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A B S T R A C T

This study investigates the impact of gliding arc plasma (GAP) on emission characteristics in NH3-air flames with 
premixing ratios ranging from 0 % to 25 % at global equivalence ratios (ϕ) of 0.8 and 0.9. The experiments are 
carried out in a dual swirl burner, where a premixed NH3-air mixture is introduced through the inner nozzle and 
central lance for GAP interaction, and non-premixed air is supplied via the outer nozzle. This study is the first to 
apply gliding arc plasma (GAP) to air-stratified ammonia flames, and this approach provides a significant and 
novel strategy for reducing NOx emissions. The results show that GAP reduces NOx emissions by up to 40 % under 
fully non-premixed conditions. At ϕ of 0.8, a critical transition appears when premixed air exceeds 20 %, 
resulting in increased NO emissions. In contrast, for ϕ = 0.9, GAP consistently maintains stable NO reduction 
across all tested premixing ratios. The spectral analysis of the flame shows that the OH and NH2 radicals play a 
pivotal role in mediating the effect of GAP on NO formation. These radicals exhibit competing influences, with 
NH2 formation favoured under plasma activation. The NH2 radical primarily forms through two plasma-driven 
pathways: O(2D) + NH3 → OH + NH2 and N(2D) + NH3 → NH + NH2. The observed reduction of NO with plasma 
is primarily due to the increased production of NH2 related to OH.

1. Introduction

Ammonia (NH3) is seeking high demand as a promising green fuel, 
due to its carbon-free combustion, substantial energy density and its 
economical storage requirements [1]. These attributes make it a 
compelling candidate to address the global energy crisis [2]. However, 
the poor combustion characteristics of pure NH3 and the problem of high 
NOx emissions still needs to be resolved [3,4]. To address these chal
lenges, several strategies are commonly employed, including the 
co-firing of NH3 with highly reactive fuels such as methane [5–7] and 
hydrogen [8–10], staged combustion [11], humidification [12], mild 
combustion [13] and plasma assisted combustion [14], among other 
techniques.

Considering the pronounced impact of kinetic and transport phe
nomena on the combustion enhancement, plasma assisted combustion 
(PAC) stands out as a pioneering combustion control strategy offering 
significant potential to improve ignition efficiency [15], optimize 
combustion performance [16,17] and reduce NOx emissions [18]. While 
the positive effects of plasma are well-documented in 
hydrocarbon-based combustion, studies on its impact in ammonia 

combustion remain limited [15,19,20]. Choe et al. [18] demonstrated 
that nano-second repetitively pulsed discharges (NRP) can significantly 
reduce the NOx emissions. To further investigate the promoting effect of 
NRP on ammonia-air flames, Sun et al. [21] analysed the flame forma
tion process under NRP-induced conditions at the nanosecond scale. The 
studies on dielectric barrier discharge (DBD) assisted NH3 combustion in 
premixed NH3-H2-air mixtures have shown that NOx emissions increase 
with the application of plasma in both laminar and turbulent flames 
[22]. To elucidate the NOx formation behaviour in DBD, Deng et al. [23] 
employed planar laser-induced fluorescence and chemiluminescence 
techniques to simultaneously analyse key intermediate radicals 
(NO/OH/NH2). Their findings indicate that the primary increase in NO 
is attributed to the faster growth rate of OH radicals compared to that of 
NH2 radicals. Sekiguchi [24] conducted an experimental study on PAC 
using microwave and suggested that the plasma power and gas flow rate 
significantly influence the NH3 and N2O concentrations. Jančauskas 
et al. [25] found that gliding arc plasma (GAP) assisted NH3-air com
bustion increases the heat flux by 61 % at equivalence ratio (ϕ) of 0.83, 
shows the pronounced thermal effect. Lin et al. [26] investigated that 
the laminar combustion rate was significantly increased and could be 
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further improved by increasing the air flow rate in GAP. For NOx 
emissions characteristics in GAP, Ju et al. [27] and Tang et al. [28] 
applied a gliding arc in combination with a cyclone burner and observed 
that GAP can significantly reduce NO emissions in premixed NH3-air. 
Aravind et al. [29] demonstrated a significant reduction in NO emissions 
at lower plasma power by taking GAP and applying it to a non-premixed 
NH3-air flame, where the plasma acted only on the NH3 stream. Tang 
et al. [30] utilized NH-PLIF technology to demonstrate that plasma 
further extends the peak NH concentration to higher values. With 
plasma activation, the average peak NH concentration in the near-field 
region increased by >30 %. Apart from the aforementioned experi
mental studies on plasma-assisted combustion (PAC) of NH3, several 
numerical investigations have also been conducted to better understand 
the underlying emission mechanisms. Taneja et al. [31] attributed the 
NO reduction with NRP to the deoxygenation and reduction processes of 
NO. These processes occur through several reaction pathways, including 
NO + N → N2 + O, H2 + NO → H + HNO, and H2 + NO → NH + OH. Mao 
et al. [32] investigated the effect of NOx formation on ignition during 
NH3-air combustion in DBD, showed that high concentrations of NO 
under lean conditions accelerated the generation of NNH and OH for 
maximum ignition enhancement.

