
Fuel 313 (2022) 122674

Available online 1 December 2021
0016-2361/© 2021 Elsevier Ltd. All rights reserved.

Full Length Article 

Flammability enhancement of swirling ammonia/air combustion using AC 
powered gliding arc discharges 

Yong Tang a, Dingjiang Xie a, Baolu Shi a,*, Ningfei Wang a, Shuiqing Li b 

a School of Aerospace Engineering, Beijing Institute of Technology, Beijing 100081, China 
b Key Laboratory for Thermal Science and Power Engineering of Ministry of Education, Department of Thermal Engineering, Tsinghua University, Beijing 100084, China   

A R T I C L E  I N F O   

Keywords: 
Plasma-assisted combustion 
Ammonia combustion 
Swirling flame 
Lean blow-off limit 
NOx emission 

A B S T R A C T   

Aiming at the potential development of ammonia as a carbon-free renewable fuel, this work investigates the 
flammability and NOx emission of swirling ammonia/air flames and utilizes plasma to enhance ammonia 
combustion. First, the well-designed rapidly-mixed swirl burner can anchor compact ammonia/air flames under 
a wide range of flow conditions, with the current maximum heat release of approximately 4.7 kW. The flame is 
progressively detached from the quartz confinement tube and goes blow-off when the equivalence ratio drops 
below approximately 0.7–0.8. Then, to alleviate the problem of low flammability, gliding arc discharges driven 
by a 12.5 kHz alternating current (AC) power supply are facilitated to extend the lean blow-off margin to 
approximately 0.3–0.4. The localized flame kernels surrounding the discharge column are detected by high-speed 
photography. The planar laser-induced fluorescence (PLIF) imaging of OH radicals, optical emission spectros-
copy, and NH2* chemiluminescence measurement are performed to interpret the intermediate chemistry. Finally, 
the NOx emission of the swirling ammonia/air flame is measured by a flue gas analyzer. Results show that 
although the AC-powered gliding arc exhibits weak global effects on the NOx reduction of burner-stabilized 
ammonia/air flames prevailing at higher equivalence ratios (e.g., φ > 0.75), leaner flames stabilized by dis-
charges can achieve NOx emissions below 100 ppm due to the thermal DeNOx mechanism.   

1. Introduction 

As a carbon-free hydrogen carrier, ammonia (NH3) is a promising 
candidate for sustainable and renewable fuel to address some global 
challenges such as energy shortage and climate change [1–2]. Ammonia 
can be synthesized by harvesting renewable power sources through a 
carbon-free process. Comparing to hydrogen, ammonia takes advantage 
of easier production, distribution, and utilization capacity, as well as 
more reliable infrastructure to support the future energy mix [3]. The 
use of ammonia as a fuel can be traced back to the last century, such as 
the Belgian buses that used ammonia instead of diesel [4] and NASA’s X- 
15 airplane that burned ammonia and liquid oxygen [5]. Kobayashi et al. 
[6] and Li et al. [7] reviewed the investigation and development of 
ammonia combustion technologies in recent years. Japan has realized 
industrial power generation from ammonia combustion in a 155 MW 
coal-fired power plant and a 50-kW class micro gas turbine [8], 
respectively. A great number of fundamental studies on ammonia 
combustion have been devoted to interpreting the oxidation mecha-
nisms [9], flame structures [10–11], ignition characteristics [12], NOx 

emissions and associated kinetics [13]. 
However, issues associated with combustion efficiency and flam-

mability range are currently a barrier to the implementation of ammonia 
as a primary fuel. Basically, comparing to common hydrocarbon fuels, 
ammonia combustion shows longer ignition delay, higher ignition 
temperature, lower flame temperature, and narrower flammability [6]. 
The heat release and maximum laminar flame velocity of ammonia/air 
combustion are approximately 40% and 20% of a conventional hydro-
carbon flame, respectively. In addition, ammonia combustion also faces 
the challenge of high fuel NOx emissions. To circumvent these diffi-
culties, swirling flows were introduced downstream of ammonia/air 
combustors to generate recirculation zones stabilizing turbulent 
ammonia/air flames at various pressures [14–15], while the range of 
flame operating conditions was still limited [16]. 

