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Abstract  
The influence of a DC electric field on CH4/air flat flame characteristics was experimentally investigated. To 
understand the mechanism of the electric field influence on a flame a number of experiments were conducted: 
measurements of the flame burning velocities using the heat flux method, OH LIF measurements and measurements 
of the flame emission spectra. Two alternative explanations were proposed for an apparent increase in the burning 
rate induced by the electric field with positive polarity. 
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Introduction 
Electric field is considered as a promising means for 

active control of combustion (in)-stability. Despite great 
efforts, the mechanism of the electric field influence on 
the combustion chemistry is still under discussion. 
Direct action of the electric field on the reaction kinetics 
is possible via excitation of nitrogen molecules in 
collision with electrons: N2(v = 0) + e = N2(v > 0) + e. 
However, further steps of chemical activation are still 
unclear [1-3]. Energy transfer from excited nitrogen 
molecules could create an additional source of radicals 
in the pre-flame zone, which initiate chain reactions and 
thus accelerate the oxidation process as a whole. The 
latest studies dealing with the influence of the electric 
field on the flame structure [4-6] favors a direct effect of 
the electric field on chemical reactions via activation of 
species due to collisions with electrons and ions. The 
numerical study [4] of the H2-O2 flames shows that in 
the presence of the excited oxygen in the fresh mixture, 
increase in the laminar flame speed and the 
concentrations of all main flame radicals is observed. 
The singlet oxygen generation was confirmed in the 
low-pressure discharge experiments with O2-helium 
mixtures [7]. The numerical and experimental work 
performed recently in our laboratory [5] suggests that in 
the flat flame configuration the major reason of the 
increase in the laminar burning velocity is the direct 
effect of the electric field on chemical reactions via 
activation of species due to collision with electrons and 
ions. Neither ionic wind, nor conversion of electric 
energy into thermal energy, can explain these effects. 
Starikovskii et al. [6] came to similar conclusion in their 
recent analysis of 1-D flame. They showed that without 
changes in the flame surface area, one-dimensional 
flame cannot accelerate or decelerate due to ionic wind. 

In this paper, we extend our previous work by 
studying the change in the adiabatic burning velocity 
with application of the electric field (EF) as a function 
of applied voltage, inter-electrode distance and 
equivalence ratio of methane/air mixtures. To get 
insight into the nature of the flame response to the EF, 
we study also the spectrally resolved radiation of the 
flames and the spatially resolved OH fluorescence 
signal. 

 
Experimental 

Figure 1 shows the schematic of the experimental 
set-up used in this work. The measurements were 
performed in premixed atmospheric-pressure CH4/air 
flames stabilized on the heat flux burner [8-10]. The 
flow rates of gases were controlled by calibrated mass 
flow meters. The electric field was applied between the 
flat burner surface (grounded electrode) and an air-
cooled flat positive electrode parallel to the burner 
surface. In comparison with the previous study [5], a 
construction of the upper electrode was changed. 
Instead of a “hot” electrode (non-cooled grid made of 
platinum wire), an air-cooled flat electrode (made of 
stainless steel tubes with outer diameter of 1 mm) was 
used. Distance between the centers of the adjacent tubes 
was equal to 2.5 mm. 
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Figure 1. Schematic of the experimental setup. 
1) the heat flux burner, 2) data acquisition box, 3) PC, 
4) laser system, 5) beam splitter, 6) lens,7) photodiode, 
8) spectrometer, 9) oscilloscope, 10) PC, 11) electrode, 
12) HV supply. 

 
Typical experimental procedure of determination of 

the adiabatic burning velocity using the heat flux 
method was described elsewhere [9, 10]. The advantage 
of the air-cooled electrode is a suppression of its own 
radiation, therefore correction for radiation of the upper 
electrode made in our recent study [5] was not required.   
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Most experimental data were obtained for positive 
polarity, when upper electrode is positively charged and 
lower electrode is grounded. So the positive polarity is 
assumed in the following, unless stated otherwise. The 
maximum voltage applied was limited by electrical 
breakdown and did not exceed ~ 5 kV. Corresponding 
maximum electric power was below ~ 0.5 % of the 
flame thermal power. The radial distributions of OH 
concentration were measured using LIF. The burner and 
the upper electrode were moved together using a 
precision positioner in steps of either 1 or 2 mm. 

