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Abstract — This paper deals with investigation of a new 

regime in a plasma ignition and flame control system as applied 
to air-hydrocarbon mixtures. The system is based on design of a 
classical high-current arc plasmatron. As compared with a 
thermal plasmatron mode, an averaged discharge current in the 
described device has been decreased to about 0.1 A. Although 
average power dissipated in the discharge does not exceed 200 W 
and averaged gas temperature at the plasmatron exit for typical 
regimes of the discharge operation in air is less than 500 K, the 
device demonstrates reliable ignition and flame stabilization in a 
wide range of equivalence ratios. Physical mechanism of ignition 
is associated with the non-steady state properties of discharge. At 
a low current level, the discharge burns in a kind of glow mode, 
and because of the glow-to-spark transitions, the high-current 
nanosecond pulses are superimposed on the glow plasma 
background. Then the spark discharge initiates combustion 
process, which is efficiently sustained in the glow plasma. 
 

Index Terms—Combustion stabilization, glow-to-spark 
transition, ignition, plasma torches. 
 
 

I. INTRODUCTION 
LTHOUGH the direction of activity associated with 
usage of a spark discharge or various types of the steady 

state discharges (for example a kind of an arc) for ignition and 
flame control has a long history [1]−[4], investigations of 
discharges and development of novel ignition systems is still a 
progressing area of research and development. 

One of the well-known ignition methods is based on usage 
of a spark discharge. Modern tendency in improving 
performance of the spark ignition systems is to enhance spark 
power due to shortening the discharge time up to about 100 ns 
and even less [2], [5], [6] with simultaneous increasing of the 
discharge current. In such nanosecond regimes of operation, 
the expenditure of energy for ignition can be minimized. 

It is evident that the role of the spark method in starting 
burning process is to generate chemically active radicals at 
initial period of time. The further steps of combustion itself 
run at the background of discharge afterglow, i.e. at the 
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temporal stage when the spark current ceases and only 
discharge residual phenomena (shock wave, residual 
discharge plasma, heated gas, etc.) are available. This 
definitely means that the spark discharge is utilized for 
ignition only, but not for flame stabilization and sustaining 
combustion process at the later stages. 

The other types of igniters that could be considered as an 
alternative to the spark ignition are systems based on steady 
state discharges, such as an arc in various types of steady state 
plasmatrons [3], [7], [8]. In such devices, the steady state gas 
discharge typically burns in external gas flow, and a high-
temperature plasma torch is directed to the combustion 
chamber where burning of fuel-air mixture has to be provided. 
Typically, the steady state arc plasmatrons need more average 
electric power to operate as compared to the spark plugs. 
Nevertheless, the evident advantage of the plasmatron lies in 
the fact that it plays not only a role of igniter at the initial 
stage of the process, but also a role of the burning sustainer, 
i.e. supporting combustion in a continuous mode. 

In this paper, we describe a specific regime of gas 
discharge, which combines both the advantages of 
nanosecond spark ignition and steady state burning sustaining 
at the later temporal stages. In this discharge regime, due to 
the glow-to-spark transitions, the high current spark pulses 
with duration of about 100 ns are superimposed on the non-
equilibrium plasma of a glow-type discharge. Both ignition 
and flame control are demonstrated for the air-propane 
mixtures in a wide range of equivalence ratio with extremely 
low average power dissipated in the discharge. The principal 
physical properties of the discharge are also discussed. 

II. EXPERIMENTAL ARRANGEMENT AND CONDITIONS OF 
DISCHARGE BURNING IN PLASMATRON 

The experiments on ignition and flame control have been 
carried out as applied to air-propane mixtures with a 
plasmatron-type igniter [3]. Experimental arrangement and 
method of measurements are shown schematically in Fig. 1. 

