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Abstract: Ammonia as a non-carbon fuel is expected to play an important role in the future, but it
is difficult to be effectively utilized at this stage due to its flame retardancy and other characteris-
tics. Therefore, we propose to use gliding arc plasma combined with a swirl burner to enhance the
combustion performance of ammonia. The electrical characteristics, electron density, gas rotational
temperature and the distribution of key active species in the burner were studied via optical emission
spectroscopy (OES). With the increase of equivalence ratio (EQR), the width of the Hα line decreases
significantly, indicating that the electron density shows a downward trend, even as the gas rotational
temperature shows an upward trend. When the equivalence ratio was 0.5, the gas rotational tempera-
ture increases by about 320 K compared with the pure air condition. During pure air discharge, there
will still be obvious NO emission due to the plasma reaction, but with the addition of NH3, the NO
content in the emission is significantly reduced. The light intensity of O atoms in the burner gradually
decreases with the increase of the equivalence ratio, the light intensity of H atoms increases first and
then decreases, and the light intensity of NH shows an upward trend. The reason may be that the
plasma discharge effectively strengthens NH3(E)->NH2+H, NH2+H->NH+H2 and other reactions
promote the initial reaction step of NH3 which thus effectively strengthens the NH3 combustion.

Keywords: gliding arc; swirl burner; ammonia combustion; spectrum

1. Introduction

With the rapid development of the world economy, the problem of CO2 emissions
caused by the use of large amounts of fossil fuels has become increasingly prominent [1].
Excessive CO2 emissions have brought a series of environmental problems such as the
greenhouse effect. In order to solve these problems effectively, many scientists have
proposed a variety of technologies to curb CO2 emissions. In recent years, ammonia has
attracted the attention of many scholars as a zero-carbon fuel [2–4]. Ammonia has the
characteristics of easy production, storage and transportation. It can store and transport
energy that is difficult to use effectively such as wind and solar at a low cost, and release
energy through burning, thus it is a very promising zero-carbon fuel [5,6]. However,
ammonia as a fuel has the disadvantages of long ignition delay time, low flame propagation
speed, small flammable range, and easy generation of a large amount of nitrogen oxides
during combustion, which limits the large-scale utilization of ammonia as a fuel [7–9]. In
order to effectively solve these problems, scholars have proposed a variety of technologies.
Among these, the use of low-temperature plasma to assist ammonia combustion is one of
the more feasible solutions [10,11].

In the past few decades, plasma has shown great potential in enhancing ignition and
flame stability and has received great attention from researchers in the field of combus-
tion [12]. In addition to simple heating of air-fuel, the use of non-equilibrium plasma
can generate many chemically active species, such as excited state molecules and active
free radicals, these active species will promote a branch reaction, thereby accelerating the
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chemical reaction process [13]. At the same time, the discharge will decompose some
large fuel molecules into small fuel fragments, and the electric field between the electrodes
drives the fluid to flow [14]; thus, the ion wind formed between the two electrodes also
accelerates the mixing of fuel and oxidant [15], which all contribute to the progress of
chemical reactions and enhance the ignition and burning processes. Wu et al. [16] studied
an ethylene coaxial jet laminar flame. In the study, O3 was generated by plasma discharge,
and the spatial distribution of CH2O in the flame was investigated by PLIF. The results
show that even a small amount of O3 (2000 ppm) generated by plasma discharge will
have a great impact on the flame propagation speed and flame lift-off height of the ethy-
lene flame, and the addition of O3 will greatly promote the conversion of C2H4 to CH2O.
Shanbhogue et al. [17] used nanosecond pulsed discharge plasma to study syngas turbulent
flames under pressurized conditions. Their results show that under pressurized conditions,
especially in a lean burn flame, the introduction of nanosecond pulse discharge plasma can
effectively improve the blow-out limit of the syngas flame and improve the stability of the
flame. At the same time, the addition of pulsed discharge plasma at 25 kHz can also reduce
the pressure fluctuation amplitude under lean premixed conditions by more than 40%,
which can significantly improve the combustion characteristics under lean combustion
conditions. Zhao et al. [18] conducted an experimental study on the ignition characteristics
of aviation kerosene. Their results show that a large number of O atoms and CH radicals
will be generated in a short time when the plasma torch is used for ignition. At the same
time, compared with the traditional spark ignition, the minimum ignition delay time can be
shortened by 88.74%, and with the increase of plasma current, the ignition delay time will
be further shortened. Chen and Deng et al. [19,20] studied the effect of plasma discharge
on flame stability through experiments, and their results show that ionization played a role
in heating the flame, thereby effectively reducing its instability.

