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The different discharges action on the combustion process is one of the
effective ways of the combustion process control. Over the past decades a lot of
the experimental data has been accumulated, which is devoted to the discharges
influence on ignition and combustion processes. This is directly related to the
widespread use of discharges in the modern plasma technologies. Generally, we
can divide the plasma assisted combustion in two groups, depending on the
mechanisms of the discharge influence on the ignition or combustion process.
According to the thermal mechanism, the discharge leads to equilibrium or near
equilibrium low-temperature plasma creation. In this case, the thermal heating of
the gas causes an increase of the thermal dissociation rate and, consequently, an
initiation of the combustion process. One example of the thermal mechanism
realization is the spark or arc discharge ignition. This type of discharges is
characterized by a falling current–voltage characteristic, a relatively low voltage
drop across electrode layers (less than 100 A) and high currents (up to tens of
kA) and, more importantly, a very high gas temperature. Main characteristics and
numerical aspects of such equilibrium plasma modeling are analyzed in the
review [1].
According to the nonthermal mechanism, the discharge energy mainly goes
to the electron heating with the minimal gas heating, and at some conditions the
additional energy transfer channel is realized through the vibration of molecules
levels and then through the vibrational–translational relaxation. In this case the
nonequilibrium plasma is formed. One of the main advantages of such plasma is
an achievement of the chemical reactions selectivity and possibility to manage
by an electron temperature and electron number density distribution at the low
power budget. A great number of the experimental data devoted to the
investigations of different nonequilibrium gas discharges is available in the
literature. A review of the most recent experimental data is presented in [2],
where the author has analyzed a nonequilibrium plasma influence on combustion
and ignition processes. It should be noted that the presented experimental data
confirm an energy perspective of the chemical reaction artificial initiation by the
low temperature nonequilibrium plasma. As a consequence, most modern
applications of nonequilibrium plasma assisted combustion have focused on the
aerospace [3–6]. Recent works have demonstrated a capability of the air–fuel
mixture ignition and combustion control by nonequilibrium discharges in
supersonic flows by means of the flame front stabilization with a significant
increase in the flame velocity compared with arc and spark discharges [7,8]. The
most popular ways of the nonequilibrium plasma creation are corona,
microwave, dielectric barrier discharge and the nanosecond repetitive pulsed
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(NRP) discharge. The last one can be viewed as one of the leading technologies
for plasma assisted combustion and as a reliable ignition source under different
operation conditions [9,10]. Among the works devoted to the practical
application of a nonequilibrium plasma, for example, in internal combustion
engines, the works [11,12] can be noted.
Most of the experimental studies devoted to the investigation of kinetic
mechanisms of the ignition process by a nonequilibrium plasma of the
nanosecond pulsed discharge were carried out at low pressure conditions. For
example, in [13] the authors have presented results of time-dependent
measurements of oxygen atom and nitric oxide density in air, air/methane and
air/ethylene mixtures. At atmospheric pressure conditions only limited data of
species measurements are available, because of the experiment complexity. The
results of the measurements of N 2 (C3 u ) and N 2 (B3) metastables density
for the nanosecond repetitively pulsed discharge in nitrogen and air preheated at
1000 K are presented in [14]. For methane–air mixture no direct measurements
of species concentrations are available in the literature, only in [15] the authors
have presented the experimental data of the vibrational and translational
temperature distribution.
A lack of the experimental data is a main reason for the mathematical
modeling to become a main tool in the predictions of nonequilibriun plasma
assisted combustion. We can underline the following main physical mechanisms
of the ignition and combustion processes assisted by a nonequilibrium plasma of
the NRP discharge: 1) the ignition delay time decrease caused by the generation
of electronically and vibrationally excited particles, 2) the laminar flame velocity
increase caused by the additional generation of radicals and by the possible
influence of the vibrational temperature on the combustion reaction rate; 3) a
possible additional transfer of momentum, which causes a generation of the
small-scale turbulence in the discharge zone; 4) the influence of energy stored in
the vibrational degrees of freedom on the minimum ignition energy and on the
combustion process; 5) a possible change of the ignition kinetic mechanism; 6)
change of transport properties of the reaction medium.
First two mechanisms as well as the last two ones are discussed in details in
[16–18]. This paper is devoted to such phenomenon as the minimum ignition
energy in the case of nonequilibrium plasma ignition. The minimum ignition
energy is often described as the amount of energy required to heat the gas (fuel
and oxidizer) from its initial state to the adiabatic flame temperature or as the
energy which is sufficient to drive the flame kernel beyond the critical radius. It
is experimentally proved that the minimum ignition energy (the MIE) depends
on many parameters such as a mixture composition, pressure, the hydrodynamic
characteristics as well as the way of ignition. Phenomenon of the MIE is well
studied in the case of spark ignition. The main properties of the minimum
ignition energy in this case can be summarized as follows: the MIE depends on
the electric circuit properties, discharge duration and on the inter-electrode gap
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width [19]. According to one of the last papers devoted to the MIE phenomenon
the transition between different combustion modes can be determined as the
change of the character of the MIE dependence on the velocity pulsations level
[20].
At the same time the data about the MIE measurements and calculations in
the case of other discharges ignition are not very numerous. For example, for
laser ignition according to the data presented in [21] the experimental values of
the minimum ignition energy are higher that the analogous ones for spark
ignition. It has been shown in [21] that the values of the MIE depend on energy
and duration of a laser pulse and on the laser beam wavelength and lens focal
length. In the case of the nanosecond repetitively pulsed discharge ignition the
only one paper [22] regarding the experimental measurements of the MIE was
found in the literature. In [22] the experimental values of the MIE were presented
in the case of propane–air mixture ignition and these values were in an order
higher than the MIE values for spark ignition. It is quite clear that the plasma
volume created in the experiments is much higher than the minimal volume
needed for ignition. Thus the question of the MIE phenomenon for
nonequilibrium plasma ignition is still open.
1. Formulation of the problem. Let’s introduce as characteristic values of the
velocity, distance, time, pressure, density, concentration of neutral particles,
concentration of charged components, electric current density, induction of the
d
magnetic field and electron temperature such variables as 0 , d 0 , t 0  0 , p 0 ,
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equations describing plasma assisted combustion can be written in the following
nondimensional form
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where n i , n e , Yi are the concentrations of ionic components, electrons and
neutral particles including electronically and vibrationally excited metastables,
 ,  e ,  are the translational, electronic and vibrational temperature,
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D e , Dii , Di are the diffusion coefficients of electrons, ions and neutral particles,
~
k T is the thermal diffusion coefficient of electrons, W (Yj , n j , n e ) is the

