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Abstract 

The effects of electric fields on flames and combustion have 
been investigated for more than a century. Although we have 
understood many aspects of the effects and a flame as a source 
of ions and electrons, a lack of compelling evidences let us 
wander around to produce lots of phenomenological obser-
vations leaving many open questions. A laminar burning velocity 
as an example, it is still controversial whether there exists a 
positive effect of electric fields on it, and what causes the result 
if there is—ionic wind, chemical kinetic, or thermal? On the 
other hand, recent advances in experimental methods and 
numerical capability allowed us to probe old problems in detail. 
As a result of modeling, experiment, and simulation efforts 
conducted in KAUST recently, we moved one step forward to 
the underlying science by placing a stepping stone and, at the 
same time, we opened many other questions. In this review paper, 
thus, recent investigations done at KAUST, which evidenced the 
fundamental effects of electric fields on flame behaviors, are 
summarized in terms of a voltage-current behavior, a flow 
modification, propagation speeds of edge-flames, and soot 
characteristics. 

1  Introduction 

Electrical aspect of flames and the effects of electric fields on 
flames have been of interest subject area for several decades. 
One of the pioneers in this area, Lawton and Weinberg, 
published a book, Electrical Aspects of Combustion [1] in 1969, 
summarizing state-of-the-art knowledge, which included 
theoretical behaviors of charged species and phenomenological 
investigations back then. Calcote observed a deflected 
premixed-flame front under external electric field and conceived 
that was due to ions produced by chemi-ionization, estimating 
the number density of the ions should be order of 1012/cm3 [2]. 
Calcote further proposed the key reaction steps for the chemi-
ionization in a hydrocarbon flame as in [3], 

Initiation: 

 CH + O ® CHO+ + e- (1) 

Ion-molecule charge exchange: 

 CHO+ + H2O ® CO + H3O+. (2) 

Meantime, Payne and Weinberg measured electrical current and 
static pressure caused by electric body force [4]. They reported 
ionic wind could be found in both spaces between a flame and 

both electrodes (anode and cathode), which indicated electrons 
could transfer easily into negative ions, particularly via electron 
attachment as below. 

Electron attachment: 

 e- + O2 + M ® O2
- + M (3) 

Later on, the comprehensive measurements of ionic species were 
conducted by Goodings et al. [5], [6], emphasizing the sequential 
nature of the related chemistry in the atmospheric pressure. Lean 
(f = 0.2) and rich (f  = 2.0) premixed flames were considered, 
thus the results became a reference in many following modelling 
studies. Finally, the first comprehensive set of ion chemistry, 
including negative ions in addition to positive ions and electrons 
was suggested by Prager et al. [7], which became a foundation 
of a chemical kinetic modeling for chemi-ionization. Note that, 
in 1997, Fialkov reviewed this topical area extensively, 
specifically focusing on ion chemistry in flames [8]. This review 
contained vast data covering various fuels (even solid fuels), 
additive effects, and PAHs (polycyclic aromatic hydrocarbons) 
and soot as charge carriers. 

 
Figure 1: Flames and discharge zones for various applied 
voltages. Spontaneous emission from excited state of N2 due to 
electron impact excitation was chosen to represent a discharge 
zone. The images were reconstructed from Ref. [9]. 

This paper aims to fill that two-decades gap summarizing recent 
understanding mostly done at KAUST and, at the same time, 
summarizes a personal research quest starting from early 2000. 
Cha et al. demonstrated that, when dielectric barrier discharges 
coaxially applied to a small nonpremixed laminar jet flame, a 
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soot formation was effectively suppressed exhibiting a blue 
flame zone only as shown in Fig. 1 [9]. Although the onset of 
electrical discharges drastically removed a yellow luminosity 
from soot particles, sub-breakdown electric fields (lower field 
intensity which cannot initiate electrical discharges) also showed 
a significant effect on reducing a flame length as well as the 
yellow luminosity (Fig. 1). 

This result indicated that a plasma assisted combustion is very 
complicated system which is not easy to be investigated in a 
rigorous way. Energetic electrons created by electrical dis-
charges will add electron impact reactions, such as dissociation, 
excitation, and ionization, on top of the existing combustion 
chemistry. When the duration of electric field to produce 
electrical discharges is sufficient to exert an electric body force 
on a fluid volume, there must be a pronounced effect of electric 
field on combustion field as compared to a non-discharged case. 
Nanosecond pulsed discharges, as an example, cannot create the 
electric body force, since the duration of electric field is mere 
few nanoseconds which is too short for electric body force to 
make a fluid volume to move. 

In this regard, studying the effects of electric fields on flames 
should be an essential part toward a comprehensive 
understanding of a plasma assisted combustion. 

2  Applied voltage and electrical current  
When an external electric field is applied to a flame, a prompt 
and primary phenomenon to happen is a separation of charged 
species from a flame. Produced ions and electrons in a flame tend 
to agglomerate each other by Coulomb force which minimizes 
electrical potential. A number of charged species pulled out from 
the agglomerated group of ions and electrons should be 
proportional to an external force—electric field intensity, E. 
Meanwhile, a moving speed of separated charged-species is 
mainly controlled by a drift velocity given as KcE, where Kc 
[m2/sV] is a mobility of a charged species. Thus, electrical 
current, I, can be expressed as I ~ E2 (sub-saturated regime). As 
E increases, the pulled-out amount of charges also increases, but 
it will be limited by a production rate of charged species, w 
[charges/s]. Once E reaches at a critical value, the electrical 
current is saturated at Isat = w, irresponsive to further increased 
E (saturated regime). This voltage-current (V-I) behavior has 
been well understood in many previous studies [1], [10], [11]. 
Note that a current density, which is defined as a current from a 
unit area of a flame, has been widely adopted in analyzing V-I 
behavior. 