Therefore, the introduction of low-temperature plasma can effectively generate a
large amount of active species and improve the stability of the flame and combustion
parameters, and it is expected to play its unique advantages in solving the combustion
problem of ammonia.

Li and Sun et al. [10,11] used a gliding arc discharge and nanosecond pulse plasma to
conduct experimental research on the combustion characteristics of ammonia and found
that the introduction of plasma can effectively broaden the lean burn limit and increase
blowout limit for ammonia premixed flames. At the same time, it was also found that
plasma discharge can reduce NOX emissions in ammonia combustion, which is different
from common hydrocarbon fuels. At present, the mechanism of plasma discharge reducing
NOX emissions in ammonia combustion is still unclear. However, according to the detec-
tion results of NH2-PLIF, it is inferred that more radicals such as NH2 are generated in
the plasma discharge, which promotes the reduction reaction of nitrogen oxides such as
NH2 + NO = N2 + H2O and inhibits the formation of nitrogen oxides in the flame.

In summary, the use of low-temperature plasma-assisted combustion technology has
made great progress in the past few decades, and has produced important applications in
energy, aerospace and other fields, and the mechanism of hydrocarbon combustion has been
relatively clear. However, existing research on NH3 combustion is still in the qualitative
research stage of the overall effect of a simple experimental bench, and the discharge and
combustion mechanisms of low-temperature plasma-assisted ammonia combustion are
still unclear.

In this paper, key parameters, such as the generated excited H atoms, O atoms, and the
gas rotational temperature of the NH3/AIR mixture gas under different equivalence ratios,
were experimentally studied by using optical emission spectroscopy (OES) combined with
the filter imaging method. The influence of gliding arc plasma on ammonia combustion
was studied, and its action mechanism was preliminarily discussed.
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2. Experimental Setup
2.1. Gliding Arc Plasma Equipment and Swirl Burner

In this experiment study, the structure of the gliding arc discharge equipment and
swirling burner is shown in Figure 1. The main structure is composed of a spindle-shaped
inner electrode at the center, a cylindrical outer wall and four nozzles at the bottom. The
NH3 and air were firstly mixed uniformly in the premixing tank and then uniformly entered
into the bottom of the burner through the four-way intake pipes. The four nozzles are
staggered at the bottom of the burner, and the mixed gas flow interacts with each other
and is restricted by the cylindrical outer wall to produce a strong swirl effect. The rotating
mixed gas flow moves upwards, producing obvious discharges at the narrow places passing
through the center electrode and the outer wall, and the arc rotates upwards along with the
mixed gas flow, resulting in a gliding arc plasma effect.
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2.2. Experimental System

The overall system of the experiment is shown in Figure 2. The mixed gas enters the
burner from the lower nozzle after being mixed in the premix tank. The power supply used
in the experiment is AC power, the high-voltage output is connected to the center electrode,
and the outer wall is grounded. The specific parameters of the power supply are as follows:
the output voltage range is 0–30 kV, the AC frequency is continuously adjustable between
5–20 kHz, and the stable output power of the power supply is 0–500 W.

