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Abstract

A burner design with integrated electrodes was used to couple a gliding arc (GA) discharge to a high-power
and large-scale turbulent flame for flame stabilization. Simultaneous OH and CH,O planar laser-induced
fluorescence (PLIF) and CH PLIF measurements were conducted to visualize instantaneous structures of
the GA-assisted flame. Six different regions of the GA-assisted flame were resolved by the multi-species PLIF
measurements, including the plasma core, the discharge-induced OH region, the post-flame OH region, the
flame front, the preheat CH,O region and the fresh gas mixture. Specifically, the OH profile was observed to
be ring-shaped around the gliding arc discharge channel. The formaldehyde (CH,O) was found to be widely
distributed in the entire measurement volume even at a low equivalence ratio of 0.4, which suggest that long-
lived species from the gliding arc discharge have induced low-temperature oxidations of CH,. The CH layer
coincides with the interface of the OH and CH,O regions and indicates that the flame front and the discharge
channel are spatially separated by a distance of 3—5 mm. These results reveal that the discharge column acts
as a movable pilot flame, providing active radicals and thermal energy to sustain the flame. High-speed video
photography was also employed to record the dynamics of the GA-assisted flame. This temporally resolved
data was used to study the ignition and propagation behaviors of the flame in response to a temporally
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modulated burst-mode discharge. The results indicate that turbulent flame can be sustained by matching
temporal parameters of the high-voltage bursts to the extinction time of flame.

© 2018 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute.

This is an open access article under the CC BY-NC-ND license.

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Combustion is currently playing a dominant
role in energy conversion and transportation. Re-
search of combustion processes and applications
mostly focus on how to achieve clean combustion
with high efficiency. In the recent decade, plasma,
especially the non-thermal plasma has been pro-
posed for combustion enhancement and emission
control due to its short response time and multi-
effects on combustion through producing active
species and heat as well as modifying transport pro-
cesses [1,2].

Non-thermal plasma can be produced by elec-
tric gas discharges. Deposition of electric energy
through plasma into a combustion system can gen-
erate various radicals and excited species and thus
result in new reaction pathways to increase the
flame speed and enhance the flame stability. Nu-
merous experiments in laminar flow [3,4] and high-
speed turbulent flow [5-7] using radio frequency
(RF) plasma [8], gliding arc (GA) discharge [9-11],
nanosecond repetitive pulsed discharges [12-14]
and microwave discharge [15-17] have shown that
the plasma can enhance and stabilize flames. How-
ever, it is quite challenging to deposit the energy ex-
actly near the flame zone since the standard flame
fronts are thin and spatially inhomogeneous and
the electric gas discharge is easily inclined to fila-
mentation at atmospheric pressure or higher [18].
The weak direct interaction between flame and
plasma would underestimate the kinetic impacts of
plasma. So it is necessary to develop a discharge
technique, which can produce a large-volume dis-
charge at high pressure to couple the flame with the
plasma efficiently.

In our previous studies, a gliding arc discharge
was found to create a non-thermal plasma column,
which has a temperature of 1100 K [19] and pro-
duces a large amount of radicals (e.g. OH, NO, O3)
[20,21]. The plasma column can propagate together
with the flow to increase its interaction time with
the surrounding combustible gases. Furthermore,
frequent short-cutting events [22] occur to disturb
the flow field and enhance mixing. In all, the gliding
arc discharge can be a very promising technique to
stabilize turbulent flames.

Based upon our understanding of gas discharge
(e.g. GA) and turbulent combustion, a burner is

designed to couple the gliding arc discharge
to a high-power and large-scale turbulent flame
for flame stabilization at atmospheric pressure.
Different diagnostic techniques including high-
speed imaging, current-voltage measurements and
OH/CH/CH,O planar laser induced fluorescence
(PLIF) were applied to acquire a detailed descrip-
tion of the GA-assisted combustion system.