We investigated the V-I characteristics using a simplified 1-D 
diffusion model [12]. A thin production layer of ions and 
electrons was modeled to replace a complicated flame. Thus, the 
location of the layer (flame) could be selected freely in between 
a high-voltage electrode (at x = 0) and a ground (at x = L). A 
schematic of the system is shown in Fig. 2, and the non-
dimensional governing equations are as follows. 

 
Figure 2: A schematic of a simplified 1-D model with a 
production layer of ions and electrons [12]. 

 

Positive ions: 

  (4) 

 Negative ions: 

  (5) 

 Electrons:  

  (6) 

 Electric potential:  

  (7) 

 Gaussian profile of ionization:  

  (8) 

 

Here, gc
2 is dimensionless diffusivity; Rc is the mobility ratio of 

c-species with respect to the mobility of positive ions as (Kc/K+), 
where subscripts c = +, – and e represent the positive and 
negative ions and electrons, respectively; j is a scaled location 
of the ion source (H/L); and a is the portion of electrons among 
the negatively charged species ranging between 0 and 1. Electron 
attachment to form negative ions was not considered, and details 
can be found in Ref. [12]. 

An interesting finding from this study was the role of electrons 
by systematically varying the portion (a) of them in the negative 
charge carriers (negative ions and electrons).  

 
Figure 3: Non-dimensional V-I characteristics for various flame 
location in between two electrodes. All negative charges were 
assumed to be carried by electrons (a = 1). This figure is 
modified from that in Ref. [12]. 

As shown in Fig. 3, when all negative charges were carried by 
electrons (a = 1), the current response caused by external voltage 
was heavily affected by the location of a flame (j). When j = 
0.5, a symmetric V-I trend could be found, while, as j became 
smaller (a flame moved toward the high-voltage electrode to the 
left as in Fig. 2), the current response became more (less) 
sensitive with negative (positive) voltage. This was due to an 
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asymmetric potential distribution with respect to the flame 
location caused by significantly different mobilities (K+» K- << 
Ke, in general O(103) difference). Even at j = 0.25, when the 
mobility of the negative charge carrier was comparable with that 
of positive ions (Kn/K+ = 1 in Fig. 4), the V-I showed a symmetric 
behavior. However, as the mobility ratio increased, the V-I 
exhibited polarity dependence. Figure 5 clearly supports the idea 
showing symmetric field intensity with a = 0 (which indicates 
K-/ K+ = 1), while significantly different electric fields were 
predicted with a = 1 (Ke/ K+ = 1400) due to the change of the 
polarity. Note that a previously observed so called diode-like 
behavior of V-I in a premixed Bunsen flame [13] could be 
explained based on the same reason. 

 
Figure 4: V-I characteristics for various ratios of the mobilities 
assuming the negative charges were carried by a single species 
of which mobility (Kn) can be adjusted arbitrarily. Kn/K+ = 1 
simulates the case with a = 0, and Kn/K+ =1400 represents the 
case with a = 1. This figure is modified from that in Ref. [12]. 

 

Figure 5: Calculated electric field intensity at 300 V and -300 V, 
respectively. The flame location was at j = 0.25, and two cases 
with a = 0 and 1 were compared. External field should be 
uniform as V/L, but a redistribution of space charges resulted in 
non-uniform field intensity. This figure is modified from that in 
Ref. [12]. 

In summary, the composition of negative charge carriers affected 
the V-I characteristics due to significantly different mobilities 
between electrons and ions. When negative ions carried all 
negative charges, a symmetric V-I behavior should be found 
regardless of a relative location of a flame with respect to 
electrodes. However, as long as electrons existed, we will find 
more sensitive response of electrical current when a flame sits 
nearer to a cathode. As in (1) and (2), since electrons are major 
negative charge carriers in a flame, somewhat asymmetric V-I 

response with different polarities is quite natural, thus electron 
transfer from electrons to neutral molecules, e.g. electron 
attachment to oxygen molecule as in (3), would have a great 
importance in understanding the effect of electric fields on 
combustion. 

3  Flow modification due to electric body 
force  
Although Payne and Weinberg indicated that ionic wind could 
be found in both directions toward an anode and a cathode [4], a 
visual impact of a candle flame, which drastically tilted toward 
a cathode reported by Carleton and Weinberg [14], has been the 
most impressive phenomenological effect of electric fields on a 
flame. Thus, combining the idea of positive ions prevail over 
electrons in generating electric body force with the observed 
tilted candle flame, one somewhat has been misled by oneself 
into conceiving ionic wind blows from an anode to a cathode. 

As summarized in the previous section, the primary impact of 
applied electric fields on a flame is a separation of charged 
species to the respective electrodes. As a consequence, there 
must be electric body force, Lorentz force (=qE), acting on a 
fluid volume containing charges as 

 f = (enc)E, (9) 

where e is the elementary charge (1.6´10-19 C), nc is a number 
density of charge carriers, therefore enc indicates a charge 
density. Except a flame zone, where the sum of charges should 
be zero due to the quasi-neutrality in plasmas, nc is either n+ or 
the sum of n- and ne in (9) because a region between a flame and 
a cathode (anode) contains only positive (negative) charges due 
to the separation. A current density, jc, in the fluid volume 
containing charges can be expressed as  

 jc = (enc)KcE, (10) 

where KcE represents the drift velocity of a corresponding charge 
carrier. A typical order of the current density with HCs is a few 
µA/cm2. To satisfy a steady-state behavior, electrical currents 
flowing both directions caused by positive ions and negative 
charge carriers must be identical as j+ = jn. Thus, 

 nn ~ n+(K+/Kn). (11) 

When a = 0, since both mobilities of positive and negative ions 
should be comparable, n- » n+, meanwhile with a = 1, three 
orders of magnitude difference in the mobilities results in ne << 
n+. This indicates that with a = 0, the electric body forces on 
both regions should be comparable pulling a flame zone in 
opposite directions, while with a = 1, the electric body force in 
a region between a flame and an anode (where electrons exist) 
should be very small as compared to that in the other region.  