2.2.1. Electrical Measurements

The 1000:1 capacitor voltage divider is used to step down the output signal of the
high-voltage power supply, and then the oscilloscope (YOKOGAWA DL350, Tokyo, Japan)
is used to collect its current and voltage signals, and the collected current and voltage
signals are used to obtain information such as instantaneous power and average power.
The calculation formulas of instantaneous power and average power are as follows:

P(t) = U(t)I(t) (1)
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Pavg =

∫ t1
0 U(t)I(t)dt

t1
(2)
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2.2.2. Emission Spectrometry

In order to explore the influences of equivalence ratio on the change of electron density
and excited state substances during the discharge and combustion process, a fiber optic
spectrometer was used to collect the axial spectrum inside the burner at the exit position
of the burner. The collection position is shown in Figure 3. The spectrometer used in the
experiment was an Avantes 2048FT 8-channel spectrometer (Apeldoorn, Netherlands),
the effective wavelength range of the spectrometer was 200–1100 nm, and the spectral
resolution was 0.05 nm. Before the experiment, the spectrometer was utilized with an
Avantes standard lamp, and the collected data were obtained by the average of four data
collections, each obtained under the same working conditions.
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2.2.3. Imaging System

In order to explore the spatial distribution of plasma and flame and the spatial distri-
bution of key excited substances in the gliding arc swirl burner, a CCD camera and filters
of different wavelengths were set above the burner to collect images in the axial direction
inside the burner. The images captured by the camera were obtained by averaging five
photos. The central wavelengths of the filters used for collection were 660 nm and 780 nm
and the bandwidth are 5 nm, corresponding to the emission wavelengths of Hα (656 nm)
and O777, respectively.

2.2.4. Gas Analyzer

The nitrogen oxides in the flue gas were sampled with a gas analyzer (testo 340), and
the collection position was at the center of the burner outlet. The NOX emissions were
normalized to 15% O2 in the exhaust gas [21,22] by the following formula:

X15,i = Xi
20.9− 15

20.9− XO2

(3)

where Xi is the measured mole fraction of species i; X15,i is the normalized species mole
fraction at 15%, and XO2 is the measured O2 mole fraction in the exhaust gas expressed
as a percentage. NO is the most abundant substance in nitrogen oxides produced in the
process of discharge and combustion, and it has a very strong effect on environmental
pollution [23,24]. Therefore, in this paper, a NO sensor is installed in the flue gas analyzer
to detect the NO content in the flue gas.

3. Results and Discussion
3.1. Electrical Characteristics

When high-voltage AC power is used to act on the gliding arc device to generate
plasma, the change of the working medium composition will affect the parameters such as
current, voltage and power during the discharge process. Therefore, this paper uses the
oscilloscope (YOKOGAWA DL350, Tokyo, Japan) to record the current and voltage signals.
The instantaneous power and average power were also calculated.

The current and voltage during the discharge process are shown in Figure 4a. Under
different conditions, the voltage peak is about 4 kV. When the gas in the gliding arc device
gets broken down and generates plasma, the voltage waveform changes greatly. When the
AC voltage reaches the peak value, it drops rapidly as breakdown happens, and it keeps
fluctuating around a lower value for a long time and then continues to change. A strong
current pulse is generated only when breakdown happens and the current is maintained at
tens of milliamps for a long time.
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Figure 4b shows the instantaneous power output by the plasma power supply. It can
be seen from the figure that only a large instantaneous power appears for a very short time
corresponding to the peak voltage and current.

Table 1 shows the average output power when the equivalent ratio is 0–0.5. In this
experiment, we control the air flow constant (12 slm) and control the equivalence ratio
change by adjusting the ammonia flow. It can be seen from Table 2 that the average output
power is generally at a low level, but the values under different working conditions still
show some difference. Among these, when the equivalence ratio is 0.5, the output power is
the highest, which is 5.13 W. Under other working conditions, the electric power is about
4 W. The difference in electric power leads to the difference in the heating effect of Joule
heat on the mixed gas flow during the discharge process. Stronger electric power will
produce a significant gas heating effect and increase the temperature of the mixed gas.
Effective ignition can be achieved when the equivalence ratio is 0.5 with a low electrical
power, which broadens the lean combustion limit of the ammonia swirl flame and has a
better economy.