2. Experimental setup

Figure 1 shows a schematic of the experimen-
tal setup, including the GA-assisted burner and the
diagnostic systems. In the homemade burner, the
air flow is ejected into a ceramic tube through a
3.8 mm diameter aperture to produce a strong tur-
bulent jet flow, while the methane flows into the re-
actor tangentially downstream near the orifice of
the burner (see the inset of Fig. 1). The air flow rate
varies from 50 standard liter per minute (SLM) to
230 SLM, with the mean velocities at the jet exit in-
creasing from 74 m/s to 338 m/s. At a flow rate of
230 SLM, the jet Reynolds number reaches 80,000
and the Kolmogorov length scale can be estimated
to be as small as 30 wm assuming a free jet flow
[23]. Due to this high-speed jet flow, the flame in
the designed burner is highly turbulent and can-
not be self-sustained. The gliding arc discharge is
formed at the gap between two diverging electrodes
inside the ceramic tube and extended up by the flow,
as shown in Fig. 1. The two electrodes are inter-
nally water-cooled. One of the electrodes is con-
nected to a 35kHz AC power supply (Generator
9030 E, SOFTAL Electronic GmbH), whereas the
other is grounded. The tangential CH,4 jets can gen-
erate swirls around the air jet, thus to promote short
cuttings of the gliding arc column and broaden the
plasma volume.

Different diagnostic techniques were applied to
monitor the current/voltage during the discharge
and acquire the radical profiles. A current mon-
itor (Pearson Electronics) and a voltage probe
(Tektronix P6015A) were employed to measure
the waveforms of the current and the voltage si-
multaneously. A high-speed camera (HSC, Phan-
tom v7.1) equipped with an objective lens (Nikkor
105 mm, f/4) was synchronized to capture the dy-
namic behaviors of the gliding arc assisted flame.
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Fig. 1. Schematic of the experimental setup. Inset shows the schematic drawing of the designed burner.

OH and CH,0O PLIF measurements were per-
formed simultaneously to capture the flame struc-
ture. A Brilliant B laser with the second and third
harmonic units was used to generate a 355nm
laser beam for the excitation of CH,O [24]. A PI-
MAX III camera equipped with a visible Nikon
lens (105 mm) and a GG395 filter was employed to
block the 355 nm laser and collect the fluorescence
signal. The laser energy for forming the laser sheet
was measured to be around 80 mJ per pulse. The
OH PLIF was realized using a Brilliant B pumped
dye laser which emits laser beams at a wavelength
of 283.55nm. The Q1 (8) line of the OH transition
A-X (1, 0) was probed. A PIMAX II camera with a
B-halle lens and an OH filter (Semrock, 320/40) was
employed to acquire the OH signal. The two laser
beams were spatially combined through a dichroic
mirror prior to the sheet-forming optics and syn-
chronized by a BNC pulse generator. The time de-
lay between the two laser beams was set at 100 ns
to avoid cross talk. The CH PLIF experiment was
conducted using a frequency-doubled Alexandrite
laser (101-PAL, Light Age Inc.) at 383.3 nm for the
excitation [25]. The current and voltage signals to-
gether with the ICCD gates were simultaneously
recorded using a four-channel oscilloscope (Pico-
Scope 4424, PS) at a sample rate of 2 GHz.

3. Results and discussion
3.1. Gliding arc sustained turbulent flames

Direct morphologies of the GA-assisted tur-
bulent flames were recorded by a Nikon digital

A 1/1000 S(B 1/250 S|D

1/250 S|C

Fig. 2. Direct photos of the stoichiometric turbulent
flames assisted by the gliding arc discharge. Exposure time
used for different images has been marked out. (For in-
terpretation of the references to color in this figure, the
reader is referred to the web version of this article.)

camera (D7200, /5.6). Figure 2 shows stoichiomet-
ric flames supported by the gliding arc discharge
with different exposure times. The air flow rate in
this case was kept at 230 SLM. Spectral analysis
of the spontaneous emission from the discharge
supported flame was performed. It indicates that
the purple stripes in the photo represent the strong
emission from the gliding arc channel while the
blue part represents the flame (mainly from the CH
emission). Since the emission of the flame is much
weaker than that of the arc, the signal from the
blue channel of the color images was enhanced for
a clearer visualization of flame.