Blending common fuels such as CH4 or H2 can further improve the 
burning velocity and flammability of ammonia/air combustion [17–19]. 
For example, Han et al. and Tang et al. experimentally proved that 
blending NH3 with H2 could improve the laminar burning velocity and 
blow-out limits of NH3 flame [20–21]. Li et al. reported that adding H2 
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could increase the heat release rate of NH3 flames through transport and 
chemical effects [22]. Zhang et al. and An et al. investigated the regu-
lation effect of hydrogen and methane on NO emissions of ammonia/air 
swirling flames [23–24]. Kurata et al. tested NH3/CH4/air combustion in 
a 50-kW class gas-turbine, in which NO emissions first increased and 
then decreased as the NH3 fuel ratio increased [8]. These works 
demonstrated that blending NH3 with CH4 and H2 could increase the 
feasibility of NH3 in industrial combustion. However, blending fuel may 
introduce more carbon emissions or increase the cost of fuel trans-
portation and storage [25]. 

Another promising strategy to enhance fuel flammability is plasma- 
assisted combustion (PAC) [26–28]. Prior studies on common hydro-
carbon fuels have proven that PAC can enhance the ignition and burning 
process [29–30], extend extinction limits [31–32], suppress combustion 
instabilities [33], and reduce pollutant emissions [34]. For turbulent 
swirling flames under high-speed, ultra-lean, or pulsating conditions, 
the repetitively pulsed discharges and AC-powered gliding arc dis-
charges show good performance in flame stabilization and flammability 
extension [35–39]. Regarding plasma-assisted ammonia combustion, 
Shioyoke et al. found that plasma could increase the ammonia decom-
position rate and laminar burning velocity [40]. Faingold and Lefkowitz 
reported that plasma could reduce the ignition delay time by 40–60% 
[41]. Recently, Choe et al. experimentally demonstrated that nano-
second pulsed discharges (NPD) could extend the lean blow-off limits 
and reduce NOx emissions of swirling premixed ammonia/air flames 
[42]. However, they suggested that the coupling effect of plasma and 
ammonia combustion was new and largely unknown, and further studies 
were required. 

Therefore, this work seeks to implement plasma in a laboratory-scale 
swirling burner to alter ammonia combustion. Instead of NPD that may 
cause severe electromagnetic interference, this work utilizes AC- 
powered gliding arcs (GA) to allow thermal and non-thermal enhance-
ment. Due to the complexity of flame and discharges, in-situ optical 
diagnostics are performed to investigate the intermediate chemistry of 
plasma and combustion, including planar laser-induced fluorescence 
(PLIF) imaging of OH radicals, high-speed photography, spectrometer 
inspection, and NH2* chemiluminescence measurements. Finally, a flue 
gas analyzer is employed to measure NOx emissions of ammonia flames 
with and without gliding arc discharges. 

2. Experimental methodologies 

2.1. Burner and electrodes 

Fig. 1 shows the schematic and images of the swirling flame burner 
integrated with electrodes. As illustrated in Fig. 1(b), the swirler consists 
of four tangential slits with an inner diameter of 16 mm and a slit width 
(W) of 2 mm, giving a swirl number of about 0.7 [43]. A cylindrical 
quartz tube, with an inner diameter of 48 mm and a height of 100 mm, 
was installed to create a confined space. Schematics of the inner recir-
culation zone (IRZ), the outer recirculation zone (ORZ), and the shear 
layer region are indicated in Fig. 1(a). Fig. 1(b) shows that gaseous NH3 
and air are individually injected from two parallel slits and rapidly 
mixed before entering the combustion chamber. The ammonia flow rate 
controlled by a mass flow controller varies between 0 and 20 L/min. 
Assuming complete combustion of ammonia, the peak energy power 
reaches approximately 4.7 kW. 

The copper electrodes, including the central high-voltage rode and 
outer grounded nozzle, generate gliding arcs that move with the swirling 
flow. The central rod with a maximum diameter of 12 mm also acts as a 
flame stabilizer. Two ceramic dielectric plates were installed to fix the 
swirler and electrodes. The gliding arc discharge was facilitated by an 
AC power supply with an operating frequency of approximately 12.5 
kHz. The voltage and current waveforms were measured by a Tektronix 
P6015 probe and a Pearson 2877 probe placed midway on the cable, 
respectively, and recorded by a Pintech oscilloscope. Fig. 1(c) and Fig. 1 

(d) show images of the gliding arc plasma sustained in air (Qair = 50 slm) 
from the side and top view, respectively. 