reaction rate constant with the exponential term modified using a conversion of
Frank–Kamenetskii.
The nondimensional parameters of the system (1)–(11) are as follows
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where Q e  V is the term describing the exchange processes between electronic
and vibrational energies;  VT is the vibrational–translational relaxation time;
D h is the diffusion coefficient of excited molecules;  (T ),  0 (T) are the

nonequilibrium and equilibrium vibrational energy;  eff 

2m e
is the effective
m0

coefficient of electron scattering by molecules;  eff is the cross-section of
elastic collisions of electrons;  V is the fraction of the electron energy
transferred into the excitation of vibrational levels; D V is the vibrational
thermal conductivity; Q e is the energy lost by electrons on the excitation of
electronic and vibrational levels and on the ionization.
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The system of equations (1)–(11) includes transport equations that describe
the conservation of mass, momentum and chemical species such as electrons,
ions and neutral particles in the case of low Mach number approximation. It also
includes the equation for the electric field strength and Ohm’s law (Maxwell
equations at the absence of the external magnetic field) and transport equations
for translational, electronic and vibrational temperatures on the basis of threetemperature model in the mode approximation described in details in [23].
The dimensionless parameters G e  V , G Te , G  , G e determine, respectively,
the ratio of the heat transfer in exchange processes between electronic and
vibrational energies ( G e  V ), of the heat transfer in the process of elastic
collisions of electrons with molecules ( G Te , G T ), of the heat transfer in the
process of vibrational–translational exchange and thermal excitation of
vibrational, electronic levels and ionization G e to the convective heat transfer.
Parameters G VT , G   V , G d determine the ratio of the following terms to the
convective transfer of vibrational energy: the vibrational energy loss in the
vibrational–translational relaxation process, the vibrational energy loss in the
process of exchange between the electronic and vibrational energies; the energy
produced in the process of vibrational excitation. The mixture specific heat and
thermal conductivity c*p , * are calculated taking into account the contribution of
vibrational excitation.
In the case of nonequilibrium plasma assisted combustion G q  1,  e  1 ,

 V  1 , Al  1 and reaction rate constants are the functions of three
temperatures  j   j ( ,  e ,  V ) . As the nanosecond pulse width is very short
compared with the characteristic times of diffusion and convection in the first
stage the nonequilibrium plasma composition can be calculated neglecting by the
diffusion and convection processes, on the basis of equations (3)–(9) in onedimensional geometry as in [16]. In the second stage we consider the laminar
flame propagation problem based on equations (1)–(5), (8)–(9) at
G T  G   V  0 to calculate the minimum ignition energy using as initial
conditions the nonequilibrium plasma composition formed after the nanosecond
repetitively pulsed discharge and the distribution of translational and vibrational
temperatures.
Additional parameter of the problem was the radius of a nonequilibrium
plasma spot and the minimum ignition energy was calculated by the
minimization of this radius. The energy added to the mixture by the
nonequlibrium plasma spot was calculated as the difference between volume–
averaged internal energy of the mixture before and after plasma input. Main
neutral components of the mixture were taken according to the GRI 3.0
mechanism [24], the plasma components were as follows O 2 ( a1 ), O 2 ( b1  ),
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O 2 ( c1  ), O( 3 P ), O  , O 3 , NO 2 , N 2 ( x1  , ), NO  , O  , O 2 , e  .

