
propagation speed finally approaches a value that is independent
of the ignition energy. This is when the third regime of early flame
propagation is reached.

As Fig. 7 demonstrates, there exists a mixture-dependent ra-
dius where the transition phase is completed and the flames reach
a common propagation speed. This radius is smallest for hydro-
gen (about 3 mm), followed by ethene (about 3.5 mm and 4 mm)
and largest for propane (> 5mm). Thus, an effect of the dissimi-
lar Lewis numbers of the mixtures can be observed here. It is dis-
cussed further in Section 3.3. Another interesting point to note is
that the minimum of the average kernel propagation speed is not
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Fig. 8. Structure of early flame kernels for the most ignitable mixtures of hydrogen,
ethene, and propane with air at E ~ 3MIE, shown for three time steps.

as pronounced for propane (Fig. 7(c)) as it is for the other mix-
tures. Again, this is a manifestation of the necessity for the spark
assisted flame propagation for mixtures with Le > 1 [42].

3.2. Flame kernel structure

In an attempt to determine the reasons for the stochastic be-
havior of the ignition and the scatter in flame front propagation,
we analyze the flame kernel structure for each mixture. Figure 8
compares the structure of the early flame kernels for the three
mixtures. A representative ignition was chosen for each mixture.
The hydrogen kernel is close to a spherical shape and not corru-
gated. The propane kernel is corrugated and stretched out in the
direction perpendicular to the electrode axis. The ethene kernel is
not spherical in shape and corrugated, but not as corrugated as the
propane kernel.

One reason for the differences in the kernel structure in the
first frame shown (0.064 ms) are the dissimilar ignition ener-
gies. While E/MIE is approximately constant for the kernels in
Fig. 8, the absolute energies differ by an order of magnitude (51 pJ,
2461) and 720y] for hydrogen, ethene, and propane, respectively).
Thus, the expansion of the hot gas channel, the induced pres-
sure wave, and the vortex structure formed due to the presence
of the electrodes are stronger at a higher absolute discharge en-
ergy [37,40]. Further, the electrode distance and shape influence
the flow field which is induced by the discharge. The flow velocity
increases as the spark gap increases [30,44]. Hence, both the larger
electrode distance and the higher discharge energy lead to a higher
flow velocity in the propane case compared to the ethene and the
hydrogen case (the electrode distances are 1.7 mm, 1.2 mm and
0.5 mm, respectively). In addition to these gas-dynamic (purely
physical) effects, chemical and combined effects play an important
role, which will be discussed in the next section.

While at the first time step shown in Fig. 8, the ignition energy
dominates the kernel expansion, the relative importance of chem-
istry and diffusion increases at the second and third time step.
Therefore, the growth of the hydrogen kernel is much faster than
that of the other mixtures, even though the spark assisted flame
propagation effect is much smaller. The last frame for propane il-
lustrates the intake of unburnt gas due to the flow field induced
by the discharge. As Lim et al. [15] and Ko et al. [19] pointed out,
for propane/air mixtures the early kernel growth is mainly due to
mass entrainment. Therefore, the flow field plays an important role
for the ignition process and is a main cause of the stochastic na-
ture observed for the ignition of propane/air mixtures. This is also
true, although less distinct, for the ethene/air mixture. Since the
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early kernel growth is not dominated by diffusion, the flow field
strongly influences the flame development as is seen in Fig. 6(b).

Further confirmation of the importance of the flow field on the
ignition is provided by the comparison shown in Fig. 9. Here, we
compare the average kernel radius for the lowest ignition energy
of each mixture (E/MIE = 2.3 for hydrogen/air and E/MIE = 1.5
for ethene/air and propane/air, cf. Table 2) from Fig. 5 with the
kernel expansion at E/MIE = 1.0. In the latter case, no ignition was
observed in the experiment. The data was extracted from single-
shot schlieren images from an earlier work which focused on the
gas-dynamic expansion of the kernel mainly at time instances in
the microsecond and sub-microsecond scales [37]. Since the mix-
ture was not ignited in these cases, the kernel expansion is al-
most exclusively due to the flow induced by the discharge. It was
found that the kernel expansion was split into two phases: firstly, a
pressure-driven phase which lasts about 1ps, and secondly, a flow-
driven phase which further expands the kernel. The comparison in
Fig. 9 shows that the flow accounts for roughly 70% of the kernel
growth up to 1.0 ms in the propane case. Its influence is smaller
but still considerably for the ethene/air mixture. In the hydrogen
case, the flow effect is negligible after some 100 ps. This illus-
trates how the chemical reaction dominates the kernel propaga-
tion speed after a very short time. Especially for the propane/air
mixture, however, the transition occurs on a longer time scale, al-
lowing for a greater chance for perturbations and loss processes to
interfere with the ignition process.