The supporting effect of the gliding arc dis-
charge on the highly turbulent flame is signifi-
cant. Under high flow rate conditions (230 SLM),
the flame will be blown off and cannot be self-
sustained. Only when the discharge is present, the
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turbulent flame can be held, as shown in Fig. 2A.
As we know, the gliding arc discharge column has
a translational temperature above 1000 K and full
of energetic species [20,21], so the flame is effec-
tively sustained around the discharge column, as
shown by the short-exposed photo in Fig. 2A-C.
It seems the discharge channel acts as an anchor
line to stabilize the flame, with the flame sticking
to the discharge channel and propagating down-
stream. Thus, the flame was observed mostly above
the discharge column.

Our previous work has shown that, the glid-
ing arc discharge starts from the narrowest gap
between the two electrodes and propagates down-
stream with the airflow [20,22]. The discharge
column can flexibly elongate with the flow to 5cm
and repetitively scan over a large range on account
of frequent short-cutting and re-ignition events.
This means that the gliding arc discharge can
initialize combustion in a volume much larger than
the common spark igniters. Therefore, a large-scale
turbulent flame is stabilized in this burner, as
demonstrated in the long-exposed photo of
Fig. 2D. In this experiment, the combustion power
of this burner is estimated to be 13kW by the
assumption of complete combustion of the fuel
while the rated input power for discharge was set
to 0.6 kW. It should be mentioned that the electric
input power can be much less than 0.6kW to
sustain the turbulent flame using burst mode by
matching temporal parameters of the discharge to
the extinction time of flame (see Section 3.3).

3.2. Instantaneous structure of the GA-assisted
flame

In the current experimental setup, the turbulent
flame at a high flow rate can be stabilized by the
gliding arc discharge. The instantaneous structures
of the GA-assisted flame were visualized by PLIF
images of CH,O, OH and CH.

3.2.1. Simultaneous OH and CH,0 PLIF profile

Typical simultaneous OH and CH,O PLIF im-
ages at different air flow rates (50 SLM and 230
SLM) are illustrated in Fig. 3. For all the PLIF im-
ages shown in this study, the background images
recorded without the laser have been subtracted.
Due to the strong emission, the discharge chan-
nels in the PLIF images are still visible in a string-
like shape. Note that the discharge channel moves
in three-dimensional space and only parts of the
channels cross the laser sheet.

The OH PLIF images are shown in Al and Bl
of Fig. 3. Similar to the observation in our previ-
ous work [20], the OH distribution around the dis-
charge channel is ring-shaped with an outer diam-
eter of ~10 mm (marked out with the black dashed
curves). The holes in the center of the distributed
OH (marked out with dotted lines) identify the
plasma core passing through the laser sheet. OH

generated from the flame distributes more widely
further away from the discharge channel. The OH
signal intensity around the channel is 7 times higher
than that in the surrounding flames. Usually, OH
number density in the flame is on the order of
10 cm~3 [26]. If the quenching effect was roughly
considered homogenous across the laser sheet, the
OH generated by discharge can be estimated to
be around 8 x 10'® cm™3. This implies that the
discharge volume can produce much more ener-
getic radicals than the flame itself. The influence
of equivalence ratio on the OH PLIF signal inten-
sity was also studied. It is found that the OH PLIF
intensity around the discharge channel is much
higher for the CHy4/air mixture compared with pure
air. However, the OH PLIF intensity almost keeps
constant with the equivalence ratio increased from
0.4to 1.