Previous research has demonstrated that GAP is effective in 
enhancing flame stability and reducing NO production in both premixed 
and non-premixed NH3-air flames [27,29]. Tu et al. [33] inferred that in 
non-premixed combustion, the OH intensity is significantly reduced as 
compared to premixed combustion in NH3-CH4-air flame. This dimin
ished OH radicals impede the oxidation of NH2 and NH radicals, thereby 
decelerating the formation of NO. Under identical gas flow conditions, 
the characteristics of NH3-air flames differ significantly between 
non-premixed and premixed combustion systems, leading to distinct 
flame behaviours due to variations in flow field dynamics. Meanwhile, 
the stratified combustion facilitates control over local equivalence ratios 
via staged oxygen supply, thereby optimizing reaction pathways, 
enhancing fuel conversion efficiency, and improving thermal utilization. 
Its adaptability to variable fuel properties and complex flow configu
rations further supports its relevance to practical combustion applica
tions [34]. Whether GAP exerts identical effects on both premixed and 
non-premixed combustion remains unclear, warranting further 
in-depth investigation. Consequently, the combustion-enhancing effect 
of GAP may exhibit corresponding modifications under these different 
combustion modes. Meanwhile, different gas components exhibit 
different properties when ionized, for instance air is more easily ionized 
than NH3 [35]. Wang et al. [36] investigated the stability and NO 
emission behaviour during NH3 stratification and air stratification in 
gliding arc plasma assisted combustion. Yu et al. [35] noted that at high 
energies, the electrical energy injected into the arc exceeds the energy 
loss due to turbulent dissipation, which puts GAP into glow mode. The 
electron energy in the glow mode discharge is not sufficient to 
completely dissociate NH3, leading to the generation of intermediate 
products. The high energy consumption has different impact of GAP on 
combustion compared with lower power, and higher energy consump
tion is not expected.

In the present study, effect of GAP on the NOx formation and flame 
topology of NH3-air flame under air stratification is investigated. To 
understand the underlying mechanism of NOx formation and con
sumption, the generated intermediate groups were analysed by spectral 
analysis. A numerical method is applied to investigate the generation of 
intermediate components in plasma and the effect of intermediate 
components on NO.

2. Materials and methods

2.1. Experimental apparatus

A novel plasma assisted dual-swirl burner developed at the Centre of 
Excellence on Ammonia Technologies (CEAT), Cardiff University is used 

to conduct the experiments. The schematic of the experimental setup is 
shown in Fig. 1. The experiment setup comprises of three components: 
the combustion unit, the plasma unit, and the diagnostic unit. In the 
combustion unit, the flow of NH3 and air was controlled using high 
precision Alicat mass flow controller achieving an accuracy of ±0.5 % 
within 95 % of the full scale. Two radial co-swirlers having swirl 
numbers of 1.0 each [12] were positioned 125 mm and 40 mm from the 
dump plane for inner and outer swirlers. The NH3 is introduced through 
the central lance via the inner swirler, while air flows through the outer 
swirler and exits at the dump plane. This configuration typically results 
in a non-premixed flame. Plasma is primarily generated within the 
annular gap between the central lance and a conical electrode, which 
also serves as a bluff body. To investigate the extent of premixing effects, 
a controlled fraction of air is added to the NH3 stream. The flame is 
stabilized inside a quartz tube with a diameter of 58 mm and a height of 
320 mm.

A high-voltage AC power supply (CTP-6 2000 KA, ACS Materials, 
USA) is used to generate the gliding arc plasma. The change in input 
plasma power was accomplished by adjusting the input voltage of the 
power supply. In this experiment, the input frequency was kept constant 
at 13 kHz, and the plasma input power was controlled to be between 100 
and 110W (~1.6–1.8 % of the total combustion power) for the accurate 
comparison purpose. At the central lance of 16 mm diameter, a conical 
electrode made of tungsten-steel alloy with a maximum diameter of 11 
mm was installed. A minimum electrode-to-wall gap of 2.5 mm was 
observed at breakdown. The arc was stretched upward by the gas flow 
until reaching its maximum length, after which it was blown out and the 
next breakdown followed.