Table 1. Main symbols in this article and their meanings.

Symbol Meaning

EQR Equivalence ratio
OES Optical emission spectroscopy
Hα The spectral line of H with a wavelength of 656.28 nm
P(t) Instantaneous power
Pavg Average power
n0 Refractive index of air
YC

pq Rovibrational transition parameters of N2 C3Πu

YB
pq Rovibrational transition parameters of N2 B3Πg

D Proportionality constant of a transition
H, c, K Planck’s constant, speed of light, Boltzmann constant

B Rotational dynamic constant
H Hall-London factor

∆λ Difference from the center wavelength of the rotational peak

W The half-height width of the rotational peak
(width broadens to ±Wa0.5).

qν′ ,ν′′ Frank-Condon factor
ωe, ωexe Vibration constant

Tr, Tv Rotational temperature, vibration temperature
EJ′ Rotational energy at higher rotational energy levels
Bν′ Rotational dynamic constant

Table 2. Average output power of gliding arc plasma.

EQR 0 0.1 0.2 0.3 0.4 0.5

Power (W) 4.31 3.71 4.20 3.65 3.32 5.13

3.2. Spectral Characteristics of Gliding Arc Plasma

Plasma-assisted gas combustion is mainly achieved by enhancing the reaction kinetics
and thermodynamics and by enhancing the transport characteristics of fuel and oxidant
mixing. In this study, ammonia and air were premixed through a premix tank before
entering the swirl burner. This research mainly focuses on the active species and thermal
effects generated by plasma discharge.

Figure 5 shows the spectral signal obtained using the spectrometer to detect the main
discharge (burning) position of the gliding arc swirl burner. It can be seen from the spectral
data that a large number of N atoms, O atoms and excited N2 are generated in the air
during the discharge process. With the addition of NH3, H lines and an NH band appeared,
this shows that a considerable number of O atoms, H atoms and other active particles are
generated during the discharge process, which is crucial to the combustion of NH3, and
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NH3 will also effectively dissociate to generate NH and other radicals during the discharge
process [25]. It can be seen that with the increase of equivalent ratio, the integrated light
intensity value of the N2 bands only show a small fluctuation, while the light intensity
values of O and N atoms show an obvious downward trend, the light intensity of H atoms
generally increase first and then decrease, and the light intensity of NH shows an overall
upward trend. The reason may be that with the increase of NH3, the reaction R1 has
been greatly enhanced, and a large amount of ground state NH3 generates electronically
excited NH3 through electron collision reaction. The electronically excited NH3 is extremely
unstable and will rapidly decompose to generate NH2 and H. Therefore, when the mixed
gas contains a small amount of NH3, the number of H atoms increases significantly; when
the NH3 is further increased, the reaction speed of R3 has been greatly improved. At the
same time, with the progress of R4, the H generated by the decomposition of NH3(E) is
rapidly consumed and reacts with NH2 to form NH, so the light intensity of H observed
in the experiment begins to show a downward trend while the light intensity of NH
gradually increases.

R1 E + NH3 → E + NH3(E)
R2 NH3(E)→ NH2 + H
R3 NH2 + H→ NH + H2

Processes 2022, 10, x FOR PEER REVIEW 7 of 14 
 

 

3.2. Spectral Characteristics of Gliding Arc Plasma 
Plasma-assisted gas combustion is mainly achieved by enhancing the reaction kinet-

ics and thermodynamics and by enhancing the transport characteristics of fuel and oxi-
dant mixing. In this study, ammonia and air were premixed through a premix tank before 
entering the swirl burner. This research mainly focuses on the active species and thermal 
effects generated by plasma discharge. 