Fig. 2 shows typical voltage and current waveforms of gliding arc 
discharges sustained in an air flow of 50 slm. The breakdown that occurs 
at each half alternating cycle is indicated by the voltage kink [44]. The 
breakdown voltage changes from approximately 1 kV to 4 kV due to the 
variation of arc column length [45]. Unlike the voltage drop immedi-
ately after breakdown, the current wave presents a more continuous 
jagged shape. The peak current is approximately 0.25 A, except for a few 
random peaks>0.5 A. The energy deposition calculated by integrating 
the product of the voltage and current waveforms is approximately 200 
W. The mixture composition will affect the discharge process. Generally, 
with the assistance of discharge, the mixture with a higher equivalence 
ratio can react to generate more heat and charged species, which can 
reduce the breakdown threshold. The plasma-combustion interaction is 
a closed-loop feedback process that can self-sustain high-temperature 
kernels [46]. The deposited energy drops to approximately 150 W once 
the flame is ignited, which is close to 3% of the maximum power 
released by the ammonia swirling flame at QNH3 = 20 slm. 

2.2. Diagnostics 

Fig. 3 shows a schematic of the diagnostics, including the OH PLIF 
system, cameras, and a flue gas analyzer. The planar laser-induced 
fluorescence (PLIF) system was used to visualize OH distributions. The 
10 Hz Nd: YAG nanosecond pulsed laser (Spectra-Physics LAB-190–10) 
produces 532 nm beams to pump the dye laser (Sirah CobraStretch) and 
double frequency crystal (BBO), generating 283 nm beams with an en-
ergy output of ~ 15 mJ/pulse. Passing through the optical lens, the 
beam expands to a planar sheet with a height of ~ 60 mm and a 
thickness of ~ 0.5 mm. The OH signal was recorded by an enhanced 
charge-coupled detector (ICCD, LaVision Imager SX 4 M) integrated 
with an OH filter. The PLIF image was background corrected and post- 
processed using the LaVision system, during which the energy non- 
uniformity of the laser sheet was also corrected. 

In addition to PLIF, ICCD was integrated with a 632 ± 10 nm 

Fig. 1. Schematics of (a) the swirling burner integrated with electrodes and (b) 
flow injections; images of the burner and gliding arc discharges in air (Qair = 50 
slm) from (c) the side view and (d) the top view. 
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bandpass interference filter to capture NH2* chemiluminescence signals 
near 630 nm. Besides, a fiber spectrometer (Ocean Optics), with an 
optical resolution of ~ 0.4 nm, was used to record the emission spectrum 
from gliding arcs and ammonia flames. The wavelength and relative 
intensity response of the spectrometer were pre-calibrated. Moreover, a 
Phantom high-speed camera and a Nikon digital camera were employed 
for visual inspections at different exposure times and frame rates. It is 
noted that the emission of ammonia flame in the visible range is strong 
enough that the high-speed camera can capture sufficient flame signals 
at a frame rate of 5 kHz. 

Further, a flue gas analyzer (ECOM-EN3) feeding on gas exhaust at a 
flowrate of ~ 2 L/min (standard condition) was utilized to measure NO 
and NO2 emission near the burner outlet. A 1.2-meter stainless tube was 
employed as a sampling gun to collect high-temperature exhaust and 
cool it before entering the analyzer. The head of the sampling gun was 
placed at the centerline and approximately 10 mm away from the outlet 
of the quartz tube (X = Y = 0, Z = 110 mm). 

Fig. 2. Typical voltage and current waveforms of gliding arc discharges in air (Qair = 50 slm).  

Fig. 3. Schematic of diagnostics including the OH PLIF system, cameras and a 
flue gas analyzer. 

Fig. 4. Typical images of swirling ammonia flame at different equivalence ratios and Qair = 50 L/min, in the absence and presence of plasma.  
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3. Results and discussion 

3.1. Flammability limits of ammonia/air swirling flames 

Fig. 4 shows typical images of swirling ammonia flames under 
different equivalence ratios and discharge conditions, taken by a Nikon 
digital camera at an exposure time of 1/5 s. The ammonia flame at 
different equivalence ratios shows orange/yellow hue typically due to 
the emission from NH2*excited radical and the superheated water 
vapour spectrum [47]. The equivalence ratio is calculated based on the 
overall reaction of NH3 with O2: 

4NH3 + 3O2→2N2 + 6H2O (1) 

