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The objective of this work is to understand the mechanism of plasma-assisted combustion in a steady-

state premixed burner flame. We examined the spatiotemporal variation of the density of atomic oxygen in a

premixed burner flame with the superposition of dielectric barrier discharge (DBD). We also measured the

spatiotemporal variations of the optical emission intensities of Ar and OH. The experimental results reveal

that atomic oxygen produced in the preheating zone by electron impact plays a key role in the activation of

combustion reactions. This understanding is consistent with that described in our previous paper indicating

that the production of “cold OH(A2Σ+)” via CHO+O→ OH(A2Σ+) + CO has the sensitive response to the

pulsed current of DBD [K. Zaima and K. Sasaki, Jpn. J. Appl. Phys. 53, 110309 (2014)].

1. Introduction

Plasma-assisted combustion1) has been a growing research field in recent years as a tech-

nology to achieve the reduced consumption of fossil fuels and to avoid global warming.

This technology has potential in realizing combustion of lean fuels2–6) and water-containing

biomass fuels. In addition, combustion in speedy flow becomes possible by the superposi-

tion of a plasma.7–12) The increase in burning velocity13–21) and the improvement of ignition

characteristics22–28)have been observed in plasma-assisted combustion.

It is believed that high-energy electrons produced by a nonequilibrium plasma play essen-

tial roles in plasma-assisted combustion, and electron impact processes such as dissociation,

excitation, and ionization are the origins of activated combustion reactions. For example, we

have reported a unique relationship between the increase in burning velocity and the number

of high-energy electrons in a plasma-assisted steady-state premixed burner flame.21) How-

ever, the detailed roles of high-energy electrons have not been understood yet. The objective

of this work is to understand the key species, which are produced with the help of high-energy

electrons, in plasma-assisted combustion of a steady-state premixed burner flame.

∗E-mail: sasaki@qe.eng.hokudai.ac.jp
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The hydroxyl radical (OH) is understood widely as an important species in combustion

chemistry. In a previous work, we examined the temporal variation of the OH radical density

in a premixed burner flame with the superposition of dielectric barrier discharge (DBD).29)

As a result, we observed a slight increase in OH radical density by the superposition of DBD.

However, it was also observed that the OH radical density had a negligible temporal variation

within a cycle of DBD, even though DBD provided high-energy electrons intermittently. This

means that the increase in OH density does not have a direct response to high-energy elec-

trons. In other words, the increase in OH density is not the origin but is a result of activated

combustion chemistry in the plasma-assisted flame. On the other hand, in the same work,29)

we also observed pulsed increases in the optical emission intensity of OH [or the density of

OH(A2Σ+)] at the timings of the pulsed current of DBD. The increase in OH(A2Σ+) density

was not dominated by electron impact excitation, and a considerable part of the increase in

OH(A2Σ+) density was due to chemical reactions. In addition, it was observed that OH(A2Σ+)

produced at the timings of the pulsed current had a low rotational temperature. On the basis

of the literature,30,31) it has been speculated that the chemical reaction that produces “cold

OH(A2Σ+)” is CHO+O→ OH(A2Σ+)+CO. Note that this reaction needs atomic oxygen on

the left-hand side.

As mentioned above, our previous work suggests the importance of atomic oxygen, which

can be produced by electron impact dissociation of O2, in plasma-assisted combustion of the

steady-state premixed burner flame. In this work, we examined the density of atomic oxygen

to investigate its importance in the activated combustion chemistry in the plasma-assisted

flame. The experimental results suggest the importance of atomic oxygen produced in the

preheating zone as the origin of activated combustion chemistry in the plasma-assisted flame.

2. Experimental methods

The experimental apparatus is schematically shown in Fig. 1. We employed a premixed burner

(Takamitsu 20A1) with a CH4/O2/Ar mixture. The outer diameter of the burner was 12 mm.