3.3. Effect of stretch and Lewis number

In Fig. 10, we show the average kernel propagation speed as
a function of stretch K, based on the curves in Fig. 7. For spheri-
cally expanding flames, K = 2/R; dRy/dt [45]. This plot can be used
to identify different flame regimes [25]. For a short time interval,
the ignition energy strongly affects the average kernel propagation
speed for all mixtures. At large positive stretch, corresponding to
small flame radii and early times, the flame propagation is assisted
by the ignition source. Then, the average kernel propagation speed
reaches a minimum value. As the ignition energy is increased, the
minimum average kernel propagation speed increases. The stretch
rate at which this minimum is reached depends on the gas mix-
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Fig. 10. Average kernel propagation speed over stretch for several ignition energies
close to the minimum ignition energy.

ture. It is biggest for hydrogen and smallest for propane, thus, it
correlates inversely with the Lewis number of the mixture.

The ethene and propane mixtures have Lewis numbers greater
than unity (1.11 and 1.17, respectively, cf. Table 1). Thus, the flame
propagation is impeded by positive stretch. The Lewis number of
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the hydrogen mixture is 0.56, hence, positive stretch is expected to
enhance the flame propagation. However, the results in Figs. 7(a)
and 10(a) show that for kernel radii up to 7 mm or stretch rates
smaller than 10,000/s, the average kernel propagation speed in-
creases with decreasing stretch. This observation is contrary to the
well-established fact that stretch will increase the flame propaga-
tion speed for mixtures with Le <1 [25,26,46]|. However, this is
an asymptotic theory which assumes that the flame thickness is
much smaller than the typical hydrodynamic length scale, i.e. it
assumes that the hydrodynamic scale is at least a few centime-
ter [47]. Thus, it can only be expected to be valid at small stretch
rates. For the small radii considered here (Rf < 1cm), the stretch
rate is not small and the flame thickness is not negligible com-
pared to the kernel radius. Nevertheless, at energies close to the
MIE, the behavior seen in Figs. 7(a) and 10(a) was predicted the-
oretically by He [48] when the flame kernel is still small. Only
at sufficiently high ignition energy does the average kernel prop-
agation speed become a monotonically decreasing function of the
kernel radius. It is expected that the average kernel propagation
speed will decrease again as the kernel continues to grow. Our
data are, however, limited to kernel radii of about 8 mm since we
intended to focus on the very early phase of flame propagation.
The same effect was observed experimentally by Nakahara et al.
[49] for lean hydrogen/air mixtures (¢ = 0.7 and 0.9) as well as a
rich propane/air mixture (¢ = 1.2) at relatively small ignition ener-
gies, though their mixtures were diluted with additional nitrogen.
They found a transitional stage at the meso-scale where the flame
speed increases with increasing diameter (or decreasing stretch)
while at larger radii (macro-scale) the decrease of stretch led to
a decrease of flame speed. In most experimental studies, this ef-
fect for Le<1 is not observed because either small kernel radii
were not investigated or higher ignition energies were used. For
example, Kelley et al. [46] found that for a lean hydrogen/air mix-
ture (¢ = 0.30) the flame speed decreases with increasing kernel
radius. Further, they showed that increasing the ignition energy in-
creased the flame speed up to a certain kernel radius (or stretch
rate). However, the ignition energy was no smaller than 12.5 m]
[46] while the MIE at ¢ =0.30 (v =8.9vol%) is only about 54 pJ
[10] to 230 pJ [50].