Fig. 4(a) shows that at φ = 0.86, the swirling flame attached to the 
central rod and quartz wall is stable. When the equivalence ratio de-
creases to 0.76, as illustrated by Fig. 4(b), the flame is still anchored at 
the central rod but detached from the wall. This cone-shaped flame is not 
stable and sometimes oscillates in the quartz closure. The flame will go 
blow-off as the equivalence ratio further decreases. Fig. 4(c) shows that 
the flame at φ = 0.76 is attached again when the plasma is turned on. 
Even the equivalence ratio drops to 0.57, as Fig. 4(d) shows, the flame is 
still stable. As the equivalence ratio drops to extremely low (e.g., φ =
0.43), the flame signal sustained by the gliding arc becomes very weak. 
Flame blow-off in the presence of plasma is defined as the moment when 
almost no flame signals can be detected above the arc column (Z > 10 
mm). 

Fig. 5 summarizes the detachment and flammability limits of swirl-
ing ammonia flames at air flow rates of 20–80 slm, corresponding to the 
Reynolds number of approximately 1500–6000. The uncertainty bar 
includes the uncertainty from the flowmeter (~1.5%) and the random 
error from at least three repeated measurements. As illustrated in Fig. 4, 
the ammonia swirling flame is detached from the wall before blow-off. 
The detachment limit increases from ~ 0.72 to ~ 0.85 as the air flow 
increases from 20 to 80 slm, while the blow-off limit increases from ~ 
0.67 to ~ 0.82, indicating a narrow equivalence ratio range between 
flame detachment and blow-off. The relatively poor stabilization per-
formance of NH3/air results from the small laminar burning velocity and 
low heat release rate [6]. When the plasma is turned on, the flame will 
never appear as the cone-shaped flame shown in Fig. 4 (b). In the 
presence of plasma, Fig. 5 only plots the blow-off limits and demon-
strates that the gliding arc discharge significantly extends the lean blow- 
off limit to approximately 0.32–0.4 within the air flow range of 20–80 
slm. The extension of the lean blow-off limit by plasma is somewhat 

better than that achieved by blending methane or hydrogen [16,23]. 
Further, a high-speed camera was used to visualize the repetitive 

local ignition process of gliding arcs from the top view. The frame rate of 
5 kHz has the same magnitude as the operating frequency of the 
discharge (~12.5 kHz). Fig. 6 shows typical continuous images of 
swirling ammonia flames in the absence and presence of plasma. 
Without plasma, the annularly distributed flame signals show wrinkled 
structures due to the swirling and turbulent flow. As the equivalence 
ratio decreases to 0.76, the cone-shaped flame (see Fig. 4b) contracts 
and detaches from the wall. When the discharge is turned on, the flame 
is reattached. The arc column can be easily distinguished as bright 
emissions along the plasma column. The enhanced flame signal sur-
rounding the plasma can last for a few milliseconds. Under extremely 
lean conditions (φ = 0.43), the local flame kernel induced by the arc 
column is difficult to propagate outward to form a larger flame area, 
confirming the flammability limit of ammonia flames in the presence of 
gliding arcs. 

The NH3/air flame behaviors and responses to gliding arc discharges 
are somewhat similar to those of CH4/air swirling flames reported in 
previous work [39]. In particular, the plasma stabilizes swirling NH3/air 
and CH4/air flames by repetitive local ignition effects through heat 
deposition and active species pools. The body force and flow fluctua-
tions induced by plasma are relatively small for high-speed flow with 
large inertial forces (e.g., Re > 1500) [44]. The gas temperature sur-
rounding the plasma column is generally>1000 K at atmospheric pres-
sure [48]. Active species include high-energy electrons, radicals such as 
O/H/OH, and excited oxygen and nitrogen molecules [30]. In the pos-
itive feedback loop, the heat release and discharged species produced by 
fuel oxidation promote the discharge. As explored by Miller et al. [49] 
and reviewed by Kobayashi et al. [6], NH3/air combustion is primarily 
initiated by the H abstraction effect where NH3 reacts with OH radicals. 
In addition, the reactions with H and O produce NH2, while the oxida-
tion of NHi (i = 0,1,2) results in NO production or reduction. Therefore, 
the key intermediates, including H, O, OH, and NH2, are detected 
through optical diagnostics to better understand the ammonia flame 
dynamics, emissions, and responses to plasma in the following section. 