It had a main nozzle of 2 mm diameter at the center, and the main nozzle was surrounded

by eight subnozzles with a diameter of 1.7 mm.20) The flow rates of CH4, O2, and Ar were

adjusted at 0.38, 1.0, and 5.6 slm, respectively, using mass flow controllers. The mass flow

controllers were connected to the burner via a gas mixing system. The burner was attached to

a dielectric base plate and electrically grounded. The length of the flame was approximately

85 mm. The upper part of the flame was covered with a quartz tube with inner and outer

diameters of 7 and 10 mm, respectively. The distance between the bottom side of the quartz
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tube and the top of the burner nozzle was 13 mm. An aluminum electrode, which had an inner

diameter of 10.1 mm and a height of 10 mm, was attached to the outside of the quartz tube and

connected to a high-voltage power supply with a rectangular waveform. The distance between

the bottom side of the aluminum electrode and the top of the burner nozzle was 25 mm. This

electrical configuration resulted in an asymmetric DBD inside the quartz tube between the

aluminum electrode and the burner nozzle. The discharge power, which was averaged over

the cycle of discharge voltage, was 5 W, while the chemical power yielded via combustion

reactions was 250 W. The averaged discharge power corresponded to the instantaneous power

of ∼ 25 kW at the timings of current pulses, by considering the waveform of the discharge

current described below.

Two-photon laser-induced fluorescence (TALIF) spectroscopy was adopted for measuring

the density of atomic oxygen. A laser beam yielded from an optical parametric oscillator

(OPO) was focused using a lens and injected into the flame from the radial direction. Since

the focal length of the lens was 250 mm, the intensity distribution of the incident laser beam

was roughly uniform along its path around the focus in the region of−5 ≤ r ≤ 5 mm. The

axial distance between the burner nozzle and the laser beam was 3 mm. The laser wavelength

was 225.58 nm, which excited atomic oxygen at the ground state (2p4 3P) to the 2p33p3P

state. The transition from the laser-excited 2p33p3P state to the 2p33s3S state emitted the

fluorescence at a wavelength of 844.7 nm. The fluorescence was detected using a charge-

coupled device camera with a gated image intensifier (ICCD camera) from the normal angle

to the incident laser beam. An interference filter with the transmission at 844± 1 nm was

placed in front of the ICCD camera to separate the TALIF emission from the stray light and

the self-emission of DBD. The image of the TALIF emission was accumulated for 2500 laser

shots to compensate for the poor shot-to-shot reproducibility. We thus obtained the radial

density distribution of atomic oxygen along the path of the OPO laser beam. The oscillation

of the OPO laser was synchronized with the waveform of the discharge voltage. By changing

the delay time between the stepwise increase in discharge voltage and the oscillation of the

OPO laser, we obtained the temporal variation of the density of atomic oxygen within a cycle

of DBD.

We employed spatially resolved optical emission spectroscopy for measuring the optical

emission spectra of Ar and OH. The horizontal image of the optical emission at a distance of

3 mm from the burner nozzle was projected into the entrance side of a linearly aligned optical

fiber array using a lens. The exit side of the optical fiber array was placed at a close distance

to the entrance slit of a spectrograph with a focal length of 500 mm. The spectrograph was
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equipped with a diffractive grating of 2400 grooves/mm and an ICCD camera. Thex-axis of

the image recorded using the ICCD camera corresponded to the wavelength, while they-axis

corresponded to the horizontal position of the flame. We thus obtained the optical emission

spectra at various horizontal positions. The radially resolved optical emission intensity was

obtained by adopting the Avel inversion. The optical fiber array was composed of 32 ele-

ments, and the spatial resolution of the measurement was approximately 0.08 mm. The gate

opening of the ICCD camera was synchronized with the waveform of the discharge voltage,

and we recorded the temporal variation of the optical emission intensity within a cycle of

DBD.

3. Results

The waveforms of the discharge voltage and the discharge current are shown in Fig. 2. The

waveform of the discharge current was obtained by averaging 512 cycles on a digital oscil-

loscope. A single current pulse was observed in the rising phase of the voltage, while we

observed three current pulses in the falling phase. The current pulse in a single cycle had a

duration of∼ 5 µs. However, since the jitter in the discharge current pulse was unavoidable

in DBD, the average current waveforms had longer durations, as shown in Fig. 2.

