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Flame kernel formation and propagation in premixed gases have been studied experimentally and theoret-
ically. The experiments have been carried out at constant pressure and temperature in a constant volume
vessel located in a high speed shadowgraph system. The formation and propagation of the hot plasma ker-
nel has been simulated for inert gas mixtures using a thermodynamic model. The effects of various param-
eters including the discharge energy, radiation losses, initial temperature and initial volume of the plasma
have been studied in detail. The experiments have been extended to flame kernel formation and propaga-
tion of methane/air mixtures. The effect of energy terms including spark energy, chemical energy and
energy losses on flame kernel formation and propagation have been investigated. The inputs for this model
are the initial conditions of the mixture and experimental data for flame radii. It is concluded that these are
the most important parameters effecting plasma kernel growth. The results of laminar burning speeds have
been compared with previously published results and are in good agreement.

� 2010 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction Ziegler et al. [3] studied the formation of lean methane–air flames
An understanding of the spark ignition process is important for
the improving the fuel efficiency and reducing the emissions of IC
engines and burners. Prior research carried out over the past sev-
eral decades by a large number of investigators [1–21] has shown
that the ignition process involves three distinct stages. The first
stage, which occurs on a time scale of microseconds, involves the
formation of a narrow spark channel followed by the formation
of an equilibrium plasma kernel with a radius of approximately
0.5 mm and a temperature of 7000 K. The second stage, which oc-
curs on a time scale of milliseconds, involves the subsequent
growth of a constant mass plasma kernel of atomic ions and elec-
trons due to the input of additional electrical energy from the igni-
tion system. The third and final stage involves the ignition of the
combustible gas mixture surrounding the hot plasma kernel to
produce a propagating flame. The first and third stages of this igni-
tion process have been extensively investigated in prior work and a
semi quantitative understanding of them has been achieved. Maly
and Vogel [1] in a theoretical and experimental study determined
that the most important component of spark discharge is the
breakdown process. They mentioned that the other processes
including arc and glow discharge are less important because their
electrical energy is dissipated into the electrodes. Maly [2] and
ion Institute. Published by Elsevier
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based on the theories proposed in [1]. They concluded that the best
ignition system is the one with highest level of energy and shortest
time interval. Sher et al. [4] did a fundamental study on spark for-
mation in air and proposed a model to calculate the spark kernel
temperature after breakdown. They concluded that the initial
spark kernel is a very high temperature region, but the tempera-
ture drops rapidly due to heat dissipation. They determined that
beyond a specific limit, the energy of the spark affects only the ini-
tial flame kernel radius, and not the temperature. Sher et al. [5–8]
applied the proposed model in [4] to study the formation of actual
methane–air flames and the effect of variables on the initial flame
kernel. They concluded that the spark kernel is grown in two steps.
The first, shorter stage consists of a pressure wave emission. This is
followed by a longer period, in which diffusion occurs. Initial flame
kernel is formed during the second stage in a constant pressure
process. They could estimate the burning speed of methane–air
flames in early stages [8]. However, the estimation of initial condi-
tions in early stages and other parameters such as initial tempera-
ture of the kernel, radiation from hot gas, heat conductivity, and
transport properties is challenging. Ko et al. [9,10] theoretically
and experimentally studied the spark ignition of propane–air
mixtures. They indicated the existence of a critical radius which
depends strongly on equivalence ratio. They also showed the
importance of spark electrode gap, spark modes (breakdown, arc,
and glow), and cathode–anode falls on ignition process. Chen and
Ju [11] studied the evolution of the ignition kernel to a flame ball
and they concluded that radiation plays a very important role in
transition of initial flame kernel to the actual self-sustained flame.
Inc. All rights reserved.
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There are also numerous works which deal with the effect of
geometry and type of spark electrodes on kernel characteristics
and flame propagation [12–21]. Most of these papers illustrate
the importance of energy losses in early stages, minimum initial
radius, ignition energy modes and their effects on flame formation.

The purpose of the present paper is to present a quantitative
model for the intervening second and third stages of process which
study the electrical energy input to plasma, flame kernel forma-
tion, and measuring the laminar burning speed.