CH,O PLIF results are shown in A2 and B2
of Fig. 3. Instead of distributed into a thin layer,
CH,0 was found spreading into a wide region
far away from the discharge channel. CH,O PLIF
measurements were also performed for flames with
different equivalence ratios, with the results shown
in Fig. 4. Interestingly, the wide distrubiton of
CH,O0 is detected even for very lean flames with
Phi of 0.4 (Fig. 4A), which is beyond the burn-
ing limit. Our previous Rayleigh scattering mea-
surment of the translational temperature around
the gliding arc indicated that the high tempera-
ture region (> 1100 K) is confined in the discharge
column with a radius of around 2mm [19]. Out-
side this hot region, the temperature drops fast to
a value below 900 K. Hence it is speculated that
some active species like O3, generated in the gliding
arc discharge, can initiate low-tempeture chemistry
of CH4 to form CH,O [4,27]. Since CH,O has a
relatively long lifetime, turbulence may also result
in the wide spreading of CH,O. Compared with
Fig. 4A, the size of CH,O region for the stoichome-
tric flame in Fig. 4B becomes smaller. With higher
equivalence ratio, the flame initiated from the dis-
charge channel can propagete into further regions,
resulting in more CH,O consumption.

Simultaneous OH and CH,O PLIF images are
overlaid into single images with red and green col-
ors representing OH and CH,O distributions, re-
spectively, as shown in A3 and B3 of Fig. 3. The
overlaid OH and CH,0 PLIF images demonstrate
well complementary spatial distribution of OH and
CH,0. CH,O is usually considered as a marker of
the preheat zone, while OH can represent the high-
temperature region and active radical pool. There-
fore, the interface of these two radicals, OH and
CH,O0, indicate the position of the flame front. As
illustrated in Fig. 3, the flame front is spatially sep-
arated from the plasma core with a gap of 3-5mm.

3.2.2. CH PLIF profile
CH PLIF technique has been extensively used
to visualize the flame front directly in turbulent
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Fig. 3. Simultaneous OH and CH;O PLIF measurements in the GA-assisted turbulent flame. A1, Bl: OH PLIF images;
A2, B2: CH,0 PLIF images; A3, B3: overlaid OH & CH,O PLIF images. Air flow rate in A1 A2 A3:50 SLM; Bl B2 B3:
230 SLM. Equivalence ratio: Phi. (For interpretation of the references to color in this figure, the reader is referred to the

web version of this article.)
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Fig. 4. CH,0O PLIF measurements of the GA-assisted
turbulent flame; A: Phi= 0.4, B: Phi=1.0.

flames. In this study, the CH PLIF technique was
employed to reveal the distribution of flame fronts
relative to the discharge channel. Some typical CH
PLIF images are shown in Fig. 5. For the CH PLIF
measurements, only a long-pass filter (GG400) was
used to block the 383 nm laser scattering and thus
the strong arc emissions (marked with arrow in
Fig. 5) were detected together with the CH layer in
the short-gated images. Similar to conventional tur-
bulent flames, the CH signal distributes into a thin
layer (less than 1 mm in thickness) and wrinkles due
to the turbulent flow. The flame front indicated by
the CH layer has a gap to the discharge channel.
This gap is several millimeters wide, that is consis-
tent with the estimate from the simultaneous OH &
CH,0 PLIF measurements.

230L/min Phi=1.0 230L/min Phi=1.0

Height /cm

Radial position /ecm Radial position /cm

Fig. 5. CH PLIF measurements for the GA-assisted
flame with an air flow rate of 230 SLM (Phi= 1.0).

3.2.3. Discussion on the structure of GA-assisted
flame

According to the multi-species PLIF measure-
ments, a schematic of the GA-assisted flame struc-
ture is illustrated by the inset S in Fig. 6. The glid-
ing arc channel, or the plasma core, where free
electrons pass through and most excited or ion-
ized species are located, situates in the most inner
part, as shown by white dash lines in A3 and B3 of
Fig. 3.