Figure 3(a) shows the radial distributions of the O densities in the absence and presence

of DBD. The measurement in the presence of DBD was carried out at the timing of the pulsed

current (t = 0.6 ms in Fig. 2). Figure 3(b) shows the radial distribution of the gas temperature,

which was evaluated by laser Rayleigh scattering as described in a previous paper.21) The

central part of the premixed burner flame was occupied by unburned gas.32) The unburned

gas region had a negligible O density and a low gas temperature close to room temperature.

The gas temperature increased with the radial distance from the center and reached∼ 1600 K

at r ≥ 1.5 mm. The radial increase in O density was steeper than that in gas temperature. The

maximum O density was observed atr ≃ 1.6 mm. The region with the high gas temperature

and high O density is understood to be the reaction zone, and the transition region from

the unburned gas to the reaction zone is called the preheating zone.32) The preheating zone

had a medium gas temperature, as shown in Fig. 3(b). Although the boundaries among the

regions are not definite, in this paper, the regions ofr ≲ 0.9, 0.9 ≲ r ≲ 1.4, andr ≳ 1.4

mm are categorized into the unburned gas, preheating zone, and reaction zone, respectively,

as indicated in Fig. 3 by the vertical dotted lines. The O density decreased gradually with

the radius in the outside region of the reaction zone. The O density in the outside region in

the presence of DBD was lower than that in the absence of DBD. On the other hand, the gas
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temperature was unchanged by DBD as reported in the previous paper.21)

The influence of DBD on the O densities in the preheating and reaction zones is not seen

clearly in Fig. 3(a). To show the difference, we plot the ratio of the O densities in the absence

and presence of DBD in Fig. 4(a). The measurement time in the presence of DBD wast = 0.6

ms in Fig. 2. Plotting the ratio in the unburned gas region was impossible since both the O

densities in the presence and absence of DBD were negligible. Figure 4(b) shows the radial

distribution of the gas temperature in the same radial region. As shown in Fig. 4(a), the ratio

of the O densities in the reaction zone was close to unity. On the other hand, we observed the

spatial perturbation of the ratio of the O densities in the preheating zone.

Figure 5 shows the temporal variations of the ratio of the O densities in the absence and

presence of DBD at three radial positions. The jitter of the current pulses distorted the tem-

poral resolution of this measurement, since each plot in Fig. 5 was obtained by accumulating

TALIF signals for 2500 laser shots. However, we can compare the temporal variation shown

in Fig. 5 with that in Fig. 2, since Fig. 2 was also obtained by the accumulated measurement.

We observed the oscillation of the ratio of the O densities in the preheating zone (r = 1.0

mm), as shown in Fig. 5(a). The oscillation was mainly observed at the timings of the pulsed

current. The O density in the presence of DBD was temporally higher than that in the absence

of DBD. The higher O density was followed by a steep decrease, and we temporally observed

an O density that was lower than that in the absence of DBD. At the inner edge of the reaction

zone (r = 1.5 mm), as shown in Fig. 5(b), the O density in the presence of DBD was slightly

higher than that in the absence of DBD in the period without the discharge current, but we

observed the temporal decrease in O density at the timings of the pulsed current. At the outer

edge of the reaction zone (r = 2.0 mm), as shown in Fig. 5(c), the O densities in the presence

and absence of DBD were almost the same in the period without the discharge current, but

the temporal decrease in O density was observed at the timings of the pulsed current.

Figures 6(a) and 6(b) show the radial distributions of the optical emission intensities

of OH and Ar, respectively. The optical emission intensity of OH plotted in Fig. 6(a) is

wavelength-integrated over the band spectrum of the A2Σ+(v′ = 0) − X2Π(v′′ = 0) transi-

tion (305≤ λ ≤ 313 nm). The observed transition of Ar was 4s[3/2]o2 − 4p[5/2]3 (λ = 811

nm). The negative optical emission intensities in the central region were due to the error in

the Avel inversion. The observation times in Fig. 6 (t = 0.1 and 0.6 ms) correspond to the

horizontal axis of Fig. 2. The distribution of the optical emission intensity of OH in the ab-

sence of DBD is plotted in Fig. 6(a) for comparison. The optical emission of Ar was observed

only at the timings of the pulsed current. As shown in the figure, the radial distributions of
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the optical emission intensities of OH and Ar were similar in the radial region ofr ≥ 1.4 mm.