2. Experimental system

Figure 1a shows the overall experimental system. Experiments
were conducted in a cylindrical combustion chamber with an inner
diameter and length of 133.35 mm. Figure 1b shows the cylindrical
vessel. The combustible mixture was spark-ignited at the center of
the chamber using two spark plugs with extended electrodes. Two
different sets of electrodes were used to study the effect of elec-
trode geometry on heat loss. They had diameters of 2.54 mm and
0.381 mm. Both of electrodes were of stainless steel. Both sets
had a free length of 40 mm and the spark gap was 1.0 mm. Two ex-
tended spark electrodes, shown in Fig. 1b, initiate the combustion
process from the center.

2.1. Ignition system

An electronic ignition system consists of high voltage capacitor
discharge controlled by the data acquisition program which pro-
vides a spark with the necessary energy. Ignition system has been
Fig. 1. (a) The experimental set up of th
designed with variable voltages and capacitors to produce ignition
with different energies. Voltage and current across the spark plug
gap during the electrical discharge have been measured by a volt-
age divider.

2.2. Optical system

A Z-type shadowgraph ensemble has been set up to visualize
the flame propagation. A high speed CMOS camera (HG-LE, Redlake
Inc.) with a capture rate of up to 40,000 frames per second is placed
at the focal point of the second mirror. The capture rate and shutter
speed of the camera were optimized depending on the burning
speed of the mixture and the brightness of the flame. The light
source for the optical system is a 10-Watt Halogen lamp with a
condensing lens and a pinhole of 0.3 mm in diameter, which pro-
vides a sharp and intense illumination throughout the whole sys-
tem. Additional information about the optical set up can be
found in previous works [22–24].

3. Experimental results

3.1. Discharge energy measurements

Figure 2 shows the measured voltages and currents as a function
of time for a spark plug in air for maximum and minimum discharge
energies (DE). The spike which is seen approximately at 5–10 ls
shows the breakdown stage preceding the spark discharge. In this
stage the gap is bridged by the avalanche of electrons flowing from
cathode to anode. Breakdown energy depends on the spike
e system and (b) cylindrical vessel.
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Fig. 3. Spark discharge power of air at low and high energies.
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magnitude and duration of the spark. In our experiments the break-
down energy is about 0.3–0.6 mJ. The oscillations seen starting
around 1 ms are feedback through the electrical system. Figure 2 also
shows the current flow through the spark plug gap and it can be seen
that increasing the discharge energy (DE) increases the current flow-
ing across the gap. When the current passes a threshold (�0.3 A) a
transition occurs from glow to arc which decreases the voltage
abruptly. This transition is caused by thermionic effects causing
electron emission from the high temperature cathode. In lower dis-
charge energies, because of relatively low current, there is no arc
mode. The glow discharge voltage (normal voltage Vn) is indepen-
dent of the current. It is a function of wire material and the gas. For
air with steel as the electrode material, the value of Vn is 270 volts
[2,25,26]. Our experimental observations are very close to these val-
ues, as shown in Fig. 2.

Once current and voltage are known as a function of time one
can easily calculate the instantaneous discharge power (DP) from
DP = VI. Consequently the discharge energy from the spark jump
is DE =

R
VIdt. Figure 3 shows the instantaneous power across the

spark plug gap. For higher energies, there is a sudden drop and rise
in the power which is due to the voltage drop in arc-glow transi-
tion. It should be noted that discharge energy is larger than the
electrical energy converted to thermal energy in the gas because
a portion of the discharge energy is dissipated by conduction into
the electrodes. It is very difficult to measure the amount of energy
dissipated in the plasma but, as will be shown in subsequent sec-
tions, a good estimation can be made based the anode and cathode
voltage drops measured by others.

3.2. Shadowgraphs of the kernel

Figures 4 and 5 show high speed shadowgraphs of plasma
kernels for pure-air and methane/air. As can be seen in Fig. 4, the
kernel radii for pure-air and methane/air flames are almost identi-
cal at early times. In this stage (0–2 ms), the amount of heat
released by chemical reactions is negligible [8]. Therefore, the vol-
ume and temperature of the kernel depends only on the electrical
energy dissipated in the plasma kernel.

Figure 5 also shows that about 4 ms after spark, the air kernel
becomes stable but the methane/air continues to grow into a
self-sustained propagating flame. In this stage chemical energy
and transport processes are the drivers of flame.