Around the plasma core, there is a region fea-
tured with energetic species like OH. OH in this
region is induced by the gliding arc discharge and
has higher concentration than that generated in
the flame, as indicated by the black dash curves
in Fig. 3A and 3B. Since the active radical species
are influenced by the plasma core, this region can
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SLM, Phi = I; C: 230 SLM, Phi=0; D: 230 SLM, Phi= 1.

represent the active volume of the gliding arc dis-
charge. Beyond the discharge-induced OH region,
the remaining OH signal in the OH PLIF images
(Figs. 3A 3B 6B and 6D) refers to the post-flame
region. OH signal in this region is relatively weak
and distributes more widely towards downstream.
Outside the OH region is the preheat region, which
is filled with CH,O. It is speculated that some long-
lived species like O; contribute to the low tem-
perature oxidation of CHy into intermediates like
CH,O. This low-temperature oxidation of fuel can
enhance the flame ignition and stabilization [27].
The interface between the CH,O and OH regions,
i.e. the CH layer characterizes the flame front, rep-
resented by the blue lines in Fig. 6S.

The influence of Phi on the size of the discharge-
induced OH region is shown in Fig. 6P. The ef-
fective diameters of discharge-induced OH region
(marked with black curve in Fig. 3A and 3B) were
measured based on the OH PLIF images. Without
the CH, addition, there is already OH appeared
since the electrons in the discharge channel can dis-
sociate the water vapor in the air. With the incre-
ment of air flow rate from 50 SLM to 230 SLM,
the diameter of the OH ring decreases from about
8mm (Fig. 6A) to 4mm (Fig. 6C). When CHy is
added, the OH diameter at an air flow rate of 230
SLM is still smaller than that at an air flow rate
of 50 SLM, yet the difference becomes less, as il-
lustrated by inset B and D. For an air flow rate of
230 SLM, the increase of CHy4 content steadily en-
larges the OH distribution from 4 mm to around
7mm with Phi varying from 0 to 1.0. When Phi

is beyond 1.0, the diameter of the OH ring does
not increase any more with the equivalence ra-
tio. It implies some interaction of discharge and
combustion.

Diameter of the discharge-induced OH region is
mainly dominated by the dissipation of OH. High
flow rate can promote the turbulent mixing to ac-
celerate the OH dissipation and thereby reduce its
diameter. Combustion can further provide a high-
temperature environment to shield the discharge
column and reduce the loss of OH. This shielding
effect is a reason for the smaller difference of OH
diameters at air flow rates of 50 SLM and 230 SLM
with CH4 added (see Fig. 6B and 6D).

3.3. Dynamics of the GA-assisted flame
propagation

A high speed camera was used to record the
dynamical behavior of the GA-assisted flame. The
flame propagations at the air flow rate of 230
SLM was recorded and shown in Fig. 7. The high
speed video was synchronized with the current-
voltage measurements. The instantaneous current-
voltage values corresponding to the high speed
video frames have been marked out by arrow with
numbers in Fig. 7. A proper threshold was used to
distinguish the discharge channel from the flame.
The flame area was shown in green color while
the discharge channel was shown in red. Owing to
the heat and active radicals provided by the dis-
charge, the flame can be started by the discharge
efficiently as demonstrated in Frame 1 of Fig. 7. Af-
ter the initiation of the combustion (Frame 1), the



J. Gao et al. | Proceedings of the Combustion Institute 37 (2019) 5629-5636 5635

— Voltage |
— Current

®
v

Voltage (kV)
Current (A)

n s . " s -10
180 185 190 195 200 205

time (ms)

Fig. 7. High speed images of the GA-assisted flame
(plasma column is in red and the flame is in green), to-
gether with the simultaneously recorded current and volt-
age waveforms. Air flow rate is 230 SLM and Phi is 0.7.
The frame rate of the high speed camera is 5000 Hz. (For
interpretation of the references to color in this figure leg-
end, the reader is referred to the web version of this arti-
cle.)

flame propagates together with the gliding arc. The
flame area increases with elongation of the dis-
charge channel from Frame 1 to Frame 4. At the
time of 200ms (Frame 7), the power supply to
the gliding discharge was switched off. Hereafter,
the discharge channel disappears and the flame is
blown out since the turbulent flame speed is lower
than the flow speed (Frame 8). Meanwhile, the
flame begins to extinct due to the turbulent dissi-
pation of heat and radicals.