A Scanmate tunable dye laser (Lambda Physics) 
pumped by second harmonic of a Spectra-Physics 
Quantra Ray GCR-170 Nd:YAG laser was used to 
generate wavelengths near 308 nm, with pulse duration 
� l ~ 10 ns, by mixing the dye output with the third 
harmonic of the same laser. The laser beam was focused 
in the flame using a quartz lens (f = 90 cm). The 
Newport UV-enhanced silicon PIN photodiode was 
used for monitoring the energy of the laser beams 
before passing the burner. The laser pulse energies were 
typically equal to 10-20 µJ to assure the linearity of the 
LIF signal. 

The LIF measurements were performed on the 
R2(15.5) transition in the A2S+-X2P (0-0) band near 
307.6 nm. The transition has modest temperature 
dependence at high flame temperatures. OH 
fluorescence was collected at a right angle by a quartz 
camera lens (Nikkon f/4.5) and focused onto an Acton 
Research Corporation SpectraPro 2150i spectrometer 
(f/4, 5 nm/mm). The spectrometer with the bandpass set 
to 15 nm was centered at 318 nm. The fluorescence was 
detected by an Acton Research Corporation PD439 
photomultiplier. The transient fluorescence and laser 
power signals was digitized and averaged over 500 laser 
pulses by a 300 MHz Lecroy 9361 oscilloscope with 8-
bit analog-digital converter, and were stored in a 
personal computer. LIF signals were normalized to the 
measured laser beam energy. The vertical spatial 
resolution of the OH LIF measurements was estimated 
to be better than 0.5 mm (the diameter of the beam 
waist). The horizontal spatial resolution was varied from 
1 mm, when the radial profiles of OH fluorescence were 
measured, to 5 mm for axial measurements. 

The detection system used for the measurements of 
the natural flame emission was similar to that for OH 
fluorescence measurements. To achieve better spectral 
resolution an Acton Research Corporation SpectraPro 
500i spectrometer (f/4, 1.8 nm/mm) was used. The 
entrance slit of the spectrometer in this case was parallel 
to the burner surface. 
 
Results and Discussion 

Typical current-voltage diagram for a flame is 
shown in Figure 2. Three regions of the curve can be 
distinguished. At relatively low applied voltage, current 
increases with the voltage, unless the voltage is high 
enough to remove all charged particles, which are 
formed in the flame. This corresponds to the beginning 
of the saturation region, where current does not change 

with increase of the voltage. However, increase of the 
voltage leads to increase of the energy of electrons and, 
at a certain point, this energy is sufficient to ionize 
neutral molecules in flame through the process called 
secondary ionization. Further increase of the voltage 
leads to avalanche increase of the current and then to 
electrical breakdown. All measurements (with electric 
field) in the present work were carried out at voltages 
corresponding to the second increasing branch of the 
current-voltage diagram. 
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Figure 2. Typical current-voltage diagram for a flame. 
 

Most noticeable influence of the electric field on a 
flame is observed near the limit of electric breakdown. 
It was found (see Figs. 3 and 4) that in this case applied 
electric field leads to flame deformation (both in the 
post flame-zone and in the reaction zone of the flame). 
In general, the flame front becomes a bit wider and the 
edge of the flame locates closer to the burner surface 
than the central part of the flame. Thermocouples 
installed in the head of the burner also showed that the 
temperature near the edge of the burner plate is higher 
than in its central part, therefore readings of the 
thermocouple located near the edge of the burner plate 
were not taken into account for determination of the 
adiabatic burning velocity. Electric field also induces a 
divergence of the combustion products in the case of 
positive polarity and convergence in the case of 
negative polarity, which are clearly seen in the case of 
stoichiometric (Fig. 3) and rich flames. 