Output voltage of a dc power supply V0 is applied between 
cathode and anode via the ballast resistor Rb and coaxial cable 
(inner electrode is the cathode and outer electrode is the 
anode). If the voltage of the power supply is high enough, 
then the very first breakdown occurs over the shortest pass in 
the gap between coaxial parts of cathode and anode. Under the 
effect of gas flow, the discharge plasma can be shifted to the 
plasmatron exit aperture. In these conditions, at later stages 

A 



Submitted to the Special Issue of the IEEE Transactions on Plasma Science “Plasma -Assisted Combustion” 
 

2

(after the very first breakdown) the plasma column becomes 
attached to the end of the cathode. Typical gas flow across the 
aperture is from 0.1 to 1.4 g/s and typical diameter of the 
plasmatron exit aperture is from 4 to 5 mm. 

a) 

 
b) 

 
c) 

Fig. 1. Experimental arrangement for ignition and flame control in plasmatron
(a) and typical photographs of the flame in air (b) and air-propane mixtures 
(c). Voltage V0 of negative polarity is applied to the cathode via the ballast 
resistor Rb (RS is the low-resistive current shunt).  
 

 
 

Fig. 2. Voltage at the plasmatron gap VG and current through the gap iG for the 
electric circuit shown in Fig. 1 in the conditions when the gap does not 
completely recover its dielectric strength in a pause between the high-current 
pulses. 

In the experiments, we recorded the current through the 
discharge gap (RS is the current shunt) and the discharge 
burning voltage VG. The discharge images at different 
temporal stages had been taken via the plasmatron exit 
aperture by means of CCD camera. 

The temporal development of the discharge phenomena is 
determined by the gas flow and a current, which is delivered 
from power supply. Changing of the output voltage V0 and the 
ballast resistor Rb allows us to change the current. Such an 
electric circuit (with the ballast resistor) is not optimal from 
viewpoint of technical applications, since a considerable 
fraction of total power is dissipated in the resistor Rb. 
However, this circuit offers a possibility to operate with a 
prescribed current value which is convenient in physical 
investigations and in interpretation of the obtained data. Let 
consider some limited cases of the discharge regimes after the 
very first breakdown. 

The well-known regime of arc plasmatron corresponds to a 
current from power supply larger than i ≈ 5 A. After the very 
first breakdown, a spark channel arises at the coaxial part of 
the electrodes. As far as this channel is sustained by a rather 
large current, the spark discharge transforms into the steady 
state arc with distictively expressed cathode spot and with low 
discharge burning voltage. Due to the turbulent gas flow, the 
discharge channel is shifted to a position as shown in Fig. 1. 
This means that at the later stages of the discharge operation 
the arc channel is attached to the end of the cathode. Typical 
discharge burning voltage in such conditions VG = 150 − 200 
V, average power dissipated in plasma is about 1 kW, and 
average gas temperature is up to 3000 K [7]. 

The other limited regime of operation is associated with the 
conditions as the current i from power supply is extremely low 
[9]. Situation in the discharge gap and in the electric circuit 
will change radically which is illustrated schematically in Fig. 
2. 

The discharge phenomena in the plasmatron gap and in the 
electric circuit are developing by the following way. At initial 
instant of time t = 0 (when the power supply is switched on) 
the capacitance C of the coaxial cable starts charging through 
the ballast resistor Rb so that voltage at the gap VG gradually 
increases during the time interval from t = 0 to t = t1. When 
voltage VG reaches the static breakdown value VG = VS (in our 
conditions VS < 10 kV) the very first breakdown in the 
plasmatron gap occurs, the spark discharge arises, and total 
capacitance C discharges through the gap in an oscillatory 
mode. Thus, due to the spark, the capacitance C is discharged 
completely and the oscillatory spark current of a short 
duration with a value of several ten amperes appears in the 
plasmatron. (As far as the current duration is much less than 
the charging time interval (0 – t1), this current is schematically 
shown in Fig. 2 as a spike at instant t1). 

The gap behavior at the next charging cycle of the 

capacitance C depends on how fast the deionization processes 
after the instant t1 proceed and how fast the gap recovers its 
dielectric strength. One of the cases corresponds to conditions 
when the recovery time is essentially less than the 
characteristic charging time of the capacitance RbC. In this 
situation, new breakdown occurs again at a voltage VS close to 
the static breakdown voltage. The process is repeated and we 
have in the electric circuit a succession of high-current pulses, 
whose pulse repetition rate f is determined by the charging 
time (f ≈ 3/RbC). 
Actually, the above-described conditions are rather evident 
and well known as applied to high-pressure switching devices 
for different applications [10]. An important problem for 
switching devices is to enhance a pulse repetition rate. From 
our experience, we can conclude that the pulse repetition rate 
up to 1 kHz is quite achievable. In principle, such regime of 
operation can be usable in the gaps for ignition and 
combustion sustaining. The essence of this regime is that the 
burning process is initiated by means of subsequence of high-