Concentrations of the electronically excited states of nitrogen and some
other plasma components compared with the model in [16] were neglected due to
their short life time and a low content in the fuel–air mixture ignited by the
nanosecond pulsed discharge. Transport properties of the fuel–air mixture with
plasma components were determined by the following equations of the molecular
theory of gases [25]:



( )ij  266,93  10  7 2T  M i M j /(M i  M j )1 / 2 / i(,2j,2)

(t )ij  1989,1  10  7 T (M i  M j ) /( 2M i M j ) 1 / 2 / i(1, j,1) ,



(D)ij  0,002628 T 3 (M i  M j ) /( 2M i M j )



1/ 2

,

/ pi(1, j,1) ,

where Mi is the mass of mixture component,  i(1, j,1) is the diffusion collision
integral,  i(,2j,2) is the viscosity collision integral, η is the dynamic viscosity.
For the air neutral species collisions the data presented in [26] were used.
For the methane–air neutral species collisions Lenard–Jones potential was used.
Eiken corrections to mixture transport properties connected with excited particles
were neglected due to low temperature ( T  6000 K). Collisions between
electrons and neutral components as well as between electrons and positive and
negative ions were neglected due to low concentrations of electrons. For
collisions between charged and neutral species the polarizability method was
used [27] and values of thermal conductivities, diffusion and viscosity
coefficients were determined through the component polarizability  by the
following





(t )ij  5,37 10  7 T (M i  M j ) /(2M i M j ) 1 / 2 / z /  1 / 2 ,





( )ij  1,02  10  7 T (M i M j ) /(M i  M j ) 1 / 2 / z /  1 / 2 ,





(D)ij  6,177  10  6 T 2 (M i  M j ) /(2M i M j ) 1 / 2 / z / p /  1 / 2 ,

where z is the charge number.
As an ignition criterion the maximum heat release rate was chosen. The
minimum ignition energy was evaluated according to the relation
4
3
E min    rmin
0c p (Tad  T0 ) ,
(12)
3
where Tad is the adiabatic flame temperature, rmin is the characteristic
dimension of the preheated layer,  0 , T0 are the initial density and temperature
of the mixture.
The problem was solved in two-dimensional geometry; the calculation
domain was a rectangle 50 mm×50 mm. The domain is composed of triangular
cells, the grid cell size is 0,005 mm. The equations (1)–(5), (8)–(9) were
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discretized by using the finite volume method. Central differences were
employed for the evaluation of the diffusion terms, for the evaluation of the
convective ones the second order upwind differences were used. Discretized
equations were solved in a coupled manner by the implicit method of second
order in time. It was assumed that the convergence of the time-marching
procedure was achieved if the residuals were below 10 5 . On the boundaries the
concentrations of plasma components are assumed zero, T  TV  300  K and
0
0
, YO 2  YO0 , where Yfuel
, YO0 are the initial concentrations of
Yfuel  Yfuel
2
2
the fuel (methane or ethylene) and oxidizer in the reaction mixture depending on
the mixture equivalence ratio  .
2. Calculation results. The main questions to be answered are how the pulse
width of the NRP discharge, the reduced electric field of the discharge, the
energy stored in the vibrational degrees of freedoms and the nonequilibrium
plasma composition influence on the minimum ignition energy. In the first stage
the computational results of the minimum ignition energy in the case of the
nanosecond repetitively pulsed discharge ignition were compared with that for
thermal ignition at atmospheric pressure conditions. It was obtained that for the
all considered cases the minimum ignition energy for nonthermal ignition is
higher than the analogous values for the case of thermal ignition. As the
characteristic dimension of the preheated layer rmin in (12) the plasma spot
radius was used.