In this regard, the role of electron attachments to form negative 
ions, e.g. via (3), would be important to a flow field when the 
nascent electrons are pulling out from their origin due to external 
electric fields. Kim et al. [15] showed that the electron attach-
ment to oxygen molecules significantly happened in a cold flow 
region for an axisymmetric propane jet with coflowing air. When 
a metallic nozzle was connected to a negative high-voltage, a 
cold field emission of electrons from the nozzle was a source of 
electrons to the cold flow. The electrons attached to oxygen 
molecules leaving reasonable amount of charges in a flow 
volume, since the mobility O2

- is greatly smaller than that of 
electrons. 

3.1  Premixed jet flames with traverse electric fields 
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Park et al. [16] visualized flow fields with CH4-premixed and 
CH4-nonpremixed Bunsen flames, respectively applying both 
DC and AC with various frequencies. Figure 6 shows a 
schematic of experimental setup, and details can be found in Ref. 
[16]. As discussed in Section 2, we found symmetric V-I forms 
for both premixed and nonpremixed flames (Fig. 7), since the 
flames located at the center of the interelectrode gap. Both 
flames showed a tilted shape toward a lower potential side 
(cathode). The pronounced tilting in the nonpremixed flame 
should be attributed to two orders of magnitude smaller jet 
momentum as compared to that of the premixed flame. The 
difference in the sub-saturated regime is possibly due to different 
flame areas, and different saturation currents between the 
premixed and nonpremixed modes, although we burned the same 
amount of methane, indicated complicated ion-generations 
depending on a structure of a flame. 

 
Figure 6: An experimental schematic of a tube nozzle with 
traverse electric fields [16]. Both premixed and nonpermixed 
methane flames were tested under DC and AC fields. 

 
Figure 7: V-I characteristics showed symmetric trends for both 
types of flames. Both flames tilted toward a cathode seeming like 
to be affected by a convectional motion. This figure is modified 
from that in Ref. [16]. 

Two important clarifications were made through this study as 
shown in Fig. 8. One was ionic wind blows towards both 
directions to respective electrodes, although a flame may tilt 
toward a cathode. This should be attributed to the electron 
attachment to oxygen molecules as in (3) and were supported by 
an experiment [15] and a numerical simulation [17]. The other 
clarification was even at a higher AC frequency (up to 1 kHz, 
which was tested limit), at which a flame seems to stay still, there 
still exists a flow modification due to ionic wind. Thus, we 

cannot exclude the effect of ionic wind on a flame, just because 
a flame is visibly stable under high-frequency AC. Such ionic 
wind should redistribute generated heat and combustion reactant 
and product. 

 
Figure 8: Flow visualization revealed a bi-directional nature of 
ionic wind regardless of the types of the flame and applied fields. 
This indicated an important role of electron attachment to 
oxygen molecules on generating electric body force. This figure 
is modified from that in Ref. [16]. 

Belhi et al. [17] successfully modeled the premixed flame case 
in [16]. They found that anions such as CO3

- and CHO3
- 

generated through the flame zone contributed around half of 
negatives charges in a region between the flame and the anode, 
while generating O2

- during the migration of electrons take the 
rest half responsibility. These three major anions somewhat 
balance the electric body force in the region to the anode against 
that in the region to the cathode caused by H3O+ in (2). As a 
result, there was a comparable degree of traverse velocity in both 
regions due to electric field, and it was qualitatively confirmed 
with the experiment shown in Fig. 9.  

 

 
Figure 9: Flow fields comparison between the simulation (left) 
[17] and the experiment (right) [16]. Upper figures show vertical 
cross-sections, and lower figures show horizontal cross-sections 
(6 mm above the nozzle rim) at VDC = -16 kV, similar to those 
in Fig. 8. This figure is as in Ref. [17]. 

Note that as shown in the visualization (Fig. 8) and the 
streamlines (Fig. 9), due to the nature of the counter-acting 
electric body force (pulling each other), there must be an ambient 
entrainment to the flame zone. Thus at least 2-D simulation is 
required to predict a flow modification caused by electric fields. 

3.2  Nonpremixed counterflow flames with coaxial 
electric fields 
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It would be interesting to observe such a bi-directional ionic 
wind in an axisymmetric counterflow geometry. Park et al. 
investigated flow modifications caused by electric fields and 
resulted flame dynamics for DC [18] and AC [19], respectively. 
A nonpremixed flame was considered, because it was relatively 
convenient to change its location by altering the stoichiometric 
mixture fraction, Zst [20]. In addition, the nonpremixed mode 
was more stable with electric fields as compared to a premixed 
mode, since the diffusion of reactants is an important factor for 
a flame location.  

 
Figure 10: Flow visualization with TiO2 seeding particles; (a) 
without electric field, and (b) with -2.4 kV (DC) at the lower 
nozzle while the upper one grounded. Ionic wind blew from the 
flame zone toward both nozzles, which created two stagnant 
planes and entrained radial flow to satisfy the mass conservation. 
The mixture of O2 and N2 (C3H8 and N2) was supplied through 
the upper (lower) nozzle. The flame location was designed to be 
at the center of the gap (= 1cm) by adjusting mass fractions of 
O2 and C3H8 to set a stoichiometric mixture fraction, Zst = 0.5. 
Both jet velocities were fixed at ujet = 20 cm/s. The figure was 
reconstructed from Ref. [18]. 