Figure 5 shows the spectral signal obtained using the spectrometer to detect the main 
discharge (burning) position of the gliding arc swirl burner. It can be seen from the spec-
tral data that a large number of N atoms, O atoms and excited N2 are generated in the air 
during the discharge process. With the addition of NH3, H lines and an NH band ap-
peared, this shows that a considerable number of O atoms, H atoms and other active par-
ticles are generated during the discharge process, which is crucial to the combustion of 
NH3, and NH3 will also effectively dissociate to generate NH and other radicals during 
the discharge process [25]. It can be seen that with the increase of equivalent ratio, the 
integrated light intensity value of the N2 bands only show a small fluctuation, while the 
light intensity values of O and N atoms show an obvious downward trend, the light in-
tensity of H atoms generally increase first and then decrease, and the light intensity of NH 
shows an overall upward trend. The reason may be that with the increase of NH3, the 
reaction R1 has been greatly enhanced, and a large amount of ground state NH3 generates 
electronically excited NH3 through electron collision reaction. The electronically excited 
NH3 is extremely unstable and will rapidly decompose to generate NH2 and H. Therefore, 
when the mixed gas contains a small amount of NH3, the number of H atoms increases 
significantly; when the NH3 is further increased, the reaction speed of R3 has been greatly 
improved. At the same time, with the progress of R4, the H generated by the decomposi-
tion of NH3(E) is rapidly consumed and reacts with NH2 to form NH, so the light intensity 
of H observed in the experiment begins to show a downward trend while the light inten-
sity of NH gradually increases. 

R1 E + NH3 → E + NH3(E) 
R2 NH3(E) → NH2 + H 
R3 NH2 + H → NH + H2 

0 0.1 0.15 0.2 0.25 0.3 0.4 0.5
0.0

1.0k

2.0k

3.0k

4.0k

5.0k

6.0k

Li
gh

t i
nt

en
si

ty

(a) Equivalent ratio

 Hα

 NH

 
0 0.1 0.15 0.2 0.25 0.3 0.4 0.5

0.0

2.0k

4.0k

6.0k

8.0k

10.0k

12.0k

14.0k

16.0k

18.0k

20.0k

Li
gh

t i
nt

en
si

ty

(b) Equivalent ratio

 O777
 O844

 

0 0.1 0.15 0.2 0.25 0.3 0.4 0.5
0.0

2.0k

4.0k

6.0k

8.0k

10.0k

12.0k

Li
gh

t i
nt

en
si

ty

(c) Equivalent ratio

 N2 (C
3Πu-B3Πg) 0-0

 N2 (C
3Πu-B3Πg) 0-1

 
0 0.1 0.15 0.2 0.25 0.3 0.4 0.5

0.0

2.0k

4.0k

6.0k

8.0k

10.0k

12.0k

14.0k

Li
gh

t i
nt

en
si

ty

(d) Equivalent ratio

 N(818-825)
 N(867-873)

 

Figure 5. Integrated light intensity of different spectral lines/bands, (a) NH and H, (b) O atoms,
(c) N2, (d) N atoms.

In the plasma discharge reaction, electrons collide with heavy particles to generate a
large number of free radicals and excited species, thus different types and proportions of
excited species will be generated due to the different distribution of electron energy during
the discharge. The general variation law of electron energy during plasma discharge can be
obtained by the light intensity of the generated excited species and the excitation energy of
the corresponding excited species [26,27]. In this study, there are relatively strong O777 and
O844 spectral lines, therefore, the corresponding mass number density ratio of these two
spectral lines is used to qualitatively characterize the variation trend of electron energy with
equivalence ratio. With the increase of NH3 in the mixed gas, the ratio shows an upward
trend as a whole, but the growth trend is relatively gentle when the equivalence ratio is
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0–0.3, and it begins to rise sharply when the equivalence ratio is greater than 0.3, indicating
that the content of O777 begins to be significantly more than that of O844. This illustrates
that the electron energy gradually decreases with the increase of equivalence ratio. The
reason may be that with the increase of NH3, the gas flow rate gradually increases, the
electron collision reaction frequency increases, and the electron mean free path decreases
gradually, thus the electron energy also decreases gradually.

