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h i g h l i g h t s

" We studied the effects of AC electric fields on non-premixed flames.
" Flame image, FTIR pattern and chemiluminescent emissions were obtained.
" There exist three distinct regimes across the tested voltage range.
" The flame behaved non-mon otonically as the increasing voltage.
" The flame behavior was explaine d by the competition of three effects.

a r t i c l e i n f o

Article history:
Received 18 December 2012 
Received in revised form 26 December 2012 
Accepted 27 December 2012 
Available online 10 January 2013 

Keywords:
Alternating electric field
Non-premixed flame
NO emission 
Frequency
Voltage

a b s t r a c t

This paper examined the behavior and NO emission of laminar non-premixed methane/air jet flames
when subjected to high frequency alternating electric fields of 10 kHz over the voltage range of
0–4.0 kV. In particular, this paper examined variations of flame shape and luminosity, CO and NO molar 
fractions in the downstream flue gas, and chemiluminesce nce from OH⁄ and CH⁄ in the voltage- 
influenced flame zone. The results showed that with no application of an alternating electric field, flames
were stable at the nozzle exit, bluish at the base and yellowish at the conical tip. However, once applied,
different voltage regimes produc ed different responses from the flame. In the low-voltage regime of
0–1.0 kV, increasing the voltage narrowed the top yellowish zone of the flame and sharpened its conical 
tip, increased the CO molar fraction in the flue gas, decreased the NO molar fraction in the flue gas, and 
decreased the chemiluminescence intensity of OH⁄ and CH⁄ in the flame zone by �50%. At 1.0 kV, both CO
and NO molar fractions reached extreme values, and the flame was at its weakest. In the mid-voltage 
regime of 1.0–3.0 kV, increasing the voltage resulted in an inverse response from the flames compared 
to the low-voltage regime. In the high-voltage regime of 3.0–4.0 kV, increasing the voltage resulted in
the gradual disappea rance of the top yellowish zone of the flame, increased the CO molar fraction in
the flue gas and decreased the NO molar fraction. The transition mechanisms between the regimes are 
discussed within the context of the high-frequency discharge theory. Three competing effects explain 
the non-monotonic flame response to the voltage: thermal, ionic wind, and electrical–chemical. The anal- 
ysis showed that the ionic wind effect majored in the low-voltage regime, the electric al–chemical effect 
dominated the mid-voltage regime, and all three effects were highly coupled in the high-voltage regime.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction 

The interaction between an electric field and flame behavior has 
attracted wide attention in the last few decades. Research shows 
that electric fields affect flames in three major ways: the thermal 
effect [1–3], which is caused by electrical energy input; the ionic 
wind effect [4–8]; and the electrical–chemical effect [9–12]. The 
thermal effect dominates when there is a large current across the 

electric field, such as a spark plug [3]. The ionic wind effect causes 
fluid dynamic changes in the flow field, inducing an ‘‘ionic wind’’
[4–8]. The electrical–chemical effect produces high speed elec- 
trons, radicals, ions and excited molecule s in the pre-flame zone,
which directly change the chemistry of the flames [9–12].

Various experime ntal and numerical studies have been con- 
ducted on the influence of direct-current (DC) electric fields on
flame behaviors. Experime nts showed that the DC electric field
strongly affected flame shape [6,13,14], flame propagation speed 
[5,15], NOx emissions [4,6,14,1 6] and soot formation [4,13].
Numerical simulatio ns showed that the ionic wind effect domi- 
nated [17–20].
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Studies on the effects of an alternating- current (AC) electric 
field on flame behaviors are few. Previous studies mainly focused 
on the ionic wind effect. Chung et al. published a series of works 
[21–27] on the effects of the AC electric field on flame stabilizati on,
and produced the following findings. The speed of tribrachial flame
propagation increased under AC voltage [24]. The edge structure 
and the detachment velocity of the nozzle attached non-premi xed 
propane/air flame were both affected by an AC electric field. The 
detachment velocity changed non-monoto nically with the voltage 
increase at 60 Hz [25]. The lift-off height presented an oscillation 
characterist ic when lower than 30 Hz, due to the direction- 
alternating ionic wind [26]. No oscillation was found in the range 
of 60–1500 Hz [25]. The height of the diffusion flame decreased 
with the increasing AC voltage at 400 Hz. Kono et al. [28] noted a
delay time in the formation of ionic wind, normally in the order 
of 10 ms, indicating that the ionic wind did not form when the 
alternating frequenc y was higher than 50 Hz.

Flame behavior was significantly different to that of the DC and 
low-frequency AC electric fields when the frequenc y of the AC elec- 
tric field was high (e.g. >2000 Hz). This may be because time was 
insufficient for momentum transfer from the charged particles to
the neutral ones. As a result, the electric field did not introduce sig- 
nificant bulk flow motion [25,28]. Alternativel y, it may be because 
the charged particles could not easily reach the electrodes due to
high-frequency alternating properties. Therefore, a large amount 
of charged particles existed within the space between the two elec- 
trodes [29].