 

 
Figure 11: Flame responses (the locations of the flame and 
stagnant plane(s) together with electrical current) caused by 
downward electric fields as in Fig. 10(b). The current density 
was obtained by dividing each measured current with each flame 
area. Propane nonpremixed flame (C3H8:O2:N2 = 1:5:12) with Zst 
= 0.5 at ujet = 20 cm/s was tested. The figure was redrawn from 
Ref. [18]. 

 

A propane nonpremixed flame formed in a stagnation plane was 
considered by setting Zst = 0.5 with an overall mixture ratio of 
C3H8:O2:N2 = 1:5:12. Both jet velocities were fixed at 20 cm/s 
with 1-cm gap distance, L, between two nozzles. Detailed can be 
found in [18]. As shown in Fig. 10(b), when -2.4 kV (DC) was 
applied to the lower nozzle with the grounded upper one, a flame 
zone could be identified as a source of flow determined by the 
seeding particle motions. This could be caused by the electric 
body force acting on both regions; the lower region should have 
positive ions such as H3O+ and CHO+, particularly C3H3+ as this 
zone was rich in fuel [5], [7], [8], meanwhile negative charge 
carriers, such as electrons, O2

-, CO3
-, CHO3

-, OH-, and O- [6]-
[8] should exist in the upper region. Thus, upwardly acting 
electric body force due to negative charges, and downwardly 
acting one due to positive ones resulted in the bi-directional ionic 
wind blowing vertically from the flame toward both electrodes. 
As a result, a separation of the original counterflow could be 
observed (Fig. 10(b)) forming two stagnant planes in both 
regions [18].  

Quantitatively, as shown in Fig. 11, in the sub-saturated regime, 
there were negligible variations in the locations of the flame and 
the original stagnant plane. However, after undergoing an 
unstably fluctuating flame regime (shaded area in Fig. 11), the 
flame relocated a bit toward the cathode (lower nozzle) having 
the modified flow field with two stagnant planes [18]. 

This indicates that a global strain rate, defined as 2ujet/L, has no 
implication for the flame characteristics once electric fields start 
to play a role, since the ionic wind messes up the original 
counterflow configuration. Definitely, a local strain rate at a 
flame location should be changed with increasing field intensity, 
but it is very difficult to quantify due to seeding problem in a 
flame zone—how can we possibly seed particles at the source of 
flows? 

The same nonpremixed propane flame (C3H8:O2:N2 = 1:5:12 
with Zst = 0.5 at ujet = 20 cm/s) was considered to investigate the 
difference with AC [19]. Three frequencies of AC, fac = 10, 100, 
and 1000 Hz, were selected. 

 
Figure 12: V-I characteristics caused by AC electric fields. 
Propane nonpremixed flame (C3H8:O2:N2 = 1:5:12) with Zst = 
0.5 at ujet = 20 cm/s was tested. The current density was obtained 
by dividing each measured current with each flame area. The 
figure was redrawn from Ref. [19]. 

At fac = 10 Hz, due to a relatively slowly changing polarity, the 
measured current density (rms) showed a large range of variation 
at the applied voltage higher than 700 V, meanwhile the higher 
frequencies did not show such a big fluctuation. The overall 
trend at each fac in the sub-saturated regime was similar to that 
of DC (shown in Fig. 11 [18]). However, the saturation currents 
for the higher fac = 100 and 1000 Hz resulted in significantly 
reduced value as compared to that of DC. Noting that the average 
saturation current at fac = 10 Hz well agreed with that of DC, the 
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reduced saturation currents for the higher fac could be attributed 
to an increased recombination rate of charged species 
(neutralizing reaction) caused by a frequent polarity change—
much more increased probability for counter-charged species to 
collide each other by altering their moving directions. 

 
Figure 13: The oscillation amplitudes of flames and a dark zone 
thicknesses, where seeding particles could not penetrate due to 
ionic wind from the flames, with various AC frequency. Various 
combinations of strain rate (s), applied voltage (Vac), and gap 
distance (L) were tested. The figure was collected from Ref. [19]. 

As the polarity changed in AC, the flame oscillation caused by 
unbalanced electric body forces in two distinctive regions, 
flame–cathode and flame–anode, was found. As shown in Fig. 
13 (upper figure), there were two regimes—a saturated 
oscillation regime for a low frequency (fac < 20 Hz) and a rapidly 
decaying regime for higher frequencies. The saturated 
oscillation amplitude was related with the flame’s relocation 
with ±DC, thus it could be understood as a result of a sufficient 
time for the flame to respond to the external electric fields with 
low fac. However, as fac increased, the oscillating flame became 
stable, and at fac > 200 Hz a steadily stable flame could be found 
seeming like there was no ionic for higher fac than 200 Hz. 

Interesting result concerning the ionic wind was shown in Fig. 
13 (lower) displaying a dark zone thickness, which represented 
a flow volume under the influence of strong ionic wind, such that 
the seeding particles injected from both nozzles could not 
penetrate into. Unlike the trend of the flame’s oscillating 
amplitude, we could find a significance in the ionic wind even 
up to 1000 Hz showing 10 % of the gap distance was still heavily 
affected by counter-blowing ionic wind from the flame. 

This indicated that the dynamic response of the nonpremixed 
flame for the higher fac did not mean that there was no ionic wind, 
rather it would be a better interpretation that two counter-acting 
electric body forces should be equalized each other. This could 

be supported by the visualization with AC in Fig. 8, which shows 
a symmetric flow pattern in the jet configuration. Details could 
be found in Refs [18] and [19], and this behavior should be 
investigated further through numerical simulations. 