3.2. Key intermediates 

Fig. 7 shows the emission spectra of plasma and flame in the 
500–930 nm wavelength range. The exposure time for the acquisition of 
each spectra curve is 1 s, covering approximately 12,500 discharge cy-
cles. In air flow (φ = 0), the first line (L1) shows characteristic peaks near 
778 and 844 nm from the atomic emission of oxygen O(5P) and O(3P), 
respectively. At higher equivalence ratios, the second line (L2) and the 
third line (L3) add signals near 656 nm from the atomic emission of 
hydrogen Hα. These peaks indicate that the plasma promotes the 
dissociation of oxygen and ammonia molecules. On the other hand, for a 
stable flame without plasma (L5), the signal from NH2 (α band, 2A1-2B1) 
contains multiple lines extending throughout the visible and near 
infrared, including peaks near 632 nm and a strong head near 734 nm 
[50]. In addition, the water vapour, as the product of NH3 oxidation, 
also emits strong signals near 890 and 930 nm, while the peak near 930 
nm is cut in Fig. 7. The fourth line (L4) indicates that the presence of 
gliding arcs does not change the spectrum over 500–930 nm signifi-
cantly, except for the addition of peaks from H/O atoms. The H/O 
radicals play a role in the dominant chain reaction of NH3/air [19,51]: 

NH3→NH2→NH→N→N2 (2)  

where NH3 is finally converted to N2 and H2O. 
As an essential intermediate of NH3 oxidation, the chem-

iluminescence from self-excited NH2 was captured by an ICCD camera 
equipped with a 632 nm bandpass filter. After background correction, 
the line-of-sight integrated chemiluminescence intensity was processed 
using a modified Abel inversion algorithm assuming azimuthal 

Fig. 5. Detach and flammability limits of swirling ammonia flame at air flow 
rates (Qair) of 20–80 slm, corresponding to the Reynolds number 
of 1,500–6,000. 
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symmetry [10]. Fig. 8 shows the Abel-transformed and time-averaged 
images of NH2* chemiluminescence from swirling ammonia/air 
flames. It should be noted that there are weak signals in an approximate 
triangular region (-25 < X < 0, 0 < Z < 20) in Fig. 8(e-g) due to the 
asymmetry caused by gliding arcs. At a higher equivalence ratio, the 
signal is mainly distributed at the shear layer and the area close to the 
wall. As the equivalence ratio decreases to 0.76 approaching the blow- 
off limit, the signal becomes weaker in the absence of plasma. The 
second row in Fig. 8 verifies that the plasma can reignite and hold flames 
at a smaller equivalence ratio. In the surrounding reactants, the plasma 
can directly trigger NH3 dissociation that produces NH2 and NH through 
electron impacts [41]: 

e+NH3→e+NH2 +H (3)  

e+NH3→e+NH+H+H (4) 

In particular, comparing Fig. 8(d) and Fig. 8(e) at the same equiva-
lence ratio of 0.76 indicates that the arc increases local signals along the 
shear layer, making the flame reattach to the wall. As the equivalence 
ratio further drops, the residual NH2* signal along the shear layer be-
comes shorter. 

The OH PLIF imaging was performed to interpret the dynamics and 
kinetics of ammonia/air swirling flame approaching blow-off. Fig. 9 il-
lustrates the OH PLIF signals of ammonia/air flames without discharges, 
including time-averaged images of 100 single-shots and typical single- 
shot images illustrating instantaneous structure. The OH signal is 
mainly distributed near the shear layer and in the inner recirculation 
zone. Different from methane/air flames, the OH signal of ammonia/air 
swirling flame peaks at the equivalence ratio of approximately 0.8–0.86 
in this work. The signal obtained at the equivalence ratio of 0.92 be-
comes quite weak. When the flame is close to blow-off (φ = 0.76), the 
OH PLIF structure is completely detached and exhibits hollow structures 
downstream of the inner recirculation zone. 

In comparison, Fig. 10 shows OH PLIF signals of ammonia flames 
enhanced by gliding arc discharges. The OH PLIF signal becomes 
stronger due to the plasma-induced O/H radical pools from the disso-
ciation of fuel and oxygen [29]. Fig. 10 (a) shows that the OH structure is 
reattached to the wall with the assistance of plasma. At φ = 0.57, Fig. 10 
(g) indicates that sufficient OH PLIF signals can still be detected, 
although the fragmented signal is detached from the wall. When the 
equivalence ratio decreases to 0.43, Fig. 10(d) and Fig. 10(h) show that 
few OH signals are observed in the recirculation zones. Some residual 
signals can be detected near the shear layer and along the arc column. 