Fig. 1. The minimum ignition energy as a function of the initial kernel
radius: 1 − thermal ignition [28], 2 − nonequilibrium plasma ignition,
3 − nonequilibrium plasma ignition without vibrational excitation
In Fig.1 we have compared the calculation results of the MIE for the lean
methane–air mixture at ignition time less than t  10 7 s presented in [28] and
the calculation results of the MIE for the lean methane–air mixture with the same
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equivalence ratio   0,65 but ignited by a nonequilibrium plasma of the NRP
discharge (pulse width 20 ns, maximum voltage 20 kV). The initial kernel radius
was the same for thermal and nonequilibrium plasma ignition. For ignition by
nonequilibrium plasma two cases of initial conditions after the discharge were
considered such as the nonequilibrium plasma ignition with the effect of
vibrational excitation on the reaction rates (case 2) and the nonequilibrium
plasma ignition without the effect of vibrational excitation (case 3). It is seen
from Fig.1 that the vibrational excitation leads to a lower MIE (about 17%). It
should be also noted that for small values of the initial kernel radius ( r  0.1
mm) the minimum ignition energy for the lean methane–air mixture ignited by
nonthermal plasma is very close the MIE for the methane–air mixture ignited by
thermal plasma. The increase of the initial ignition radius causes the increase of
the MIE for both thermal and nonequilibrium plasma ignition and enlarges the
difference between them.

Fig. 2. The minimum ignition energy as a function of pulse width
At the same time if we use as the characteristic dimension of the preheated
layer rmin the quenching distance, the calculated values of the MIE are very close
to the experimental values of the minimum ignition energy for spark ignition
[19] for a longer nanosecond pulse width (Fig.2). The calculated results
presented in Fig.2 correspond to the case of stoichiometric CH 4 –air and C 2 H 4 –
air mixtures ignition by the NRP discharge with maximum voltage of the pulse
U  20 kV. As it was previously mentioned for a short nanosecond pulse width
the calculated values of the MIE are higher than the analogous ones for spark
ignition. This tendency is observed for both methane–air and ethylene–air
mixtures.
It should be noted that the calculated data presented in Fig.2 correspond to
the case of ignition by the NRP discharge with the different pulse width but at
the same maximum voltage of the discharge. The decrease of the MIE with a
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pulse width at the same discharge voltage is connected with the increase of the
input discharge energy; and as a consequence the part of energy going to the
radicals’ formation in addition to heating is increased. The both cases cause the
minimum ignition energy decrease.
The simulation also shows that if we decrease the nanosecond pulse width at
the same discharge energy by increasing the maximum discharge voltage the
minimum ignition energy is decreased (Fig.3). For the lean methane–air mixture
this reduction of the MIE is minimal, but for the stoichiometric mixture this
effect is much more pronounced and the reduction reaches approximately 50%.
This result implies that the effect by shortening of the nanosecond pulse width to
achieve gains in the minimal ignition energy for the case of the lean methane–air
mixture ignition is very limited.
If we compare the calculated values of the MIE for the lean and
stoichiometric methane–air mixture (Fig.3), it is seen that the minimum ignition
energy is minimal for the lean fuel–air mixture as for a case of spark ignition. At
the same time the modeling results have shown that the influence of the
vibrational –translational relaxation into the initial flame kernel formation and
the influence of mixture heating due to the vibrational –translational relaxation
process on the MIE are negligible. The minimum ignition energy is more
sensitive to the initial temperature and plasma composition formed by the
nanosecond pulsed discharge and decreases with the increase of the maximum
reduced electric field of the discharge E / N (Fig.4).

Fig.3. The mixture internal energy and the MIE as a function of pulse width
It is seen from Fig.3 that for the all considered cases the minimum ignition
energy defined according to (12) does not exceed 15–20% of the difference
between the internal energies of the mixture before and after nonequilibrium
plasma input.
In summary two different ways of the minimum ignition energy decrease
exist in the case of ignition by the nanosecond repetitively pulsed discharge.
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More effective way of the MIE decrease for the lean methane–air mixture is the
increase of the nanosecond pulse width. The main mechanism of the minimum
ignition energy reduction in this case is the mixture heating. For the
stoichiometric methane–air mixture more effective decrease of the MIE can be
obtained by the nanosecond pulse width decrease. The main mechanism of the
MIE reduction in this case is the additional generation of fuel dissociation
products due to the increased reduced electric field.
Comparing the obtained results of the minimum ignition energy with the
data of the ignition delay time presented in [16], it should be noted that for
ignition of the lean methane–air mixture the NRP discharge is more effective in
the ignition delay time decrease. On the other hand, for ignition of the
stoichiometric mixture the discharge is more effective in reducing the minimum
ignition energy by varying the pulse width.

Fig. 4. The minimum ignition energy dependence on
the maximum reduced electric field of the discharge
3. Conclusions. The calculated data of the minimum ignition energy in a case of
ignition by the nonequilibrium plasma as a basis for the improvement and
modernization of ignition sources using the nanosecond pulsed discharge have
been presented.
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