Studies on the effects of high-frequency alternating electric 
fields remain limited in number. Consequentl y, this paper exam- 
ined the behavior and NO emission of laminar non-premixed 
methane/air flames when subjected to high frequenc y AC electric 
fields of 10 kHz over the voltage range of 0–4.0 kV. In particular ,
this paper applied different voltages at different fuel and co-flow
velocities to study variations of flame shapes and to study CO
and NO molar fractions in the downstream flue gas. This research 
also measured chemilumines cence from two excited radicals,
OH⁄ and CH⁄, in order to provide insight into the effects of high- 
frequency AC electric fields on combusti on.

2. Experimental apparatus and methodology 

2.1. Experimenta l apparatus 

Fig. 1 shows the experimental apparatu s, which consisted of
three main parts: (1) a coaxial burner and associate d gas supply 
system; (2) a high frequenc y AC power supply system; (3) a mea- 
surement system.

2.1.1. Coaxial burner and associated gas supply system 
The fuel nozzle was made of a quartz tube with an inner diam- 

eter of 8.0 mm and thickness of 1.0 mm (Fig. 1). The tube length 
was 250 mm to ensure that the velocity profile of the fuel stream 
was fully develope d at the nozzle exit. The fuel used in the exper- 
iments was high purity CH4 (>99.99%). Compress ed air, as the oxi- 
dizer, was supplied around the fuel tube from a concentric quartz 
tube with an inner diameter of 65 mm. The flow rates of the gas 
streams were controlle d by mass flow meters that were pre- 
calibrated by a wet gas meter.

2.1.2. High frequency AC power supply system 
An AC electric field was applied in the experiments . A metal 

mesh plate located at 50 mm above the upper rim of the burner 
was used as the anode and another metal mesh attached to the 
outside surface of the fuel nozzle was used as the cathode. A
sinusoidal AC electric field with 10 kHz alternatin g frequency 

was supplied. The magnitude of the field (AC voltage) was adjust- 
able. The AC wave was measured and recorded by an oscilloscope.

2.1.3. Measurement system 
A flute-shaped probe located 750 mm above the burner sam- 

pled the combustion products. A Fourier transform infrared spec- 
trometer (FT-IR) with the model of NETZSCH STA 409C analyzed 
the flue gas introduced into the probe. The CO and NO molar frac- 
tions in the flue gas were measured. A grating spectrometer with 
the model of ZOLIX SPB300 equipped with a photomul tiplier tube 
(PMT) analyzed the chemilumines cence from the flame. The 
chemilumines cence intensity of OH⁄ and CH⁄ in the flame zone 
was measured. A digital camera recorded the flame images (expo-
sure time: 0.5 s; resolution: 72 dpi).

2.2. Experimen tal conditions 

Experime nts were conducted at four different air flow velocities 
and four different fuel flow velocities (Table 1).

3. Results and discussion 

3.1. AC voltage effect on flame shapes and luminosit ies 

Fig. 2 shows images of the non-premi xed laminar jet flames at
various AC voltages. A typical non-premi xed jet flame was stabi- 
lized at the exit of the nozzle when no electric field was applied 
(peak voltage 0.0 kV). The upper portion of the flame was a yellow- 
ish color due to the radiation of the soot formations. The base part 
of the flame was a bluish color due to the radiation of CH radicals.
The flame shape and luminosity distinctly changed when an AC
electric field was applied. Based on the variation of flame luminos- 
ities under different applied voltage, there existed three different 
regimes depending on the AC voltages: (1) the low-voltage regime 
with voltage lower than 1.0 kV; (2) the mid-volt age regime with 
voltage in the range of 1.0–3.0 kV; (3) the high-voltage regime with 
voltage higher than 3.5 kV. Case 1 is taken as an instance to de- 
scribe the flame behaviors in each of these three regimes.

In the low-voltage regime, as voltage increased, the upper yel- 
lowish zone of the flame became narrower and the base bluish 
zone became wider. Also, the conical tip of flame became sharper.
The flame top was sharpest at 1.0 kV. Under these condition s, the 
yellowish zone was the smallest and the overall flame was the 
darkest, indicating that soot formation was minimized. The exper- 
iments showed that the flame became unstable and that the flow
perturba tions even extinguished the flame in some instances .

In the mid-volt age regime, as voltage increased, there was an
inverse response from the flames compared to the low-voltage re- 
gime. The upper yellowish zone became larger and the base bluish 
zone became narrower. The flame top gradually became a plump 
arc again and the flame was more stable compared to its state at
1.0 kV.

In the high-volt age regime, as voltage increased, the AC electric 
field zone typically started to produce a hissing sound between 3.0 
and 3.5 kV. This indicated a slight corona discharge from the sharp 
tips of the electrodes, which generated a certain amount of plasma.
The sound-pr oducing pressure fluctuation affected the flame. The 
upper yellowish zone of the flame quickly disappeared and the 
flame tip dispersed (Fig. 2). This result indicated that soot forma- 
tion was suppressed by the AC corona discharge, similar to the 
phenomeno n found in the dielectric barrier discharge [22]. Fur- 
thermore , the flame partially detached from the nozzle and ran- 
domly rotated around the nozzle rim. This phenomeno n was 
consisten t with the observati on by Chung et al. [25] for low AC fre- 
quency. However, where Chung et al. observed lift-off as voltage 
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