It was recently reported [5] that application of 
electric field led to increase of the laminar burning 
velocity of stoichiometric CH4/Air flame. In order to 
characterize the global response of a flat flame to the 
electric field, a change of the adiabatic burning velocity 
(DSL) was measured over the range of equivalence ratios 
using the heat flux method. Yet, visual observations of 
lean (Fig. 4) and rich flames revealed that reaction zone 
becomes wider when the EF is applied. Similar effect 
was also found for stoichiometric flame, but much less 
pronounced. Relative increase in the surface of the 
flame front for rich (f =1.2 and 1.3) and lean (f =0.8) 
flames was quite close to the measured relative increase 
in the flame burning velocity. It should be mentioned 
that it is not easy to accurately measure the change in 
the surface of the flat flame, as there is always a 
freedom in choosing of the flame boundary. It can mean 
that EF (through ionic wind) leads mostly to the change 
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in the surface of the flame front without actual increase 
in the burning velocity. But there is also another option: 
deformation of the flame front by EF can be only a local 
effect, which is limited to the edge of the flame, where 
EF is expected to be less uniform. 
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Figure 3. Images of stoichiometric CH4/air flame: a) 
without EF, b) with EF of positive polarity and c) with 
EF of negative polarity. Distance between electrodes: 8 
mm. 
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Figure 4. Images of lean (f =0.8) CH4/air flame: a) 
without EF, b) with EF of positive polarity. Distance 
between electrodes: 8 mm. 

 
Moreover, in the case of stoichiometric flame it seems 
that increase in the surface of the flame front is not 

sufficient to explain the measured increase in the 
apparent burning velocity. Therefore both effects can be 
present at the same time. 

The distortions of the flow can be explained by the 
action of volumetric electrical forces due to non-zero 
overall electrical charge in the reaction zone and in the 
combustion products (ionic wind). Observed effects of 
the electric field on gas flow suggest that the positive 
excess volumetric charge is formed when high voltage 
is applied, regardless of the electric field direction. In 
the case of positive polarity, the EF forces positively 
charged gas to move downward causing deceleration of 
the gas flow and, as a consequence of the integral flow 
continuity, the observed flow divergence. Conversely, 
the observed flow convergence in the case of negative 
polarity can be attributed to the upward acceleration of 
positively charged gas by electrical force.  

Overall distributed positive charge in the flame and 
in the post-flame zone can be explained by the higher 
mobility of electrons as compared to positive ions. 
Electrons leave inter-electrode space faster than the 
positive ions so that the excess of the positive ions is 
formed. Electron-positive ion pairs may form due to two 
main mechanisms: chemical and collisional ionization. 
While chemical ionization is mostly restricted to the 
reaction zone, the collisional ionization may be 
important in the combustion products zone either. In the 
previous study [6] only chemical ionization was 
considered as an important source of positive ions. The 
results of the present work suggest, however, that 
collisional ionization in the combustion product has also 
to be taken into account to explain effects of the electric 
filed on the combustion products flow. Indeed, in the 
case of positive polarity, only downward drift of 
positive ions is possible, and if positive ions were 
formed in the reaction zone only, they would not be able 
to reach upstream combustion products zone. As a 
consequence, overall positive charge of the combustion 
products could not be formed. At the same time the 
observed divergence of the combustion products flow at 
positive polarity of the applied electric field assumes the 
presence of positive volumetric charge. 

In order to understand whether effect of increase of 
the laminar burning velocity of a flat flame due to the 
EF is present, and how applied EF influences flame 
chemistry, a number of experiments, including OH LIF 
measurements, measurements of the flame emission 
spectra and measurements of the flame burning 
velocities have been conducted. 

The study of the influence of EF on the burning 
velocity was performed for two distances between 
electrodes (8 and 10 mm) and for four equivalence 
ratios (0.8, 1.0, 1.2 and 1.3). In the processing of results 
of these experiments, surface of the flame front was 
assumed to be constant. Emphasis was made on 
voltages close to the limit of electrical breakdown. 
However, atmospheric pressure varied from day to day 
and therefore the breakdown voltage was also different: 
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Figure 5. Influence of EF on change of burning velocity 
(normalized to electric power) at different equivalence 
ratios: a) in cm/s, b) in %. Red squares – h=10 mm, blue 
diamonds – h=8 mm. 
 