The extinction time of flame is dependent on
the local chemical kinetics and flow field. So the
influence of the equivalence ratio on the extinc-
tion time was examined. The results are plotted in
Fig. 8, where the blue curve shows the temporal
evolution of the flame area (measured from a se-
ries of high-speed video images) while the red curve
shows the height of the discharge column. At a
given flow rate, the extinction time of stoichiomet-
ric flames is measured to be about 35ms longer
than that of the lean flames.

The power supply for discharge can be set to the
burst mode, which means the high voltage is im-
posed on the electrode for a time period and off
for another time period, alternately, as shown by
the blue curve in Fig. 9. The delay time between
high-voltage bursts were varied from 3 ms to 30 ms.
When the delay time is large (e.g 30 ms), the flame
will totally blow out during the delay. Fig. 9 actu-
ally reflects the extinction time of flame. For the
case (i.e. 230 SLM and Phi=1) the mean extinc-

100 - —5000
Phi=1.0,230L/min

4000

3000

2000

1000

Height /mm
Flame area /mm>

5000
4000
3000
2000
1000

0 0
5 10 15 20 25
Time /ms

Phi=0.7,230L/min

Height /mm
n
Flame area /mm’>

—]

Fig. 8. Variation of the flame area and the height of the
gliding arc with respect to time with different equivalent
ratios. The blue curve shows the temporal evolution of
the flame area while the red curve show the height of the
gliding arc discharge. (For interpretation of the references
to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 9. Temporal evolutions of voltage and the relative
flame area. The blue line is the voltage (normalized by
10kV) and the red one is the relative flame area (normal-
ized by the peak area). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred
to the web version of this article.)
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tion time is around 10-20 ms. If the delay time is
as short as 3ms, the flame can be sustained with-
out overall blown out. Therefore, turbulent com-
bustion can be continuously sustained by the burst-
mode discharges. Furthermore, if the power supply
is modulated to match the extinction time of flame,
the average discharge power can be much reduced.

4. Summary

Gliding arc discharge transforms the input elec-
trical energy into heat and energetic species. The
high temperature and energetic species provided by
the discharge can effectively initiate the combustion
process even under highly turbulent and lean con-
ditions. With the support of gliding arc discharge, a
large-scale turbulent flame with a power of 13 kW
was sustained in our designed burner.

The instantaneous structure of this GA-assisted
flame was visualized by multi-species PLIF diag-
nostic tools. Accordingly, six regions can be divided
from the plasma core to surrounding fresh gas mix-
tures, including the plasma core, the discharge-
induced OH region, the post-flame OH region, the
flame front, the preheat CH,O region and the fresh
gas mixture. The average diameter of discharge-
induced OH regions is around 6 mm, which means
the active discharge column for flame holding is
larger than the visible discharge channel (~1 mm).
The simultaneous OH & CH,O PLIF measure-
ments indicate that the flame front is 3-5 mm away
from the discharge channel. The wide spread of
CH,0 at an equivalence ratio of 0.4 suggests a
low-temperature chemistry of CHy. It seems some
long-lived radicals from the plasma column can
oxidize the fuel to CH,O, which has a higher
burning velocity and is beneficial for the flame
stabilization.

High speed video photography was employed to
study the response of the turbulent flame to the
gliding arc discharge. The discharge channel can ig-
nite the flame effectively, after which the turbulent
flame propagates downstream. When the discharge
is shut off, the flame can still sustain for tens of mil-
liseconds before extinction. The extinction time is
dependent on the local chemical composition and
the flow field. The typical extinction time of sto-
ichiometric flame at an air flow rate of 230 SLM
is around 10-20 ms. Modulating the power supply
in burst mode according to the extinction time can
minimize the input energy of discharge to sustain
the turbulent flame.

Generally, we demonstrate that in our setup a
large discharge volume can be coupled to turbulent
flames, which enable a prompt ignition and stabi-
lization of large-scale turbulent flames efficiently.
In view of the availability of gliding arc discharge in
high turbulent conditions, it will be an effective ap-
proach to sustain large-scale turbulent lean flames.
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