Submitted to the Special Issue of the IEEE Transactions on Plasma Science “Plasma -Assisted Combustion” 
 

3

current short-time spark discharges. However, the combustion 
is not sustained in the pause between the nanosecond pulses in 
this operation mode. 

 
a) 

 
b) 

Fig. 3. Voltage and current waveforms for the very first breakdown in the 
plasmatron. Air flow through the plasmatron G(air) = 0.1 g/s (gas velocity v = 
4 m/s); capacitance of the cable C = 300 pF; ballast resistor Rb = 13.6 kΩ. 
a) V0 = 3.2 kV; b) V0 = 2.7 kV. 

As applied to the subject of this paper, another regime of 
operation seems to be much more attractive [9], [11] (see Fig. 
2). The main idea of such a regime is that the gap G should 
not completely recover its dielectric strength in the pause 
between the high-current pulses. Then the very first 
breakdown occurs at instant t1 at the static breakdown voltage. 
After that, the voltage at the gap becomes zeroes and 
deionization of the gap is going on. Simultaneously the 
capacitance C is charging and the voltage at the gap VG is 
increasing. As far as in the time interval (t2 – t1) the gap is not 
yet de-ionized completely, new breakdown at instant t2 occurs 
at a lower voltage in comparison with the very first 
breakdown. The process is repeated and the values of 
breakdown voltages at the instants t3, t4, t5, and so on are 
changed randomly. 

The most attractive feature of the described regime lies in 
the fact that the combustion process is ignited due to the spark 
discharges and is additionally sustained in the pauses between 
pulses due to a low-current glow-type discharge. This is the 
principal idea that we propose for the plasmatron powering. 

The range of experimental conditions for ignition and flame 
control in air-propane mixtures had been described in [9], 
[11]. The typical average discharge current was about 0.1 A 
and the average discharge burning voltage was from 0.5 to 1 
kV. This means that an average power dissipated in the 
plasmatron gap amounted from 50 to 100 W. With a rather 
high gas flow (larger than 0.5 g/s), an increase in the gas 
temperature at the plasmatron exit due to dissipation of the 
discharge power does not exceed 200 K. Proceeding from 
general considerations, such average temperature is too low to 
initiate the burning process. However, in the air-propane 
mixtures with the air-to-fuel ratio α from 1.5 to 0.3 (α = 1 
corresponds to stoichiometric blend) the flame is ignited and 
stably sustained. This becomes possible due to specific regime 
of the discharge operation when the high-current nanosecond 
spark pulses are superimposed on a background of glow-like 
discharge. 

The experimental data on more detailed investigations of 
non-steady discharge behavior are presented below. 

III. NON-STEADY STATE DISCHARGE BEHAVIOR IN AIR AND 
AIR-PROPANE MIXTURES 

Figure 3 illustrates the waveforms of voltage at the gap and 
current through the gap for the very first breakdown in 
plasmatron. As noted above, the very first breakdown occurs 
between the coaxial parts of electrodes (the instant of 
breakdown is marked in Fig. 3a as t1). It is seen that the 
breakdown is accompanied by the sharp decrease in the gap 
voltage up to zeroes value. The capacitance of connecting 
cable C = 300 pF is discharge through the plasmatron gap in 
oscillatory current mode with a period of oscillation less than 
100 ns (see Fig. 3b). 

When the capacitance C becomes completely discharged, 
the current delivered by the power supply i = V0/Rb ≈ 0.24 A. 
On the one hand, a part of this current flows through the 
residual plasma of the spark discharge. On the other hand, in 
the course of the gap deionization, some fraction of the 
current is consumed for charging the capacitance C. As a 
result the voltage VG increases up to VG = 350 V, and a kind of 
glow discharge with a current i = 0.2 A appears in plasmatron. 