On the other hand, at 0.9 ≲ r ≲ 1.4 mm, the distribution of the optical emission intensity of

OH was more gradual than that of Ar, and we observed the optical emission intensity of OH

even in the region with the negligible optical emission intensity of Ar (r ≲ 1.2 mm).

The experimental results shown in Fig. 6 are replotted in Fig. 7 to show the relationship

between the optical emission intensities of Ar and OH. The vertical axis of Fig. 7 shows

the difference between the optical emission intensities of OH in the presence and absence of

DBD [IOH(ON)− IOH(OFF)]. The data in the region with negligible (negative)IAr are plotted

at IAr = 0 in Fig. 7. The radial region of 1.0 ≤ r ≤ 2.0 mm is divided into five regions,

and different plot symbols are employed in Fig. 7. As shown in Fig. 7, roughly proportional

relationships were found betweenIOH(ON) − IOH(OFF) andIAr at 1.4 ≤ r ≤ 2.0 mm (the

reaction zone). On the other hand, in the inner radial region of 1.0 ≤ r ≤ 1.4 mm (the

preheating zone),IOH(ON)− IOH(OFF) was stronger than that expected from the proportional

relationship.

4. Discussion

The experimental result shown in Fig. 3 indicates that the amount of atomic oxygen produced

by DBD is negligible in the reaction zone. In other words, the amount of atomic oxygen pro-

duced by combustion reactions is much larger than that produced by the effect of high-energy

electrons of DBD. This is reasonable by considering the absolute O density in the flame,

which is estimated to be on the order of 1016 cm−3 by numerical simulation using Chemkin

(the result of the numerical simulation will be shown in Fig. 8). On the other hand, as reported

in a previous paper,21) it is certain that a higher burning velocity is obtained by superposing

DBD onto the premixed burner flame. The higher burning velocity is understood from Fig. 3,

which shows the shrinkage of the radial distribution of the O density in the outside region

by the superposition of DBD. According to the structure of the premixed burner flame, the

shrinkage of the radius of the reaction zone is linked to the increase in the burning velocity.32)

Although the O densities in the presence and absence of DBD were almost the same in

the reaction zone, we observed the effect of DBD on the O density in the preheating zone,

as shown in Figs. 4 and 5. This means that the amount of atomic oxygen produced by the

effect of high-energy electrons is significant in comparison with that produced by combustion

reactions in the preheating zone. In particular, the oscillation of the ratio of the O densities

shown in Fig. 5(a) is important to understand the origin of improved combustion reactions

in the plasma-assisted flame, since marked oscillations were observed at the timings of the
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pulsed current or the intermittent production of high-energy electrons. We observed a higher

O density at the timing of the pulsed current for a short period, but it was followed by a

rapid decrease, resulting in an O density that was lower than that in the absence of DBD.

The rapid decrease in O density suggests that atomic oxygen produced by the effect of high-

energy electrons is so reactive that it is consumed by combustion reactions immediately after

its formation. The spatial perturbation in the ratio of the O densities, which is shown in Fig. 4,

could also be explained by the production and consumption of atomic oxygen.

To examine the effect of the additional atomic oxygen in the preheating zone on com-

bustion reactions, we carried out numerical simulation on the temporal evolutions of radical

densities using Chemkin.33) The reaction data set was GRI-Mech3.0. The gas composition

assumed in the simulation was CH2/O2/Ar=0.05/0.14/0.81. Figure 8(a) shows the temporal

evolutions of the densities of H, O, OH, CH, and CHO in the simulation of a conventional

combustion. Figure 8(c) shows the same data as that in Fig. 8(a), but the horizontal axis is

plotted on a linear scale. The combustion reactions are triggered att = 0 s by assuming an

initial gas temperature of 1000 K, which is the temperature in the preheating zone. As shown

in Figs. 8(a) and 8(c), gradual increases in radical densities were observed up tot ≃ 1.39 s.