3.3. Kernel growth for air

Figure 6 shows the measured air radii as a function of time for
two different spark energies. It can be seen that the kernel radii in-
crease significantly with time independent of discharge energy
(DE) but the final values increase only slightly with increasing dis-
charge energy (DE).

4. Thermodynamic model

A thermodynamic model has been developed to describe the
growth of the plasma kernel subsequent to the breakdown phase.
Figure 7 shows the sketch of the model.

The major assumptions are as following:

(1) All calculations start after breakdown stage and it is
assumed that the pressure is constant.

(2) Since the relaxation time scale of different energy modes
(translational, rotational, vibrational, electronic) compared
to plasma expansion time are small (O � 10�9 s), all species
are in local thermodynamic equilibrium at a single temper-
ature [1,4,5].



Air 

12.5 m
m

t = 0.1 ms     

t = 0.5 ms

 t = 1 ms 

methane/air
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(3) Since the thermal boundary layer is thin, it is assumed that
the kernel is a constant-mass system.

(4) It is assumed that the kernel is approximately spherical.
(5) Assumed energy losses are (i) radiation from the plasma to

the surroundings, (ii) heat loss associated with anode and
cathode voltage drops, and (iii) conduction losses to the
thermal boundary layers around the electrodes.
The governing equations are energy balance, equation of state,
and mass conservation. The equation for energy balance is given
by:
@E
@t
¼ dDE

dt
� _Q cond � _Qrad �

cp

R
p ð1Þ
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Fig. 7. The sketch of the model.
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where E is the energy of the plasma kernel, dDE/dt is the electrical
energy dissipation rate, Qcond is the conduction energy loss to the
thermal boundary layer, Qrad is the radiation energy loss, cp is the
heat capacity, R is the gas constant, p is the pressure, and is
the volume of kernel.

The equation of state is

p ¼ nRT ð2Þ

where n is number of moles and T is the temperature. The total
number of moles is determined by:

n ¼
Xz

i¼1

ni ð3Þ

where z is the number of species.
The mass conservation equation is

EB ¼ 2B2 þ
Xz

e¼0

Be e ¼ 0;1;2;3; . . . z ð4Þ

In this equation, EB is the elemental atom number of atom B,
and e is the charge of ions.
4.1. Thermodynamic properties

The thermodynamic properties of air have been calculated by
statistical thermodynamic methods. These parameters, including
cp and the enthalpy of the mixture, have been calculated in tem-
perature range of 300–100,000 K. More details about calculations
can be found in [27]. For air the considered species are N2, N, N+,
N2+, N3+, N4+, N5+, N6+, O2, O, O+, O2+, O3+, O4+, O5+, O6+, O7+, and e
(electron). Figure 8 shows the number of species for an air plas-
ma normalized by the number of the elemental atoms in the
system. It can be seen that the number of species increases
rapidly with temperature due to the large increase in the num-
ber of electrons at high temperature. Figure 9 shows the heat
capacity of air at high temperatures. The peaks in this curve
are associated with the energy required to dissociate and ionize
the components of air and are responsible for most of its heat
capacity.
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4.2. Electrical energy

The calculations start after breakdown phase. A negligible por-
tion of discharge energy is consumed in breakdown phase. Equa-
tion. (5) is the discharge energy balance:

DE ¼
Z b

0
IVdt þ

Z t

b
ðIVfallÞdt þ

Z t

b
ðIVcolÞdt

¼
Z b

0
IVdt þ Q ca þ SE ð5Þ

The first term is the energy associated with breakdown, second
term is anode and cathode fall energy (Qca) which is dissipated into
the electrodes, and the last term is the electrical energy dissipated
within the plasma kernel (SE).

As previously discussed, the experimental data show that
breakdown is a very short process (O � 10�6 s) and its net energy
is a small fraction of total energy. After the breakdown phase, arc
or glow modes are established (based on the amount of current).
In this stage a part of energy is dissipated into the electrodes by
conduction. We will show in subsequent sections that in addition
to conduction, radiation is an important source of energy losses.

4.3. Conduction to electrodes by thermal boundary layer

Conduction to electrodes was calculated using an unsteady con-
duction process in the boundary layer. It can be shown that

Q cond ¼ 2
Z

kT AeðT � T0Þffiffiffiffiffi
at
p dt ð6Þ

In this equation kT is the thermal conductivity of the gas; Ae is the
contact area of electrodes with the gas, T0 is the temperature of
the electrode, and a is the thermal diffusivity.