Our experiments clearly illustrate how strongly the Lewis num-
ber and its interrelation with stretch influence the early phase
of flame propagation and, thus, in particular, the ignition pro-
cess by electrical discharges near the MIE. Chen et al. [26] in-
vestigated this interrelation numerically for several hydrogen/air,
methane/air and propane/air mixtures with Le = 0.5 to 2.5. A ma-
jor results of their study regarded the critical flame radius which
needs to be exceeded by spark assisted flame propagation. It
was found that this radius increases with the Lewis number.
Experimental confirmation of their theory was provided by Kelley
et al. [46] for hydrogen/air and butane/air mixtures and by Kim
et al. [51] for n-decane/air mixtures. Our results are in qualita-
tive agreement with Chen et al. [26] and provide, thus, the first
experimental confirmation of their findings for an ethene/air and
propane/air mixture. Figure 7 shows that for the mixtures with
Le > 1, the flame radius corresponding to the minimum of the av-
erage kernel propagation speed increases as the Lewis number in-
creases. This value is close to the critical flame radius [46].

This finding has far-reaching implications for safety-relevant ig-
nition processes, i.e. the ignition of burnable gas mixtures at ener-
gies close to their minimum ignition energy. In particular for mix-
tures with a high Lewis number, the spatial dimensions as well
as the temporal duration where disturbances may interfere with
the ignition process increase. Therefore, the flow field which is
induced by the discharge has a stronger effect for mixtures with
Lewis numbers greater than unity than for mixtures with lower
Lewis numbers. Moreover, statistically distributed deviations of the

initial conditions can lead to the stochastic behavior of the igni-
tion process, especially at a low discharge energy and a large Lewis
number. These fluctuating parameters may include the tempera-
ture, pressure, mixture composition, position of the discharge loca-
tion, initial flow field, discharge energy and duration, and possibly
further variables. Given these points, these sub-processes are re-
quired to be modeled carefully in order to correctly predict safety-
relevant ignition processes. The data provided by our experiments
can potentially aid the development and validation of such numer-
ical models. Eventually, these models could be used to assist the
design and conformity assessment phases in the development pro-
cess of explosion protected equipment.

A further impact of our results can be the advancement of the
measurement technique to characterize the speed of spherically
expanding laminar flames. Usually, the combustible gas mixture
is ignited centrally by a high-energy electric discharge [25,52,53].
Presumably, the amount of imposed energy is chosen in a conser-
vative way so that the ignition probability is virtually 100%. This
choice results in an unnecessarily large energy application and,
consequently, a larger radius of influence. Choosing the ignition
energy carefully based on the MIE of the mixture, e.g. E =5 MIE,
can therefore limit unwanted effects caused by the ignition source.
Thus, the experimental error can be reduced and more reliable
data can be extracted.

4. Conclusions

We investigated the ignition of three burnable gas/air mixtures
by electrical discharges at conditions close to the respective MIE
conditions. Here, the ignition process is of a stochastic nature.
High-speed schlieren imaging was applied to the early phase of
flame propagation. Our experiments reveal and clarify the decline
of reproducibility as the introduced energy approaches the MIE.
The data provide a quantification of the stochastic flame initiation
and propagation at very low energy levels. This information gives
important insights into underlying physical mechanisms. Further-
more, the experiments confirm the importance of the flow field
on the evolution of the ignition kernel. It was found, in agreement
with previous studies, that the flow field is an important factor
governing the early expansion in case the Lewis number of the
mixture is relatively large. This is due to the effect of stretch on the
flame speed when the Lewis number is not unity. For the hydro-
gen/air mixture, which has a Lewis number considerably smaller
than unity, the ignition process was very repeatable and was not
influenced by the flow field induced by the discharge. Further,
we demonstrated the existence a mixture-dependent radius above
which the kernel propagation speed is independent of the ignition
source.

Consequently, numerical simulations for the prediction of
safety-relevant ignition processes need to take into account at
least two-dimensional effects of the electrode geometry on the
flow field and where possible, the influence of stochastic fluctua-
tions in the initial conditions in the time and space domain. Thus,
improved numerical models based on detailed knowledge of the
physiochemical effects governing ignition by low-energy electrical
discharges could lead to extended limits for the safe operation of
processes in hazardous areas. Further, they could enable economic
benefits in the design and production of explosion protected de-
vices.
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