In this study, the least squares method was used to fit the Lorentz profile of the
Hα spectral line to obtain the broadening information of the Hα spectral line, which
can be used to characterize parameters such as electron density under the corresponding
working conditions [28].

The Lorentz profile is as follows:

L(λ)
IMAX

1 + 4× ([λ− (λ0 − λd)]/∆λL)
2 (4)

Under the experimental conditions, the light intensity of the H spectral line decreases
significantly when the equivalence ratio is too high, so the Hα spectral line when the
equivalence ratio is 0.1–0.3 is selected for fitting. The half-peak width of Hα lines are
shown in Table 3. It can be seen that with the increase of NH3, the H atom spectral
line distribution gradually narrows, and the corresponding Hα spectral line broadening
generally decreases, indicating that with the increase of NH3 content, the electron density
gradually decreases [29,30], thus leading to the gradual decrease in the current shown
in Figure 4.

Table 3. Half-peak width of Hα lines.

EQR 0.1 0.15 0.2 0.25 0.3

Width (nm) 0.88 0.82 0.52 0.47 0.35

The rotational temperature can be obtained by fitting the spectral band of N2. The
symbols and corresponding meanings in the fitting process are shown in Table 1.

The wavelength corresponding to the transition Cv′J′→Bv”J” of the N2 can be ex-
pressed as

λ
Cν′ J′
B

ν′′ J′′
=

{
n0 ∑5

p=0 ∑2
q=0 YC

pq

(
ν′ +

1
2

)P[
J′
(

J′ + 1
)]q −YB

pq

(
ν′′ +

1
2

)P
[J ′′ (J ′′ + 1)]q

}−1

(5)
Calculate the theoretical intensity at each wavelength as follows

I
Cν′ J′
B

ν′′ J′′
= DHJexp

[
−hcBν′ J

′(J′ + 1
)
/KTr

]
(6)

The intensity distribution of the bands is affected by the broadening of each rotational
peak. To simulate line broadening, it is necessary to multiply the intensity of each spectral
line by broadening, and then superimposing the vibrational and rotational peaks to form
a band. In order to simplify the calculation, the finite broadening function proposed by
Phillips is used to describe the broadening of the rotational peak [31]:

g(∆λ) =
a− (2∆λ/W)2

a + (a− 2)(2∆λ/W)2 (7)

In the calculation, J′ = 0, . . . , 40, considering the three branches of P, Q and R corre-
sponding to each J′, the results of all J′ are superimposed to obtain a vibration peak.
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It is assumed that the rotational and vibrational states of N2 are both Maxwell–
Boltzmann distributions, and each particle has a single rotational temperature and vi-
brational temperature. The line intensity of the N2 can be expressed as

I
Cν′ J′
B

ν′′ J′′
=

D
λ4 qν′ ,ν′′ exp(−Eν′/KTν)HJ′ ,J′′ exp

(
−EJ′/KTr

)
(8)

The vibrational energy of the higher vibrational levels in the transition can be expressed
as

Eν′ = hcωe

(
ν′ +

1
2

)
− hcωexe

(
ν′ +

1
2

)2
(9)

The rotational energy of the higher rotational energy level can be expressed as

EJ′ = hcBν′ J
′(J′ + 1

)
(10)

The broadening function of the spectral line is the same as that of the gas rotational
temperature fitting. In the calculation, J′ ranges from 0 to 40, considering the P, Q and
R branches corresponding to each rotational quantum number. All rotational quantum
numbers are added to the corresponding peaks to obtain the vibrational spectrum.