The gradual increases were followed by abrupt increases in radical densities, resulting in the

ignition of the combustion. On the other hand, in Figs. 8(b) and 8(d), the initial O density

was set at 2× 1014 cm−3 artificially to simulate the effect of additional atomic oxygen pro-

duced by DBD. This artificial O density corresponds to a degree of dissociation of 1× 10−4

for fed molecular oxygen and is a possible value of the O density produced by the electron

impact dissociation of O2 in DBD. As shown in Fig. 8(b), we observed the increases in the

densities of H, OH, CHO, and CH in the period with the constant O density (t ≤ 5 µs). After

that, the radical densities decreased with a time constant of approximately 10µs. These quite

rapid decreases were followed by gradual decreases with a time constant of approximately 10

ms. However, the radical densities after the decreases were higher than those in the conven-

tional combustion at the same delay time. Finally, the simulation with the initial O density of

2× 1014 cm−3 resulted in a shorter ignition delay time of≃ 1.23 s. The radical densities after

the ignition were almost independent of the initial O density.

Although the present experiment was carried out in a steady-state premixed burner flame,

the temporal evolutions of the radical densities obtained by the simulation are understood as

an analogy of the experimental results by converting the time in the simulation into the radial

position in the experiment. This is because the radial structure of the steady-state premixed

burner flame from the preheating to reaction zones includes similar chemistry to the temporal
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evolution from the low-temperature oxidation to the ignition. The period after the ignition

corresponds to the reaction zone, and the period of low-temperature oxidation (before the

ignition) corresponds to the preheating zone. From this point of view, the decrease in O

density shown in Fig. 8(b) corresponds to the oscillation of the O density shown in Fig. 5(a).

The simulation result showing the same O densities after the ignition corresponds to the same

O densities in the reaction zone in the experiment. The shortened ignition delay time in the

simulation corresponds to the increased burning velocity. Therefore, the present experimental

results, with the help of numerical simulation, suggest the importance of the additional atomic

oxygen in the preheating zone in plasma-assisted combustion of the steady-state premixed

burner flame.

The importance of atomic oxygen in the preheating zone is consistent with that described

in our previous paper indicating the chemical production of OH(A2Σ+) at the timings of the

pulsed current.29) Let us assume that the optical emission intensity of OH or the density of

OH(A2Σ+) in the DBD-assisted flame has two origins and is given by

IOH = I0
OH + Ie

OH, (1)

whereIe
OH denotes the component originating from the effect of high-energy electrons and

I0
OH is the component observed in the flame without the superposition of DBD. If we assume

thatIOH andI0
OH correspond toIOH(ON) andIOH(OFF), respectively, the vertical axis of Fig. 7

gives us the estimation ofIe
OH. According to the concept of actinometry,34) if both IAr and

Ie
OH are dominated by electron impact excitation, a proportional relationship should be found

between them. As shown in Fig. 7, the proportional relationship is observed at 1.4 ≤ r ≤ 2.0

mm. This region corresponds to the reaction zone. On the other hand, at 1.0 ≤ r ≤ 1.4 mm,

Ie
OH is greater than that expected by the proportional relationship. This region corresponds to

the preheating zone. The deviation from the proportional relationship means that the optical

emission of OH in this radial region is not dominated by electron impact excitation. In other

words, the optical emission intensity of OH at 1.0 ≤ r ≤ 1.4 mm indicates the production

of OH(A2Σ+) by chemical reactions. As reported in the previous paper,29) the reaction that

produces OH(A2Σ+) is estimated to be CHO+ O→ OH(A2Σ+) + CO. Since atomic oxygen

on the left-hand side of this reaction is provided by the effect of high-energy electrons, the

optical emission intensity of OH or the density of OH(A2Σ+) has a sensitive response to the

pulsed current, as described in the previous paper.29)
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5. Conclusions

In this work, we examined the spatiotemporal variation of the density of atomic oxygen in a

premixed burner flame with the superposition of DBD. The experimental results suggest the

importance of atomic oxygen produced by DBD in the preheating zone. This understanding

is consistent with that described in our previous paper.29) Although the amount of atomic

oxygen produced by DBD is much smaller than that produced by combustion chemistry in

the reaction zone, it may work as a key in plasma-assisted combustion of the steady-state

premixed burner flame.
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Figure captions

Figure 1 Experimental apparatus. (a) Two-photon absorption laser-induced fluorescence for

measuring the density of atomic oxygen and (b) spatially resolved optical emission spec-

troscopy for measuring the optical emission intensities of OH and Ar.