From Fig. 3a we can see that the glow discharge is not 
sustained in a stable regime. At some instants of time, due to 
the glow-to-spark transitions, the sharp voltage collapses are 
observed. However, with a low current V0/Rb from power 
supply, the discharge is not able to burn in an arc regime. 
Correspondingly, the discharge transforms into glow mode 
again (the voltage VG abruptly increases up to 350 V). The 
glow-to-spark transition phenomenon will be discussed in 
detail later. Here, based on Fig. 3a, we want to pay attention 
to role of gas flow in the plasmatron. 

Due to the gas flow, the discharge plasma is shifted to the 
end of the cathode. This process goes at the temporal stage (t2 
− t1). Note, that with enhancing the gas velocity, the time 
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interval (t2 − t1) is shortened. After the instant t2, the discharge 
current starts flowing between the end of cathode and coaxial 
part of anode in the plasmatron exit cavity, as shown 
schematically in Fig. 1a. Characteristic feature of the gap 
geometry lies in the fact that the discharge channel is attached 
to a central part of the cathode end. However, the anode 
attachment of the channel is not strictly localized on the anode 
surface. Under the effect of the gas flow, an anode spot (a 
point of current attachment at the anode) is able to be 
displaced over the anode surface in the direction of 
plasmatron exit. Because of the displacement of the anode 
spot, the length of the discharge plasma channel increases 
with time, so that the average voltage drop at the plasma 
column increases (time interval from t2 to t3). In some sense 
the principal features of the discharge behavior at this stage 
resembles that for so-called “gliding arc” [8], [12], [13]. 

 
 

         
                 t1
Fig. 4. Voltage and current waveforms for discharge in plasmatron at the stage 
when discharge is attached to the end of the cathode and CCD photograph of 
the discharge image. Rb = 13.6 kΩ, C = 300 pF, V0 = 3.0 kV,  gas flow G(air) 
= 0.5 g/s (v = 20 m/s). 
(1) − the cathode spot in the case of completed glow-to-spark transition; (2) −
the filamentary spark channel. 
 

 
 
Fig. 5. Typical voltage and current waveforms for non-completed transition 
from glow to spark in plasmatron. Rb = 13.6 kΩ, C = 300 pF, V0 = 3.0 kV, gas 
flow G(air) = 0.1 g/s (v = 4 m/s). 

At the stage t > t3 we can see a non-steady discharge 
behavior, which (at the time scale of 1 ms/div) looks like a 
kind of “noise” at the voltage waveform (Fig. 3a). The nature 
of this “noise” is discussed below. 

Current and voltage waveforms jointly with the discharge 
images obtained by CCD camera are shown in Fig. 4. The left 
side photograph is the plasmatron exit picture taken along the 
plasmatron axis. Area of a dark circle here is the anode exit 
aperture. The cathode end is located inside the aperture. This 
picture is presented for convenience, as we want to understand 
the plasma column location and attachment of the current at 
the cathode and at the anode surfaces. 

Let us consider the processes in plasmatron, starting from 
some point of time, which is marked in Fig. 4 as t1. Remind 
that at this stage the current plasma column is attached to the 
cathode end. Low-density plasma fills the plasmatron anode 
cavity and forms the plasma torch (see Fig. 1a). Current to the 
anode is partly carried due to this plasma torch. However, the 
current attachment at the anode is not uniform. There exists an 
anode spot at the anode surface, i.e. a considerable fraction of 
total discharge current to the anode closes to the spot. As it 
will be seen later, just before the instant t1, the regime of 
discharge burning corresponds to a glow-type discharge. 

At the instant t1, the glow-to-spark transition occurs with 
formation of a high-conductivity channel. CCD frame of this 
channel taken with exposition time of 1 μs is shown in Fig. 4. 
We can see the distinctively expressed cathode spot (1) in the 
center of the frame (at the central part of the cathode end) and 
a bright filamentary channel (2) attached to the anode. It 
should be stressed that here we are talking about so-called 
completed breakdown of the gap (or completed transition 
from glow to spark). In other words, because of breakdown, 
the high-conductivity channel results in the complete voltage 
collapse at the gap, and the breakdown itself is accompanied 
by the oscillatory current whose waveform is similar to that 
shown in Fig. 3b. 