In this paper, the above fitting method is realized by an in-house code, and the
wavelength spectrum of the N2 (C3Πu-B3Πg) is selected and brought into the program to
realize the diagnosis of the plasma rotational temperature.

Figure 6 shows the experimental data and fitting curve of the N2 band under different
equivalence ratios, and Table 4 shows the rotational temperature obtained by fitting the
N2 band. It can be seen from the figure that as the equivalence ratio increases gradually,
the normalized value of the tail of the spectral band increases gradually, indicating that
the rotational temperature rises. When the working gas is pure air, the rotational temper-
ature obtained by fitting is about 1634 K, and the equivalence ratio is 0.2, the rotational
temperature obtained by fitting is about 1716 K. When the equivalence ratio is 0.4, the
rotational temperature obtained by fitting is about 1864 K. The increase in temperature
helps to enhance the initial temperature of the mixed gas flow, which has a positive effect
on the progress of NH3 ignition and combustion reaction.
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Figure 6. Fitting of N2 (C3Πu-B3Πg) at equivalent ratio of (a) 0.3 and(b) 0.5. Figure 6. Fitting of N2 (C3Πu-B3Πg) at equivalent ratio of (a) 0.3 and(b) 0.5.

Table 4. Rotational temperature obtained by fitting the N2 (C3Πu-B3Πg) band.

EQR 0 0.1 0.2 0.3 0.4 0.5

TR (±100 K) 1634 1678 1716 1624 1864 1956

At the same time, in Figure 6, it can be seen that there is an obvious NH band near
336 nm, which overlaps with the tail of the N2 band. It can be considered that the theoretical
value of the N2 band obtained by subtracting the total light intensity of the spectral band
at the corresponding wavelength is the NH light intensity. It can be seen from the figure
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that the ratio of NH to N2 light intensity increases significantly with the increase of the
equivalence ratio, indicating that the content of NH is gradually increasing.

Figure 7 shows the variation trend of NO content at the outlet position with the
equivalence ratio recorded by the flue gas analyzer. As can be seen from the figure, it
may be that the plasma contains more excited N and excited O species, thus more NO is
generated through the plasma chemical reaction. At the same time, due to the high arc
temperature of the gliding arc device, thermal NO will be generated [32], so a larger amount
of NO will still be generated when discharging with pure air. However, with the addition of
NH3, the NO content showed a significant downward trend when the equivalence ratio did
not reach the flammable range. The main reason was that NH3 is excited to produce a series
of excited species during the discharge process [33], and these species rapidly dissociate to
produce excited NH2 and H [34], at the same time, the generated NH2 can further react to
generate active radicals such as NH. NH2 and NH can reduce the NO generated by the
discharge and arc thermal effect through the reaction of R4, R5, etc. [35], thereby reducing
the NO content at the outlet. When the equivalence ratio is 0.5, the NO content at the outlet
increases sharply with the combustion of NH3.

R4 NH2 + NO = N2 + H2O
R5 NH + NO = N2 + OH
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plasma have a large difference in spatial structure. The gliding arc plasma is a multi-
strand filament structure, while flame has a more uniform spatial distribution. It can be 
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structure, indicating that the NH3 in this area has not yet started to burn, and it is mainly 
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3.3. Spatial Distribution of Key Active Species