4  Flame propagation speed 

The effect of electric fields on flame propagation speeds have 
been controversial for decades. For example, Jaggers and von 
Engel [21] investigated a flame displacement speed along a tube 
under traverse electric fields covering DC and AC up to few 
MHz. They found significant augmentation in the flame dis-
placement speed for DC and a low fac (50 Hz), while small 
increase (~5%) in the speed with high fac (5 MHz). They could 
not identify the origin of the augmentation in DC and the low fac 
whether it was due to increased flame area caused by a tilted 
flame or increase in a laminar burning velocity. However, they 
hypothesized that electron impact excitation of molecules should 
be attributed to the enhancement with the high fac.  

When a flat flame burner was introduced to estimate the effect 
of electric fields on laminar burning velocity, SL, by Bowser and 
Weinberg [22], it was found that a laminar burning velocity was 
negligibly affected by applied DC. Interesting and noteworthy 
finding, in my opinion, was few percent difference in the 
measured laminar burning velocities due to polarity of applied 
DC with a stoichiometric ethylene/air flame—when the burner 
was negatively charged, such that negative charge carriers were 
pulled through a burnt region, the measured laminar burning 
velocity was around 4% higher than other polarity. They 
conceived that this could be attributed to the enhanced heat flux 
to the burner due to ionic wind, which made the burning velocity 
to be overestimated. This is consistent with previously men-
tioned characteristics of the off-centered flame location 
summarized in section 2 [12]. It is interesting to compare similar 
result done with a so-called heat flux burner [23]. Although a 
few % increased burning velocities were observed, the role of 
vibrationally excited nitrogen in combustion chemistry was 
proposed for the increase in SL. 

4.1  Propagating edge-flames with traverse electric 
fields 

A flame propagation is directly related with a laminar burning 
velocity for a given condition and upstream flow field. Thus, in 
1-D situation, a flame displacement speed, ud, which is a flame 
moving speed in the laboratory frame of reference, can be 
expressed as a sum of SL and upstream velocity, uu as ud = SL + 
uu. However, in a realistic situation with heat loss and flame 
stretch, a flame propagation speed, up, can be defined instead of 
SL, indicating a flame moving speed corrected by an upstream 
velocity.  

When we hypothesize there is chemical or thermal effects on 
flame due to electric fields, these effects need to affect an 
essential step(s) in determining SL, and should be discernible 
regardless of the field direction. Meanwhile, depending on a 
field direction, the flow modification is drastically different, 
because the field direction dictates a direction for a fluid volume 
to move. 

In this regard, a counterflow, annular slot burner [24] was 
designed to investigate the effect of traverse electric fields with 
respect to the propagating direction of an edge-flame [24][26]. 
Nonpremixed edge-flames, propagating through the channel 
between upper and lower nozzles, were investigated by applying 
DC [25] and AC [26], respectively. The lower (upper) nozzle 

1 10 100 1000

0.01

0.1

1
 Approximation

 (traveling distance µ 1/f
ac

) 

L = 1 cm, V
ac

 = 2.4 kV 

s = 40 s-1 (1/5/12)    
s = 80 s-1 (1/5/12)    
s = 40 s-1 (1/5/24) 

  
L = 2 cm, V

ac
 = 4.8 kV

s = 40 s-1 (1/5/12)    
s = 80 s-1 (1/5/12)    

N
o

n
-d

im
en

si
o

n
al

 a
m

p
lit

u
d

e 
o

f 
fl

am
e

Applied frequency [Hz]

10 100 1000
0.0

0.2

0.4

0.6

0.8

1.0

   C
3
H

8
/O

2
/N

2
 = 1/5/12

     s [s-1]  L [cm]  V
ac

 [kV]

  40         1           2.4 
  80         1           2.4
  40         2           4.8

N
o

n
-d

im
en

si
o

n
al

 d
ar

k 
zo

n
e 

th
ic

kn
es

s

Applied frequency [Hz]



 

injected methane (oxygen) flow diluted with N2 and was 
connected to high voltage (ground). The resulted schematic of a 
structure of the propagating edge-flame and the field direction 
can be found in Fig. 14. 

  

 
Figure 14: Schematic of a nonpremixed edge-flame and applied 
electric field direction. The edge-flame propagates from the left 
to the right in the figure. 

 

 
Figure 15: Visualization of propagating edge-flames, the 
methane streams were illuminated by seeding oil mist (left), and 
flow fields as a result of PIV (right). Overall mixture 
composition was CH4:O2:N2 = 1:2:5.5, Zst = 0.5, ujet = 13.5 cm/s 
with L = 0.9 cm. The images in the central row indicated a 
reference case with no applied voltage, while the upper (lower) 
images showed the case at Vdc = –2 kV (2 kV). The figure was 
reconstructed from Ref. [25]. 

The LHS images in Fig. 15 were representative instantaneous 
shots out of high-speed images for propagating edge-flames. An 
overall mixture was designed to be CH4:O2:N2 = 1:2:5.5, and, to 
obtain Zst = 0.5, the volume fractions of methane and oxygen 
were set at XCH4 = 0.217 and XO2 = 0.514 with N2 dilution, 
respectively. Thus, we could locate the leading edge of the 
propagating edge-flames at a stagnation plane, which corre-
sponded to a stoichiometric point. Oil mist was seeded only to 
the fuel stream, and the oil droplets were illuminated by the laser 
in the images. Therefore, the sharp boundary between the upper 
dark zone and the lower zone containing many white dots 
indicates the stagnation plane having stoichiometric methane-
oxygen mixture.  

With this background, one can find the edge-flame at the 
reference condition well propagates (from left to right) through 
the established horizontal stagnation plane. Meanwhile, at Vdc = 
–2 kV (2 kV), a head-up (nose-down) shaped edge-flame could 
be found. These relocation was somewhat counterintuitive 

considering previously discussed flame relocation characteris-
tics—a flame tilts toward a cathode. Detailed observation of 
those images gave a logical clue that the observed relocations 
were simply due to varied upstream locations of stoichiometric 
mixture, since the nonpremixed edge-flames were supposed to 
follow the stoichiometric contour. 