After t1 voltage at the gap increases i.e. the cable 
capacitance C is charging. At this stage, a glow-type discharge 
with anode spot burns in the gap. Due to gas flow, the anode 
spot and the glow discharge plasma column is shifted in 

direction of the plasmatron exit. Since the anode spot 
intercepts a noticeable fraction of current we can conclude 
that the length of discharge column increases, which leads to 
increasing the discharge burning voltage. 

At instant t2 new transition from glow to spark occurs. In 
this particular case, we deal with the so-called non-completed 
transition or non-completed breakdown of the gap. Such type 
of transition results in the situation when the gap conductivity 
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sharply increases as compared to glow regime but the high-
conductivity channel (like shown in Fig. 4) has not formed. 
Note that the current spike for the non-completed breakdown 
has an aperiodic form (see Fig. 5). Completed and non-
completed transitions appear randomly. For example, at 
instant of time t3 we have completed breakdown again. With 
low gas velocity, the non-completed breakdowns appear more 
frequently than for enhanced velocity. 

 
 

           
   Δt = 700 − 800 μs     Δt = 1500 − 1600μs 
Fig. 6. Voltage and current waveforms for discharge in plasmatron and CCD 
photograph of the discharge image for the case of non-completed glow-to-
spark transition. Rb = 13.6 kΩ, C = 300 pF, V0 = 3.0 kV, gas flow G(air) = 0.1
g/s (v = 4 m/s). 
(1) − area of the current attachment at the cathode for glow-type discharge; (2) 
− diffused channel of non-completed breakdown; (3) − anode spot at non-
completed breakdown 

It is known [14] − [16] that glow-to-spark transition is 
initiated due to development of instability in the near-cathode 
region. As a result of the instability, the cathode spot arises 
and a diffuse channel sprouts from the spot. Conductivity of 
the diffuse channel is higher than that for glow discharge 
column but lower than the conductivity of the filamentary 
spark channel. At the next temporal stage, the diffuse channel 
transforms into a high-conductivity filamentary spark if the 
energy stored in the capacitor is sufficient for such transition. 
Hence, it can be concluded that the so-called non-completed 
breakdown actually represents the case when the diffused 
channel has already appeared but transformation of the 
diffused channel into the high-conductivity stage has not 
occurred. 

The above said is illustrated by the waveforms and the 
photographs of the discharge image in Fig. 6. We can see here 
the non-completed transitions at the instants t1, t2, and t3. The 
left photograph corresponds to exposition time Δt between t1 
and t2. It reflects the discharge luminosity after the non-
completed glow-to-spark transition occurred at instant t1. 

Exposition time for the right photograph is selected in such 
a manner to demonstrate the end of the stage (t3 – t2) and the 
beginning of stage t > t3. Correspondingly, we see at the 
photograph two diffused channels. One of them appeared due 
to glow-to-spark transition at instant t2 and another appeared 
due to the same type of transition at instant t3. 

The CCD frames show that the discharge image for this 
regime is essentially different from that for the spark 
discharge. The intensity of image luminosity is much lower 
than that for the photograph in Fig. 4. At the cathode surface 
we discern the low-luminosity area of about 1.1 mm in 
diameter (1). This area can be treated as a place of attachment 
for the glow-type discharge. A bright corn inside this area is a 
luminosity of the spark cathode spot that appeared in initial 
stage of the glow-to spark transition. Beside that, at a 
background of the diffuse channel (2), we can see the anode 
spot (3). 

Proceeding from the total discharge current and the 
discharge area at the cathode surface, we are able to estimate 
an average current density and compare it with a current 
density of normal glow discharge. To do this we should know 
the so-called effective gas pressure in the gap or, which is the 
same, the pressure reduced to gas temperature. The point is 
that the gas in the discharge area is heated and the gas particle 
density is lower than in normal conditions. The effective 
pressure is determined from well-known relation: 

 
T
Tpp 0

0eff =  (1) 

where p0 = 760 Torr, T0 = 300 K, and T is the gas temperature 
in the discharge area. 

In the conditions of Fig. 6, the gas velocity is lowest, so that 
the gas temperature at the plasmatron exit, measured by 
thermocouple, achieves T = 1000 K. In the discharge area the 
gas temperature has to be higher. An upper estimate of the 
temperature can be made from the relation: 

 
GC

QTT
p

0 += , (2) 

where Q is average power dissipated in the discharge (the 
product of the average discharge current by the average 
discharge burning voltage), Cp is the specific heat of air, G is 
the gas flow velocity. 