4.4. Effect of initial temperature

Initial temperature of the kernel is important to the ionization
process of the kernel. As mentioned before, the calculations start
after the emission of the shock wave. The initial temperature of
the kernel mainly depends on the breakdown energy and the initial
volume of the kernel. Figures 10 and 11 show the effect of initial
temperature on kernel growth and temperature. Figure 10 shows
that lower initial temperatures result in larger kernel radii, because
for a constant volume initial kernel the number of particles is high-
er for lower initial temperatures. Figure 11 demonstrates that ini-
tial temperature affects the temperature profile dramatically. The
appropriate range of initial temperature proposed by other
researchers is about 6000–7000 K [1,2,4–6].

4.5. Effect of initial radius

Figures 12 and 13 show the effects of initial radius on flame ker-
nel growth and temperature. Initial radius does not have a big
influence on the growth rate of the kernel but it has a remarkable
effect on the temperature of the kernel. Increasing the initial radii
just by 0.05 mm increases the final temperature by about 10,000 K.

4.6. Best fit to the model

The inputs of the model are initial radius, initial temperature,
and the spark energy. The initial radius is measured in the
experiments by a high resolution camera. The initial temperature
of the plasma for air depends on breakdown energy. However, the
agreed range among researchers for a wide range of breakdown
energies is 6000–7000 K. Table 1 shows the values of initial
conditions.
Figure 14 shows the comparison between the model and exper-
iment for air. This figure also shows the effect of radiation on pre-
dictions of the model. The correlations of air radiation are taken
from Schreiber and Hunter [28] who collected data for transport
properties of air at high temperatures in optically thin conditions.
Experimental data presented in Fig. 14 show a decline in the radii
of kernel after a peak which depends on spark power and duration.
Figure 14 shows that in zero radiation condition the radius
remains constant after the peak. But the addition of the radiation
term in equations predicts a decline in radii which is observed in
experiments as well. The importance of radiation strongly depends
on the temperature. Figure 14b demonstrates that at higher dis-
charge energy, the effect of radiation becomes more important
which is due to larger area of the kernel and higher temperature
of the plasma. By including radiation term, the predictions show
good agreement with experiment. Major terms which control
the growth of the kernel are heat capacity, cathode falls and
radiation losses.
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Table 1
Initial conditions for calculations.

Air (DE = 24 mJ) Air (DE = 81 mJ)

Initial radius (mm) 0.5 0.65
Initial temperature (K) 7000 7000
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SE (mJ) 18 60
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4.7. Fraction of total energy losses

Figure 15 shows different energy terms in air kernels. It can be
seen that in air plasma, radiation can dissipate 20–60% of discharge
energy (DE) depending on spark duration and temperature. This
percentage strongly depends on the current and the temperature
of the arc [29]. The discharge energy (25–30%) is dissipated by the
cathode fall conduction and thermal boundary layer dissipations. A
small portion of the discharge energy is dissipated by thermal
boundary layer around the electrodes. By this token, just about
10–25% of discharge energy is converted to the thermal energy.
Although Teets and Sell [30] state that the major part of energy
dissipation is due to conduction losses to the electrodes the results
are in agreement with net results of Teets and Sell [30] and Maly et
al. [1,2]. Table 2 shows the summary of energy dissipations in air.
5. Methane/air mixture

5.1. Flame radius

In this section the growth of methane/air flames will be dis-
cussed. The experiments have been done with various equivalence
ratios from 0.7 to 1.4. The discharge energies were 24 and 81 mJ
and two electrodes were used whose specifications were explained
in previous sections. Figure 16 shows the flame radii of the mix-
tures at stoichiometric condition, low and high variant spark ener-
gies, and two different spark electrodes. It is shown that spark
electrode geometry does not affect the flame speed. Figure 16b
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Table 2
Summary of fractional energy terms.

Air (DE = 24 mJ) (%) Air (DE = 81 mJ) (%)

Cathode–anode fall losses 26.60 26
Thermal boundary layer

conduction
0.40 1

Radiation losses 48 62
Converted to thermal

energy (present study)
25 11

Converted to thermal
energy (Teets and Sell [30])

24 14

Converted to thermal energy
(Maly and Vogel [1])
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show the effect of spark energy on flame propagation. These fig-
ures demonstrate that energy of spark affects the location of flame,
but asymptotic flame growth rate is independent.