The corresponding PIV images show supportive evidence for the 
relocation of the stoichiometric plane. In the reference case, due 
to gas expansion effect of propagating edge-flame, flow vectors 
headed vertically toward both upper and lower nozzles 
exhibiting similar magnitudes (~ 10 cm/s). However, when the 
downward electric field was imposed at Vdc = –2 kV, due to 
outnumbered positive ions compared to that of negative ions, a 
greater downward electric body force in the region between the 
flame and the lower nozzle caused a stronger convectional 
velocity (~ 36 cm/s). As a result (indicated as streamlines in Fig. 
15), this ionic wind driven flow pushed up the upstream region 
ahead of the flame edge, resulted in the head-up behavior. The 
case at Vdc = 2 kV could be explained in the same way. Therefore, 
the counterintuitive flame relocation could be consistently 
explained based on the electric body force and ionic wind. 

 

 
Figure 16: The propagation speedsof the edge-flame (uedge = up) 
deduced from the measured displacement speed (ud) and 
upstream velocity (uu) ahead of the flame edge by the high-speed 
images and PIV, respectively. Overall mixture composition was 
CH4:O2:N2 = 1:2:5.5, Zst = 0.5, ujet = 13.5 and 18 cm/s for L = 
0.9 and 1.2 cm, respectively to match s = 30/s. The data were 
reconstructed from Ref. [25]. 

The measured flame displacement speed, ud, showed symme-
trically decreased trend with increasing external field intensity 
(Eo = Vdc/L) regardless of its direction, exhibiting around 30 % 
reduction (~160 cm/s to ~110 cm/s at Eo = ±3.33 kV/cm (Fig. 
16). This negative impact of electric fields on the displacement 
speed was further examined by measuring the upstream velocity, 
uu, right ahead of the flame edge. As shown in Fig. 15, we could 
notice that there were reductions in the upstream velocities when 
the external fields were applied (Fig. 15 a and c) as compared to 
the reference case (Fig. 15b). It could be understood as a result 
of mass conservation—increased vertical outflux due to electric 
body force required to be compensated through an increased 
influx at the flame edge. Therefore, when ud was converted into 
the edge-flame’s propagation speed, uedge = ud – uu, negligible 
effect of electric fields on uedge could be found as shown in Fig. 
16. However, for |Eo|> 1 kV/cm, we could still find somewhat 
reduced uedge. This could be attributed to an increased convec-
tional heat loss to the burner wall due to increased ionic wind. 
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Figure 17: The propagation speed of the edge-flame (uedge = up) 
deduced from the measured displacement speed (ud) and 
upstream velocity (uu) ahead of the flame edge by the high-speed 
images and PIV, respectively. Overall mixture composition was 
CH4:O2:N2 = 1:2:5.5, Zst = 0.5, ujet = 13.5 for L = 0.9. Vdc = 1 and 
2 kV were tested in a wide range of fac. The data were 
reconstructed from Ref. [26]. 

For the case with AC, the effects of AC frequency on uedge was 
insignificant, and uedge also seemed to be unaffected by the 
applied voltage as shown in Fig. 17 [26]. 

In conclusion, the traverse electric fields negligibly affected to 
the propagation speed of edge-flames, but significantly retarded 
the flame displacement speed by reducing the upstream velocity 
caused by electric body force. 

4.2  Propagating edge-flames with coaxial electric 
fields 

In our earlier studies [27]-[29] using lifted jet flames to 
investigate the role of electric fields, increased ranges for the 
flames to be stable could be found for both turbulent and laminar 
jet flames. Both flames could exist as a form of a nozzle-
attached-non-premixed-flame at a higher ujet with high-voltage 
at the fuel-nozzles as compared to reference liftoff velocities 
without electric fields [27], [28]. In addition, enhanced blowout 
velocity limit and early reattachment velocity also could be 
obtained by applying the high voltage. These observations 
indicated that electric fields could help to increase a flame 
stability by holding a nozzle-attached-nonpremixed-flame and 
could result in in-creased propagation speed of a lifted flame 
(edge-flame, tri-brachial flame). In further investigation for the 
propagating nature of a lifted flame [29], it was found that the 
displacement speed was significantly increased when it 
approached to the nozzle, where a local field intensity showed 
its maximum due to geometry. Assuming the upstream flow (in 
between the nozzle and lifted flame base) should keep a cold jet 
profile, The edge flame propagation speed was deduced, and its 
enhancement was considered as a result of electric fields. 

In this regard, we revisited an axisymmetric jet configuration 
with laminar lifted flames, since it provided us a platform to 
study a propagating flame along electric field lines. Figure 18 
shows a schematic of the setting, which has a contrasting 
geometry with that in section 4.1 having traverse electric fields. 
High-speed imaging and PIV were adopted to obtain the 
displacement speed (ud) and unburnt velocity (uu), respectively, 
and finally to estimate the propagation speed (uedge) [30]. 

An initially stable lifted flame (the leftmost images in Fig. 19) 
propagated all the way down to the nozzle when coaxial DC 
fields applied. Important finding was heavily modified cold, 

unburnt upstream due to electric fields. In an early phase, annular 
cylinder shape of red-colored zones could be found, which 
indicated electric body force acting on those fluid volumes 
pulled them down to the nozzle, resulting in negative velocity 
columns. In addition, negative DC (lower images) produced a 
larger area of negative velocity zone as compared to the positive 
DC case. This indicates that positive ions outnumber negative 
ions, which is consistent with a theory and other observations. 

 

 

Figure 18: Schematic of coaxial electric fields on downwardly 
propagating lifted flames.  