the higher the pressure, the higher the breakdown 
voltage. As a result, different maximum voltages were 
attainable from day to day, and, as a consequence, 
different values of the maximum change in the burning 
velocity have been obtained. Changes in the current 
through the flame were also noticed. In order to 
generalize obtained data, the change in the burning 
velocity was normalized to the total electric power. It 
was already shown in [5] that there is linear relation 
between the change in the burning velocity and electric 
power. It should be mentioned, however, that in [5] 
electric power was calculated using values of voltage, 
which drops between the flame front and the burner 
surface (not the values of total voltage applied as in the 
present work). Figure 5 shows that for a given 
equivalence ratio the change in the burning velocity is 
determined by the total electric power delivered to the 
flame. Even the data obtained for different distances 
between electrodes correlate well. Similar picture was 
obtained when the change in the burning velocity was 
expressed in percents.  The maximum changes in the 
burning velocity obtained for different equivalence 
ratios are summarized in Table 1. The maximum effect 
was found for the lean flame (f =0.8) and comprised 3.1 
cm/s (12.1%). 
 

Table 1.  Maximum changes in burning velocity for 
different equivalence ratios. 

 
Equivalence ratio 0.8 1.0 1.2 1.3 

 Maximum change in 
burning velocity, cm/s 

3.1 2.7 2.6 2.3 

 Maximum change in 
burning velocity, % 

12.1 7.1 7.6 8.7 

 
The emission spectra of flames influenced by the 

electric field contain strong additional features of 
excited nitrogen. However, emission of excited oxygen 

)�(bO g
1

2
++++ was not detected in flames subjected to EF. It 

was found that for a given atmospheric pressure the 
change in the burning velocity correlates well with the 
radiation of excited nitrogen (near 380 nm) and the 
current through the flame.  

 
OH fluorescence measurements 

To verify the origin of the laminar burning velocity 
increase, here we study the effect of the electric field on 
the OH radicals. Hydroxyl radical was chosen as a 
possible indicator of the flame chemistry response to the 
EF, because this radical is abundant in flames, has 
relatively well-known molecular parameters, and is 
easily detected using LIF. The detailed flame 
simulations performed under the assumption that the 
power of the electric field was effectively converted into 
additional enthalpy [5] predict the increase of OH 
concentration in the flame up to 3.5%. Although small, 
this expected increase could be detected using LIF. The 
maximum electric power consumed by the flame is 
insufficient to change the flame temperature by more 
than 1-2 K. Such a change alone will not affect the 
flame OH concentration significantly; a possible change 
is at most of the order of 1-2 %.  

In total, three sets of OH fluorescence measurements 
were performed: first - without electric field, second - 
with electric field and the same gas flow, and third - 
with electric field and with an increased flow of the cold 
gases (corresponding to the new burning rate). Inter-
electrode distance in these experiments was equal to 10 
mm. Since the major goal of these measurements was to 
reveal correlation between the electrical field and OH 
concentration, only relative OH measurements were 
performed.  
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Figure 6. Fluorescence axial profiles measured in the 
stoichiometric flame. 
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Figure 6 shows three OH fluorescence axial profiles 
measured in stoichiometric methane/air flame. 
Comparison of the first and second profiles (with and 
without electric field) shows that application of the 
electric field leads to the small shift of the OH 
fluorescence profile to the burner surface and to the 
decrease of the OH fluorescence signal after the flame 
front by less than 10 %. Such a behavior is undoubtedly 
due to the decrease of the flame temperature. The 
decrease of the flame temperature results in the decrease 
of the OH concentration, and, consequently, in the 
decrease of the OH fluorescence signal. However, the 
origin of the flame temperature decrease is not obvious. 
One possible explanation is that the application of the 
electric field leads to the increase in the adiabatic 
burning velocity of the mixture. Since the flow rate of 
the cold gases is now less than the new adiabatic 
velocity of the mixture, the flame attempts to propagate 
downwards, heat losses to the burner increase, and the 
flame stabilizes at lower temperature and at closer 
distance to the burner. Another possibility is that the 
flow divergence in the reaction and pre-heat zones leads 
to the shift of the flame towards the burner and, as a 
result, to the decrease in flame temperature. 