The OH radical plays an important role in the initiation of ammonia 
oxidation [51]: 

NH3 +OH ↔ NH2 +H2O (5)  

NH2 +OH ↔ NH+H2O (6) 

Fig. 6. High-speed photography of swirling ammonia/air flames in the absence and presence of gliding arcs (GA), at Qair = 50 slm and different equivalence ratios, 
with a frame rate of 5 kHz and an exposure time of ~ 200 µs. 

Fig. 7. Emission spectra of plasma and ammonia flames at Qair = 50 slm and 
different equivalence ratios. 
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These chain reactions with OH radicals are closely associated with 
the heat release of ammonia combustion. It is noted that the main chain 
reactions shown in Eqs. (2) act as chain termination reactions that 
consume O/H/OH radicals. Therefore, particularly at very lean condi-
tions, the O/H/OH radical pools supplied and sustained by plasma will 
produce significant kinetic effects on NH3 ignition by accelerating the 
chain reactions. Detailed kinetics governing plasma-assisted ignition 
and oxidation of NH3 has been discussed in Ref. [41] through a zero- 
dimensional numerical model. 

3.3. NOx emission 

Figs. 11 and 12 show NO and NO2 emissions measured by the flue gas 
analyzer, which illustrate similar trends as the equivalence ratio in-
creases from zero to one, since NO2 formation mainly depends on the 
oxidation reaction of NO [51]. The concentration of NO2 is smaller than 

that of NO by more than an order of magnitude. The emission of NO and 
NO2 peaks near the equivalence ratio of approximately 0.8, where NO 
emission reaches approximately 1500 ppm. This differs from CH4/air 
flames where the maximum NO emission of 100–200 ppm is generally 
obtained near the stoichiometric condition (φ = 1). For NH3/air flames, 
N atoms come from the fuel, and NO emission is strongly associated with 
NH2. The concentration of O/H/OH radicals affects the pathway of NH2 
oxidation, which can result in the production of NO through the HNO 
intermediate channel, or cause NO consumption through NO + NHi (i =
0,1,2) reactions [6]. In particular, Somarathne et al. suggested a linear 
correlation between local NO emission and local OH concentration at 
various equivalence ratios [51]. Due to prevalent O/H/OH radicals that 
favor NO production in lean ammonia/air flames, the NO concentration 
peaks around the equivalence ratio of 0.8–0.85, which is consistent with 
the OH intensity at different equivalence ratios in Fig. 9. 

Regarding gliding arc discharges, Figs. 11 and 12 show small effects 

Fig. 8. Abel-transformed and time-averaged image of NH2* chemiluminescence from swirling ammonia flames without plasma (a-d) and with plasma (e-h), at Qair =

50 slm and different equivalence ratios. The outline of the quartz closure is indicated by dashed lines. 

Fig. 9. Time-averaged (a-d) and typical single-shot (e-h) OH PLIF imaging of swirling ammonia/air flames without plasma, at Qair = 50 slm and different equivalence 
ratios. The outline of the quartz closure is indicated by dashed lines. 
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of plasma on NOx emission at equivalence ratios of 0.76–1. Actually, 
plasma tends to enhance NOx emission in hydrocarbon combustion [52]. 
However, NOx emission in ammonia combustion is more complicated 
due to the high fuel NOx. Ref. [42] reported that a larger concentration 
of NH2* induced by nanosecond discharges can suppress NOx emission 
through the thermal DeNOx process. The different performance on NOx 
reduction is perhaps due to the different properties of nanosecond dis-
charges and AC-powered gliding arc discharges, although both dis-
charges can extend the flammability limit of ammonia swirling 
combustion to ~ 0.4. In Ref. [42], it was speculated that the reduction of 
NO results from reactions with HO2 or NH2. In this work, NH2* chem-
iluminescence and OH PLIF imaging show that gliding arc discharges 
produce stronger signals of NH2* and OH. Under the condition 
approaching flame blow-off (φ = 0.76), the enhancement of NH2* 
chemiluminescence is mainly located at the flame root near the plasma 
column (see Fig. 8e). The enhancement of OH PLIF signals also occurs at 
the inner recirculation zone and downstream flow (see Fig. 10a). The 
abundance of NH2 may trigger NO reduction through the DeNOx 
mechanism [6,53–54], and OH can be a direct product of NH2 + NO 
reaction. 