 

 

Figure 19: High-speed images and corresponding flow fields 
measured by PIV. Propane diluted with nitrogen with a mole 
fraction of XC3H8 = 0.1 was injected from the central nozzle (i.d. 
= 4 mm) with ujet (uo) = 35 cm/s, while a coflow air velocity was 
5 cm/s. Upper (lower) case was with Vdc = 10 kV (-10kV) at the 
nozzle (Fig. 18). The color code here contrastingly distinguishes 
a direction of flow: red-yellow for downward flow and blue-
green for upward one. The figure was reconstructed from Ref. 
[30]. 
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Figure 20: Propagation speeds of edge-flames showing good 
correlation with an instantaneous flame curvature. The 
propagation speed (uedge) is deduced from the measured 
displacement speed (ud) and upstream velocity (uu) ahead of the 
foremost edge of the lifted flames. The figure is from Ref. [30]. 

As a result of various conditions in terms of jet velocity, polarity 
of field, applied voltage, and AC frequency, the measured 
displacement speeds increased as the edge-flames approached to 
the nozzle (which resulted in increased flame curvature due to 
steeper mixture gradient). On the other hand, the measured 
upstream velocities decreased with increased curvature even 
showing negative velocities for certain conditions. Therefore, 
when the propagation speeds of the edge-flames were deduced, 
they corelated well with each other as a function of the flame 
curvature, which implies that the propagation under coaxial 
electric fields should be primarily controlled by an intrinsic 
nature of propagating nonpremixed edge-flames with varying 
mixture gradient. 

In conclusion, similar to the case with the traverse electric fields, 
electric fields should not have significant effects on a flame 
propagation. Rather a flow modification, which is a secondary 
impact caused by ion separation, due to electric body force can 
manipulate a displacement speed depending on a field direction 
with respect to a flame’s propagating direction. 

4.3  Outwardly propagating flames 

A constant volume combustion chamber was employed to 
investigate the effect of electric fields on outwardly propagating 

flames [31]. 

 

Figure 21: Schematic of a constant volume combustion chamber 
setup from Ref. [31]. 

 

Figure 22: High-speed shadowgraph images with stoichiometric 
CH4-air mixture at 2 bar and 300 K. AC applied voltages with 
fixed fac = 1000 Hz at the electrode located at the right edge of 
the optical window. This figure was reconstructed from Ref. [31]. 

As the stoichiometric methane mixture shows Lewis number is 
almost equal to unity (Le » 1), the reference flame in Fig. 22 
shows a spherically propagating feature with no cellular 
instability. Applied voltage at Vac = 5 kV (rms) seemed to be not 
sufficient to separate impactful amount of charge carriers to 
create electric body force, because there was no discernible 
difference with the reference case. However, for Vac > 7.5 kV, a 
wrinkled flame surface could be found demonstrating i) attracted 
flame front toward the pointy high-voltage electrode at 20 and 
30 ms and ii) overall larger area of burnt gas at the same elapsed 
time at 30 and 40 ms. This could be attributed to an ionic wind 
(actually electric body force) driven hydrodynamic instability, 
which triggered flame wrinkling, thus resulted in increased 
flame area and augmented overall burning rate.  

Once electric fields applied, the propagating flames lost their 
spherical shapes (e.g. in Fig. 22 at 20 ms), thus the well-
established method [32] in characterizing laminar burning 
velocity could not be applicable. Instead, a pressure trace 
showed enhanced overall burning rate with applied AC electric 
fields (~20 % reduced time of combustion). Both lean and rich 
mixtures with methane and propane exhibited similar 
augmentation in the overall burning rate. 
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Figure 23: Pressure trace with stoichiometric CH4-air mixture at 
2 bar and 300 K. AC applied voltages with fixed fac = 1000 Hz 
at the electrode located in the right edge of the optical window. 
This figure was reconstructed from Ref. [31]. 

As a result, it could be concluded that the ionic wind induced 
hydrodynamic instability on a flame zone created the wrinkled 
surface. As a consequence, there would be an increased overall 
burning rate of combustion. However, detailed characterization 
using localized information, such as flame stretch and upstream 
velocity, is require in a near future. 

5  Soot characteristics with electric fields 

The last section is prepared for soot characteristics in non-
premixed flames, since the soot reduction combining with the 
DBD [9] motivated personally as shown in introduction. 

 

Figure 24: PLII images for soot volume fraction (left half in each 
figure) and PLIF images for OH radicals and PAHs (right half in 
each figure). C2H4-N2 and O2-N2 streams were considered and a 
mole fraction of C2H4 and O2 were depicted in each figure. 
Upper images are the reference flames without electric fields, 
while lower images are the results of downward field with Vdc = 
–2 kV at the lower nozzle. This figure was in Ref. [33]. 

5.1  Soot reduction in counterflow nonpremixed 
flames  

We noticed that electric fields, applied to nonpremixed flames in 
a counterflow geometry, heavily affected the flow field due to 
electric body force as shown in section 3.2. Thus, the modified 
flow field would change a temperature profile, concentration 
fields for major and minor species, and strain rate at the reaction 
zone. Although a relocation of a flame was only significant 

observation as a result of electric body force, we should further 
probe in detail.  

We investigated soot characteristics for ethylene nonpremixed 
flames. Ethylene was selected because it creates reasonably 
significant amount of soot particles, and detailed methods and 
results can be found in [33]. Figure 24 shows PLII images in the 
left half representing soot volume fractions together with PLIF 
images of OH radicals and PAHs (polycyclic aromatic 
hydrocarbons) in the right half for easy comparison. The figure 
chooses two distinctive conditions of flames: one is a soot 
formation flame and the other is a soot formation and oxidation 
flame depending on relative location of flame with respect to a 
stagnation plane, which could be controlled by changing Zst. 