5.2. Model equations

Figure 17 is the sketch of the model. It is assumed that the flame
is spherical and propagates in a constant pressure process. The
mass is added to the burned gas region by burning the unburned
gas. The mass conservation equation on the flame front is:

@m
@t
¼ _mb ¼ quASu½1� expð�t=scÞ� ð7Þ

where m is the mass of the burned gas zone, _mb is the mass burning
rate, qu is the density of unburned gas, A is the flame area, Su is the
laminar burning speed, and sc is a characteristic time scale. As it will
be shown in experimental data the flame speed tends to an asymp-
totic value after a specific time scale which depends on chemical
and thermodynamic properties of the mixture. The exponential
term and the corresponding time scale sc in Eq. (7) represent this
behavior.

The energy balance is given by:

@E
@t
¼ _mbðcpuTu þ huÞ þ

dSE
dt
� _Q cond � _Qrad � p ð8Þ
E ¼ mðcvbTb þ hbÞ ð9Þ

where E is the energy of the burned gas region, h is the enthalpy and
cvb is the heat capacity at constant volume. dSE

dt is the rate of spark
energy variations inside the plasma.

The equation of state is:

p ¼ qbRbTb ¼ quRuTu ð10Þ

where q is the density.
Equation (8) can be written as

@

@t
cpb

Rb
p

� �
¼ cpb

Rb
pA_r ¼ _mbcpbTb þ

dSE
dt
� _Q cond � _Q rad ð11Þ

Let:

_rc ¼
_mbRbTb

pA
¼

_mbRbTb

quRuTuA
¼ qu

qb
Suð1� expð�t=scÞÞ ð12Þ

_relec ¼
R
cp

dSE
dt

1
pA

ð13Þ

_rcond ¼
R
cp

_Qcond

pA
ð14Þ

_rrad ¼
R
cp

_Q rad

pA
ð15Þ

In Eqs. (11)–(15), A is the area of the flame and r is the radius of the
flame. By dividing Eq. (11) by cpb

Rb
pA, we will have:

_r ¼ _rc þ _relec � _rcond � _rrad ð16Þ

In this equation the role of each energy term on flame speed has
been involved. In Eq. (16), _rc is the flame speed term corresponding
to chemical energy, _relec is the flame speed term corresponding to
electrical energy, and _rcond and _rrad are the effects of conduction
and radiation energy losses on flame speed. Having experimental
data on the radius of flame and electrical energy, the experimental
data were fitted by Eq. (16). The achieved parameters after fitting
are Su and sc. Figure 18 shows the flame speed values measured
by experiments and fitted by the model. The symbols represent
the experimental data. The fluctuations in early stages are associ-
ated with the oscillations of heat capacity in early stages which
affects the dynamics of the kernel. Later on, the oscillations are
due to acoustic waves. In Fig. 18 the effect of other terms presented
in Eq. (16) is also shown. High flame speed values in the beginning
are due to very high temperature plasma gas. In almost all cases
radiation plays an important role in early stages due to the emission
of high temperature gas. Figure 18 indicates that chemical energy
term has an exponential behavior and it takes time to become
asymptotic. Experimental data from Dreizler et al. [31] show that
deposition of chemical energy in the kernel begins in the early
stages of flame formation but in the first 2 ms the energy supply
is dominated by electrical energy. The amount of energy supplied
by electrical energy is almost three orders of magnitude higher than
the chemical energy. After 2 ms the electrical energy is eliminated
and the chemical energy becomes the driver of the flame. Based
on conditions, laminar flame becomes asymptotic ultimately. In
early stages of ignition the flame speed is more dominated by
expansion of the plasma kernel which is a constant pressure and
mass process. The experimental data verify this theory as well.
Figure 5 shows that in early stages the radii of air and methane/
air mixture do not differ dramatically. The transition process from
constant mass expansion to the actual self-sustained flame is a
complicated process and it depends on the properties of the mix-
ture, energy loss processes, mass and heat diffusion and the rate
of chemical reactions. However, the chemical energy time scale sc

can quantitatively show the transition duration. Table 3 shows
the values of Su and sc at two different spark energies and spark
electrodes. It is shown that the laminar burning speed is almost
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Fig. 16. Flame radii of methane/air mixtures at two different spark energies and electrodes, P = 1 atm, T = 300 K, / = 1: (a) effect of discharge energy and (b) effect of electrode
geometry.