Fugure 2 Waveforms of the discharge voltage and the discharge current.

Figure 3 Radial distributions of (a) the O densities in the presence and absence of DBD, and

(b) the gas temperature. The O density in the presence of DBD was observed att = 0.6

ms in Fig. 2.

Figure 4 Radial distributions of (a) the ratio of the O densities in the presence and absence of

DBD, and (b) the gas temperature. The O density in the presence of DBD was observed

at t = 0.6 ms in Fig. 2.

Figure 5 Temporal variations of the ratio of the O densities in the presence and absence of

DBD observed at radial positions of (a)r = 1.0 mm, (b)r = 1.5 mm, and (c)r = 2.0 mm.

Figure 6 Radial distributions of the optical emission intensities of (a) OH and (b) Ar ob-

served att = 0.1 and 0.6 ms. The radial distribution of the optical emission intensity of

OH in the absence of DBD is also shown in (a).

Figure 7 Relationship between the optical emission intensity of Ar and the increase in the

optical emission intensity of OH by the superposition of DBD. The measurement times

were (a) 0.1 and (b) 0.6 ms.

Figure 8 Temporal evolutions of the densities of H, O, OH, CH, and CHO, which were cal-

culated using Chemkin. The gas mixture of CH4/O2/Ar is assumed. (a) simulates a con-

ventional combustion without the superposition of DBD. An O density of 2× 1014 cm−3

is assumed in (b) as the initial value to simulate the combustion with the superposition

of DBD. (c) and (d) show the same data as those in (a) and (b), respectively, in the linear

time scale.
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Fig. 1. Experimental apparatus. (a) Two-photon absorption laser-induced fluorescence for measuring the

density of atomic oxygen and (b) spatially resolved optical emission spectroscopy for measuring the optical

emission intensities of OH and Ar.
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Fig. 2. Waveforms of the discharge voltage and the discharge current.
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Fig. 3. Radial distributions of (a) the O densities in the presence and absence of DBD, and (b) the gas

temperature. The O density in the presence of DBD was observed att = 0.6 ms in Fig. 2.

15/??



Jpn. J. Appl. Phys. REGULAR PAPER

0.9

1

1.1

1.2

1.3

1.4

[O
] O

N
 / 

[O
] O

F
F

(a)

400

800

1200

1600

2000

1 1.2 1.4 1.6 1.8 2

T
em

pe
ra

tu
re

  (
K

)

Radial position  (mm)

(b)

Reaction
zone

Preheating
zone

Fig. 4. Radial distributions of (a) the ratio of the O densities in the presence and absence of DBD, and (b)

the gas temperature. The O density in the presence of DBD was observed att = 0.6 ms in Fig. 2.
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Fig. 5. Temporal variations of the ratio of the O densities in the presence and absence of DBD observed at

radial positions of (a)r = 1.0 mm, (b)r = 1.5 mm, and (c)r = 2.0 mm.
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Fig. 7. Relationship between the optical emission intensity of Ar and the increase in the optical emission

intensity of OH by the superposition of DBD. The measurement times were (a) 0.1 and (b) 0.6 ms.
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Fig. 8. Temporal evolutions of the densities of H, O, OH, CH, and CHO, which were calculated using

Chemkin. The gas mixture of CH4/O2/Ar is assumed. (a) simulates a conventional combustion without the

superposition of DBD. An O density of 2× 1014 cm−3 is assumed in (b) as the initial value to simulate the

combustion with the superposition of DBD. (c) and (d) show the same data as those in (a) and (b), respectively,

in the linear time scale.
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