Then, with a use of (2) for the conditions of Fig. 6, we 
readily obtain T = 1900 K. 

Let us take for definiteness T = 1200 K that corresponds to 
peff = 190 Torr. The current density at the cathode surface at 
the time interval Δt from 700 to 800 μs is estimated as j = 8.3 
A/cm2. The current density reduced to pressure will be j/ = 
230 A/cm

2
effp

2 ×Torr2. Such a value exactly coincides with a 
normal current density of the glow discharge in nitrogen and 
air [14]. 
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The cathode voltage drop for normal glow discharge in air is 
about 250 V. Then, from the voltage waveform in Fig. 6 we 
can estimate that, at the time stage from 700 to 800 μs, the 
discharge burning voltage VG ≈ 1250 V. This means that the 
voltage drop at the plasma column V ≈ 1000 V, and the 
reduced electric field at the plasma column V/peffd ≈ 13 
V/cm×Torr (where the length of the plasma column is taken as 
d = 0.4 cm). Such a value is quite reasonable for glow 
discharge in air. Hence, we can conclude one more that at the 
stage between non-completed breakdowns we deal with a 
glow-type discharge. 

 
a) 

 
b) 

           
              a)           b) 
 
Fig. 7. Voltage and current waveforms for discharge in air-propane mixture 
and CCD photograph of the discharge image with a large time exposition 
(exposition time Δt is marked at the waveforms). Rb = 13.6 kΩ, C = 300 pF, V0

= 3.0 kV. G(air) = 1 g/s (v = 20 m/s, G(propane) ≈ 0.01 g/s. 

Figure 7 demonstrates an example of the waveforms and 
discharge images for air-propane mixtures at the stage when 
discharge is attached to the cathode end. As a whole, the 
discharge behavior in the mixture has the same features as for 
air. 

For example, the gas velocity in the conditions of Fig. 7 is 
rather large. Then, the characteristic time of increasing the 
length of the plasma column at the glow stage becomes 
smaller as compared to data in Fig. 6. The discharge also 
burns in non-steady regime and the non-completed and 
completed glow-to-spark transitions are observed in the gap. 

When gleaning the waveforms for Fig. 7, we intentionally 
selected the time intervals when most of transitions from glow 
to spark are non-completed. Beside that, we used a large 
exposition time Δt for CCD camera in order that the 
exposition time overlaps a large number of the glow-to-spark 
transitions. The corresponding photographs of the discharge 
image clearly illustrate that each transition is accompanied by 
appearing the new diffused channel. The larger the number of 
transitions during the exposition time the more channels at the 
photograph we can see. 

IV. CONCLUSION 
The data of this paper are the results of investigation of a 

new regime in a plasma ignition and flame control system as 
applied to air-hydrocarbon mixtures. The system is based on 
classical high-current arc plasmatron. However, an average 
discharged current has been decreased essentially which 
results in specific regimes of the discharge burning. 

The discharge burning regime can be referred to as a kind 
of glow discharge with random transitions from glow to spark. 
Two types of transitions have been observed: completed and 
non-completed transitions. For the case of completed 
transition a high-conductivity spark channel appears in the 
gap, and for non-completed transitions the diffuse channels 
arise. 

The above discharge demonstrates efficient ignition and 
flame control at extremely low average power, dissipated in 
the discharge. 

The ignition mechanism can be summarized as follows. 
When discharge in the plasmatron burns in a low-current 
glow-type mode, dissipated specific power is not enough to 
initiate the burning process in air-fuel mixture. However, in 
this extremely non-equilibrium mode, the chemically active 

radicals with low density are generated in plasma. As on the 
background of glow discharge, the short duration spark or 
diffused channel arises, this channel becomes able to give 
origin to the ignition process. The temporal development of 
the ignition goes efficiently because of the surrounding 
medium represents not “cold gas”, but low-density non-
equilibrium glow discharge plasma where the chemically 
active particles are already available. In such conditions, even 
small energy dissipation in the spark channel seems to be 
sufficient to start the burning process. 
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