Basically, regardless of the flame type, PLII signal could not be 
found with electric fields as shown in Fig. 24, indicating no 
detected soot particles with PLII. Meanwhile, OH zones became 
thicker and PAHs zones became weaker. Note that the relocation 
of the flame toward the cathode could be identified based on the 
OH zones. Concerning the formation of soot particles, for an 
entire domain of ethylene and oxygen mole fractions, we could 
not find any significant PLII signal. Since PAHs and soot 
particles are also known as charge carriers [8], it would be too 
early to conclude that electric fields prohibit the formation of 
soot particles, but the modified flow field and transport due to 
electric fields could affect the soot chemistry by changing 
thermal and mixing conditions in the fuel stream. This should be 
further investigated with modeling, but adding ion chemistry of 
PAHs and soot particles will be much more challenging. 

5.2  Soot behaviors in nonpremixed jet flames 

 

Figure 25: PLII images for soot volume fraction (upper row) and 
PLIF images of OH radicals and PAHs (lower row). Propane jet 
with ujet = 1.4 cm/s and 6.2 cm/s of coflow air. The applied 
voltage at the nozzle was AC (rms) with fixed fac = 250 Hz. The 
figure was reconstructed from Ref. [34] 

When AC electric fields were applied to a nozzle of a small 
laminar nonpremixed jet flame, a dimmer luminosity from soot 
particles could be noticed [34]. It was supported by PLII 
measurement as shown in Fig. 24 illustrating much less PLII 
signal as Vac increased. Interesting features are i) weak PLII 
signal newly found near the exit of the nozzle, ii) elongated 
height of OH zone and iii) shifted location of PAHs toward the 
exit of the nozzle and increased their fluorescent intensity. 
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For a systematic investigation by varying Vac and fac, it was 
found that for a certain combination of them a toroidal vortex 
(called ITV: inner toroidal vortex) could be formed (Fig. 26). 
That was identified by the soot particles generated very at the 
nozzle exit and captured inside the recirculation zone. We 
concluded that the AC induced vortex captured heat inside 
changing a thermal history of the fuel stream, such that early 
PAHs and soot formation could be feasible (Fig. 25 and 26). And 
this early consumption of fuel and faster convection time caused 
by ITV in the later part of the fuel stream should be attributed to 
the reduced PLII intensity in the main flame region. 

 

Figure 26: Visualization of a pair of vortice illuminated by Ar-
ion laser. The scattering particles were self-generated soot 
particles. Propane jet with ujet = 1.4 cm/s and 6.2 cm/s of coflow 
air at Vac = 8 kV with fac = 250 Hz. The figure was newly selected 
from the same study [34]. 

 

Figure 27: Onset condition in terms of applied voltage and 
applied AC frequency for the generation of inner toroidal vortex. 
Propane jet with ujet = 1.4 cm/s and 6.2 cm/s of coflow air. The 
figure was in Ref. [34]. 

As shown in Fig. 27, the onset of ITV for the propane flame 
could be well corelated in terms of Vac and fac, which was 
explained based on the role of induced magnetic fields due to 
displacement current with AC on ionic motion caused by electric 
fields. This indicated an importance of full understanding of 
Lorentz force (=qE + qv´B) as an additional body force term. 

For further clarification with various fuels including methane, 
ethylene, ethane, n-butane, and i-butane [35], we could found 
that the ionic species among PAHs, rather than flame-generated 
ions and electrons, were responsible for the ITV formation. As 
shown in Fig. 28, the ITV tendency, which defined as how easy 
to create the ITV for a given Vac or fac, was closely related with 
the concentration of PAHs and their proximity to the nozzle. As 
the PAHs located closer to the nozzle and their concentration was 
greater, it was easy (lower Vac or fac) to form the ITV. 

 

Figure 28: PLIF images of PAHs for the reference flames 
without electric fields (left half) and the flames at the moment of 
the inner toroidal vortex formation at Vac = 4 kV (rms) for 
ethylene, ethane, propane, n-butane, and i-butane, respectively. 
Detailed flow conditions and AC frequencies can be found in 
Ref. [35]. Such vortical motion interacted with intrinsic dynamic 
motion of a laminar nonpremixed jet flame, such as flame flicker. 
Detailed characteristics can be found in [36] and [37].  

As a summary, a flow modification caused by electric fields 
could also heavily affect to soot characteristics via changing 
thermal and transport features with a flame. There was no solid 
evidence to prove any direct influence of electric fields on soot 
formation, but that does not mean there is no direct effect at the 
moment. For further clarification, charged species in PAHs and 
soot and comprehensive Lorentz force should be investigated. 

4  Conclusions 

The primary impact of electric fields on flames is the separation 
of ions and electrons from the origin (reaction zone), letting them 
migrate toward electrodes—positive ions to a cathode, and 
electrons and negative ions to an anode. The separation of these 
charged species imposes electrical charges on a flow volume, 
such that electric body force on the flow volume creates a bulk 
flow motion, i.e., ionic wind, blowing from the flame toward 
both electrodes. Based on two important features of flames — i) 
negative charges are mostly carried by electrons due to the small 
amounts of negative ions and neutrality, and ii) the electron’s 
mobility is three orders of magnitude greater than that of the 
ions—the electric field causes an unique and intriguing flow 
modification. Based on various experimental, theoretical, 
numerical studies, resulted effects of electric fields seemed to be 
originated by a flow modification. Note that a chemical effect 
should be insignificant, because the field intensity is usually way 
below electrical breakdown (low electron energy). A thermal 
effect is also negligible, because an electrical power input is 
order of 0.1 % to a thermal power generated by a hydrocarbon 
flame. Future efforts should be on how to utilize such electric 
body force in improving practical applications. Thus, high-
pressure conditions and turbulent flames will be of interest 
subject. 
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