Fig. 17. Schematic of flame propagation model.
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independent of spark energy and electrode geometry. The slight dif-
ference in results can be attributed to experimental errors.
6. Errors and uncertainties

The sources of experimental uncertainty can be errors in prep-
aration and filling the vessel by methane/air mixture, different dis-
charge energies, and software errors in measuring the radii. Our
analyses in previous publications prove that errors due to mixture
stoichiometry are �1% [22–24]. The data have been collected with
high resolution and high frame per second to minimize the errors
of radii measurement which is �0.5%. Each experiment was
performed at least three times at each operational condition.
According to statistical methods, three identical runs are sufficient
in order to ensure that the confidence level of the experiment is
above 95% [32]. By this procedure and considering the human
errors, the experimental uncertainties are minimized to less that
5%. The errors in calculations can be due to laminar burning speed
fittings and taking derivative of radii data vs. time. However, these
errors never exceed 1%.

7. Comparison with other experimental data

The laminar burning speeds of methane/air flames have been
measured by several researchers [33–38]. The experimental and
theoretical data shown in Fig. 19 have been obtained by different
experimental methods. Figure 19 shows the comparison of present
results with other experimental and theoretical data. Our measure-
ments are in good agreement with other data. However, the dis-
crepancy among the data can be associated with experimental
errors and different techniques used for measurements. These
discrepancies increase in the vicinity of ignition limits at lean
and rich conditions (0.7 and 1.3).

8. Summary and conclusions

An experimental and theoretical study was done on flame ker-
nel formation and propagation of premixed gases. The formation of
hot plasma during the spark discharge was studied experimentally
and a thermodynamic model was developed for air plasma. The
effect of various parameters on plasma kernel formation and prop-
agation were studied. The major conclusions are as follows:

(1) A major part of discharge energy is dissipated by cathode fall
energy losses. The amount of dissipated cathode fall energies
depends on the amount and duration of discharge energy.
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Fig. 18. Flame speeds of methane/air mixtures and the effect of other terms, P = 1 atm, T = 300 K, / = 1.

Table 3
Summary of results.

DE = 24 mJ DE = 81 mJ DE = 24 mJ DE = 81 mJ DE = 24 mJ DE = 81 mJ
/ = 0.8 / = 0.8 / = 1 / = 1 / = 1.2 / = 1.2

Su (cm/s)
de = 0.38 mm 22 23 35.7 36 33.1 32.8
de = 2.54 mm 24.2 23.5 35.6 34.8 32.8 32.2

sc (ms)
de = 0.38 mm 1 1.5 1.4 1.5 4.24 2.5
de = 2.54 mm 2.8 2 1.4 1.02 5 1.07
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Fig. 19. Laminar burning speeds vs. equivalence ratio and comparison with other
experimental data, P = 1 atm, T = 300 K.
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Radiation is the important source of energy losses in plasma.
The amount of radiation energy loss strongly depends on the
temperature of the hot plasma. However, when self-sus-
tained flame establishes radiation is not an important source
of energy loss. Only about 10–25% of the, electrical energy is
converted to thermal energy.

(2) It was concluded that the plasma expands in a constant mass
and pressure process with increasing number of moles due
to ionization.

(3) Increase in heat capacity at high temperatures is an impor-
tant factor in dynamics and temperature rise in the kernel.

(4) Initial temperature and initial volume of the kernel are
important parameters in growth and temperature of the
plasma kernel.

(5) The amount of electrical energy input is important to the
size and temperature of the kernel.
In second part of this study, the propagation of premixed
methane/air flames was studied experimentally and theoretically.
The experiments were performed on methane/air flames at
atmospheric pressure and temperature, with two different spark
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electrodes, and two different spark energies. The conclusions are as
follows:

(1) The amount of input electrical energy is important in the
location of flame but it does not affect the asymptotic flame
speed.

(2) The geometry of the spark electrode does not affect the
flame speed and location of flame.

(3) The laminar burning speed was measured by this model and
it was in good agreement with experimental results of other
researchers.

(4) Laminar flame needs a certain amount of time to become
self-sustained. This time scale depends on the composition
of the mixture and input electrical energy. This time scale
increases when the mixture becomes richer.
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