Figure 8 shows axial imaging pictures of swirl burner without filter. Figure 8a is the
image of pure air discharge. It can be seen that the arc is generated at the bottom of the
gliding arc device where the distance between the center electrode and the outer wall
is small and develops upward to a larger space in the burner, forming a multi-layer arc
structure close to the center. The light intensity near the electrode is significantly higher
than that in the middle region, indicating that more fluorescent species are generated
by discharge near the central electrode. Figure 8b is the image of the discharge plasma
and the flame when the equivalence ratio is 0.5. It can be seen that the flame and the
discharge plasma have a large difference in spatial structure. The gliding arc plasma is a
multi-strand filament structure, while flame has a more uniform spatial distribution. It can
be seen from Figure 8b that the image at the bottom of the burner still shows a filamentous
structure, indicating that the NH3 in this area has not yet started to burn, and it is mainly
the plasma generated by the discharge. As the mixed gas flow continues to spin up, the
image changes from the filamentary structure of the discharge to the continuous structure
of the flame. At the same time, it can be seen that the flame also shows the characteristics
of higher light intensity near the center electrode, the main reason may be that in this area,
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more active species are generated due to the discharge, thus effectively strengthening the
combustion reaction of NH3. Therefore, the intensity of combustion reaction in this region
is significantly stronger than that in the middle and outer wall regions of the swirl burner.
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Figure 8. Axial imaging picture of swirl burner without filter, (a) pure air, (b) EQR = 0.5.

Figure 9 shows the axial imaging pictures of the swirl burner using different wave-
length filters: a-c corresponds to a central wavelength of 660 nm and d-f corresponds to a
central wavelength of 780 nm, corresponding to Hα and O777 spectral lines respectively.
The color in the figure represents the normalized relative light intensity, 1 represents the
strongest value of the light intensity, and 0 represents no light emission. It can be seen from
the figure that when a small amount of ammonia is added to the gas mixture, the light
intensity of Hα has been greatly improved in the overall space, and the light intensity of
O777 has decreased slightly, but it is still obvious in the overall space. However, with the
further increase of NH3, when the equivalence ratio is 0.5, the spatial distribution of them
all decrease rapidly. The drop in O777 is the most significant, only a very small amount
of distribution of O777 exist in the middle and lower parts of the burner, and the rest of
the burner is basically unable to observed. The spatial distribution of Hα is different from
O777. It still maintains a large distribution in the middle and lower parts of the burner, but
it shows a sharp downward trend as the mixed gas flow rises, and there is only a very weak
filamentous shape in the upper part of the burner. The structure shows that the amount of
Hα generated in the plasma is very small at this time, but there is still a small amount of
Hα distribution near the inner wall, and the spatial distribution structure is irregular, this
is mainly caused by the local expansion of the gas in the burner due to the heat released
by the combustion reaction in the flame, so that affects the spatial characteristics of the
discharge. In the experiment, we also found that when the equivalence ratio is 0.5, when
the power supply of the gliding arc plasma generator is turned off, the ammonia swirling
flame will be quickly extinguished. Therefore, the gliding arc plasma under this power can
effectively broaden the lean burn limit.
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4. Conclusions

This work investigates the characteristics of ammonia premixed swirling flames as-
sisted by gliding arc plasma.

Effective ignition can be achieved when the equivalence ratio is 0.5 with a low electrical
power, which broadens the lean combustion limit of the ammonia swirl flame and has a
better economy. At the same time, with the increase of NH3 content, the width of the Hα

line decreases significantly, indicating that the electron density shows a downward trend
while the gas rotational temperature shows an upward trend. When the equivalence ratio
was changed from 0.2 to 0.4, the gas temperature increased by about 200 K. The gliding
arc plasma discharge can effectively promote the dissociation of NH3 to generate H atoms,
but as the equivalence ratio increases, the H atoms will be rapidly consumed, and with
the increase of NH content, the reaction of ammonia will be further promoted, thereby
enhancing the combustion of ammonia. The image results show that the content of O
atoms generated by the discharge in the entire burner space will decrease rapidly with the
increase of the equivalence ratio, while the content of Hα remains relatively high in the
middle and lower parts of the burner and is rapidly consumed in its upper space. There is
only an obvious distribution near the inner electrode, indicating that O777 has extremely
high reactivity, and can quickly participate in the combustion reactions.

These results indicate that the gliding arc plasma can enhance the combustion performance
of ammonia by generating a large number of O atoms and promoting ammonia dissociation.
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