The decrease in the OH concentration is a major 
factor behind the OH fluorescence signal. The OH 
fluorescence is proportional to the OH concentration 
and to the temperature-dependent factor, which is 
determined by the number density, the Boltzmann 
population of the initial state, the rates of quenching 
processes and the spectral overlap between the laser and 
absorption lines. The transition used in this work has 
modest temperature dependence, the OH signal 
increases by less than 15% with the temperature 
increase from 2000 K to 2200 K (calculations were 
performed following Ref. [11]). The flame temperature 
decrease is estimated to be about 30 K. The estimation 
was performed numerically using PREMIX code from 
the CHEMKIN II package [12] and GRI-Mech 3.0 
mechanism [13]. The flame temperature was calculated 
as a function of the mass flux of the gases for the near-
adiabatic flames. The flame temperature decrease was 
estimated using this data and taking into account the 
difference between the measured adiabatic burning 
velocities of the methane/air mixture with and without 
electric field. 

The increase in the flow rate of the cold mixture 
(line 3 in the Fig. 6) results in decrease of the heat 
losses from the flame to the burner. Thus the flame 
temperature restores. Figure 6 shows that the increase in 
the flow rate also restores the OH fluorescence profile 
(it coincides with the profile measured without electric 
field). The measurements conducted for the rich flame 
(f =1.3) demonstrated similar behavior. 

The radial profiles of the OH fluorescence signal 
measured in stoichiometric flame with velocity of the 
cold gases of 37.5 cm/s with and without electric field 
(first and second lines) are shown in Figure 7. These 
profiles were measured at a height of 5 mm from the 
burner surface. As can be seen in Figure 7, each radial 

profile contains core region with constant OH 
fluorescence signal (and, apparently, temperature and 
OH concentration) extending more than 10 mm from the 
axis. The core regions are surrounded by a mixing layer 
close to the edges of the burner, where OH fluorescence 
decreases, following the decrease in the OH 
concentration and flame temperature [11]. The 
difference in the value of OH fluorescence signal in the 
core regions of these two profiles is obviously due to the 
increased heat losses to the burner induced by 
application of the electric field, see the discussion 
above. 
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Figure 7. Radial profiles of OH fluorescence signal with 
and without eclectic field at height of 5 mm from the 
burner surface for the flame with f  = 1.0 and S = 37.5 
cm/s. 
 
The large difference (up to 15%) in the width of these 
core regions is in agreement with the visual 
observations. Application of the electric field increases 
considerably the core region of the flame. It should be 
taken into account that the divergence of the combustion 
products is accompanied by a flow velocity 
deceleration, which, in turn, leads to the decrease of the 
OH fluorescence signal. To get an idea on the 
magnitude of the decrease we simulated the observed 
flame behavior by introducing the dimensionless 
effective cross section in the one-dimensional 
calculations. The calculations showed that increase in 
the dimensionless flame area by ~10% at height of 5 
mm brings about 3-4 % decrease in OH concentration 
downstream. The value of the decrease is of the same 
order of magnitude as the value of the expected effect of 
the electric field on the OH concentration. 

Thus the OH LIF measurements do not allow us to 
make any conclusion on the effect of the electric field 
on the flame chemistry. The expected rise in the OH 
concentration is masked by the shrink of the OH 
profiles caused by the divergence of the combustion 
products. To minimize the effect of the divergence on 
the axial OH concentration, the experiments are planned 
to be performed on the burner with a larger diameter. 
 
Conclusions 

Application of a DC electric field to the flat flame 
induces changes in the shape of the flame (in particular, 
in the flame front surface). However, it is not clear 
whether it is a global or only local effect (limited to the 
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edge of the flame). Therefore the observed increase in 
the apparent burning velocity may be attributed either to 
real increase in the adiabatic burning velocity or to 
increase in the surface of the flame front. However, it 
was found that increase in the apparent burning velocity 
induced by the EF correlates with the total electric 
power. The maximum increase in the adiabatic burning 
velocity (if exists) can reach 12%. The OH LIF 
measurements could not provide any indication of the 
EF influence on flame chemistry. The change in the 
flame shape (divergence of the combustion products) 
induced by the EF masks possible effect of the electric 
field on OH concentration. It is expected that further 
experiments with burners of different diameter can help 
to verify hypothesis of the flame chemistry modification 
by electric field. 
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