However, it should be noted that comparing to nanosecond dis-
charges, the gliding arc discharges also have thermal effects [39,55]. 
Fig. 12 shows a NOx emission of ~ 230 ppm by discharges in air (φ = 0). 
The thermal NOx emission produced in the high-temperature gas sur-
rounding the plasma column inhibits the NOx reduction effect. Although 
the gliding arc discharge can change the flame structure, stability range 
and flame height through the local ignition effect by the plasma column 
(e.g., See Figs. 4 and 6), previous studies on methane/air flame showed 
that the plasma did not change the time-averaged fuel consumption rate 
and heat release rate [39]. This also suggests a small variation of time- 
averaged emission from the entire flame in the absence and presence 
of plasma. 

On the other hand, as the gliding arc extends the flammability to very 
lean conditions, NOx concentrations decrease rapidly. At φ = 0.57, NO 
emission drops to less than 100 ppm, and NO2 emission drops to nearly 
zero, which are even smaller than the emission from discharges in the air 
(φ = 0). This is mostly due to the NOx reduction reactions with unburnt 
NH3 through the thermal DeNOx mechanism [53]. Zhang et al. [23] 
verified that the fraction of unburnt ammonia increases quickly as the 
equivalence ratio drops to 0.7. Here, the high-speed photography (see 
Fig. 6) shows that at such low equivalence ratios, combustion mainly 

Fig. 10. Time-averaged (a-d) and typical single-shot (e-h) OH PLIF imaging of swirling ammonia/air flames without plasma, at Qair = 50 slm and different 
equivalence ratios. The outline of the quartz closure is indicated by dashed lines. 

Fig. 11. NO emission of ammonia/air flames with and without plasma (Qair =

50 slm). 

Fig. 12. NO2 emission of ammonia/air flames with and without plasma (Qair =

50 slm). 
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occurs near the plasma column. Unburnt NH3 far away from the plasma 
region can enter into the recirculation zones and reduce NOx in the 
downstream hot exhaust. This DeNOx process is somewhat similar to the 
reduction by direct ammonia injection into the combustion chamber 
[56]. Therefore, under the enhancement of plasma, the trade-off rela-
tionship between NO and unburnt NH3 emission indicates that there 
should be an optimal lean equivalence ratio to achieve the overall 
minimum emission of ammonia/air combustion. Differing from the rich 
condition for two-stage ammonia/air combustion [57], plasma-assisted 
combustion may open a possibility in simultaneous reduction of NO and 
unburnt NH3 under fuel-lean conditions. 

4. Summary 

This work has facilitated AC gliding arc discharges to extend the lean 
blow-off limits of ammonia/air swirling flames from approximately 
0.7–0.8 to 0.3–0.4 in a laboratory-scale burner. Key intermediates such 
as NH2* chemiluminescence and O/H/OH were detected by optical in-
spections, and possible kinetic effects on ammonia combustion have 
been discussed. The high-frequency repetitive reignition effects of 
plasma were visualized by high-speed photography, which shows good 
agreement with our prior work regarding methane/air swirling flames 
[39]. 

However, the production of NOx in ammonia combustion is quite 
different. Without plasma, NO emissions are positively correlated with 
the intensity of OH PLIF signals. When the equivalence ratio is 0.8 to 
0.85, NOx emissions reach a peak value of about 1500 ppm. Gliding arc 
discharges significantly increase NH2* chemiluminescence that may 
trigger the thermal DeNOx process, but show relatively small reduction 
effects on NOx in the equivalence range of 0.76–1. This marginal effect is 
possibly due to the compensation from thermal NO emission induced by 
gliding arcs. As the equivalence ratio decreases further, NOx emissions 
from the plasma-assisted ammonia combustion can drop to less than 
100 ppm. 

Low NOx emission under fuel-lean and discharging conditions is 
expected to result from the reduction effects of unburnt NH3. Before the 
implementation of plasma-assisted ammonia combustion in this case, 
there is a challenge in the simultaneous reduction of NO and unburnt 
NH3. Further experimental works including synchronized measurements 
of NH3 and NOx at the hot exhaust should be helpful. It is also noted that, 
a preliminary test in the current burner indicates that the plasma can 
also improve the ammonia flammability on the fuel-rich side, which will 
be carefully studied in future work. Detailed kinetic models will also be 
attempted to qualify the effects of plasma on ammonia combustion 
under different conditions. 
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