The diagnostic system consisted of a digital camera, an oscilloscope, 
a spectrometer, a voltage probe, a current probe and a high-speed 
camera. The camera is set at 600 mm from the central plane of the 
burner. The camera maintained constant settings at f/4 aperture, 
exposure time of 1/3s, and ISO 64 throughout the photographic session. 
Voltage and current waveforms were captured using a Tektronix 
MSO64B oscilloscope connected to a Tektronix P6015 high-voltage 
probe and a Cybertek HCP 8030 current probe (5A, 1V/A). During the 
experiment, the input plasma power was calculated in real time based on 
the voltage and current curves to keep it constant. An AvaSpec-ULS 
spectrometer with a UV/visible optical fibre was set up 25 mm above 
the combustion chamber entrance [29]. At a working distance of 100 
mm, the probe samples light from an area approximately 2–3 mm in 
diameter, providing localized spectral data within the 30 × 38 mm2 

measurement region. The chemiluminescence signals from OH 
(A2Σ+–X2Π), NH* (A3Π–X3Σ− ), and NH2* (NH2 α band peak) were 
captured using bandpass filters: 309 nm (±10 nm FWHM), 336 nm (±10 
nm FWHM), and 630 nm (±10 nm FWHM) [37]. For each condition, 200 
frames were recorded with LaVision Davis v10, the intensity of chem
iluminescence distribution is obtained by following three steps: 
time-averaged, subtracted the background and Abel transformed. For a 
given equivalence ratio and the same species, the intensity is normalized 
to the maximum intensity among the premixing cases, both with and 
without plasma. Therefore, it is not advisable to compare the chem
iluminescence image among the different species with different equiv
alence ratios. The average grey value is calculated based on the average 
image of 200 images obtained by the high-speed camera with back
ground correction. A gas analyser (Emerson CT5100 quantum cascade 
laser) was applied to derive exhaust emissions, including NO, NO2, N2O, 
NH3, O2, H2O. Emissions were recorded at 1 Hz and subsequently 
averaged over a 2-min interval. Gas samples were collected using a 30 
mm isokinetic sampling funnel positioned 15 mm downstream of the 
quartz tube exit. To prevent condensation, the sampling line was heated 
to and maintained at 463K. Data from 120 samples per test point were 
normalized to dry 15 % O2. The experimental conditions controlled the 
constant combustion power of 6 kW (the corresponding flow rate of NH3 
of 26.9SLPM). In this study, experiments are performed for equivalence 
ratios of 0.8 and 0.9. At lean condition lower than 0.8, the flame was 
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unstable in the absence of plasma action, resulting in the inability to 
obtain accurate emission measurement. In addition, in NH3-air com
bustion, peak NOx emissions typically occur in this range, therefore it is 
important to investigate the plasma effect in this range. The amount of 
premixed air within the mixture is 0–30 %. The premixing ratio (χpremix) 
was calculated based on the total volume of the air in the reactant 
mixture. For example, zero premixing ratio is referred to as pure 
non-premixed NH3-air mixture. As the flame appeared to start showing 
instability when the premixed gas reached 30 %, the emissions and 
spectrum were not recorded at that operating condition. The premixing 

ratio is calculated by the equation below: 

χpremix =
Qpremixed air

(Qair)stoichiometric/ϕ
(1) 

Here Q represents the flow rate, SLPM. ϕ is the global equivalence ratio.

2.2. Electrical characteristics of GAP

The voltage-current characteristic curves at different χpremix are 
shown in Fig. 3 in the same flow rate of NH3 (QNH3).

Fig. 1. Schematic of the experimental setup, (a) overall experiment setup, (b) details in burner, (c) radial swirler.

Fig. 2. Electrical characteristics of GAP at ϕ = 0.8 for (a) χpremix = 0 %, 110W (b) χpremix = 30 %, 108W, (c) enlarged segment for χpremix = 0 %, (d) enlarged segment 
for χpremix = 30 %.
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In GAP, the voltage and current show periodic variations [28]. The 
input power of the plasma can be determined from the measured voltage 
and current using the following equation [38]: 

Power=
1
T

∫ t

0
V × Idt (2) 

In the experimental procedure, the plasma power was initially calibrated 
to fall within the required range of 100–110W. Following this, mea
surements including optical emission and chemiluminescence imaging 
were conducted. This approach ensured that the input power remained 
consistent across varying flow rates.

At the moment of breakdown, the current appears as a maximum 
value and a minimum value of voltage. Compared with Fig. 2(a) and (b), 
significant variations are in cycle time under approximately the same 
plasma power. With no premixed air (QNH3 = 26.9SLPM), 8 cycles occur 
in 100 ms in Fig. 2 (a). For the 30 % premixed gas (QNH3 = 26.9SLPM, 
Qair = 36SLPM), 25 cycles occur in the same period in Fig. 2 (b). 
Simultaneously, the power injection at the moment of breakdown also 
varies considerably. The power at the breakdown moment in the glow- 
type phase is close to 0.8 kW in the absence of premixed gas and close to 
1 kW in the 30 % premixed air condition. The variations in voltage and 
current characteristic curves within 1 ms are shown in Fig. 2(c) and (d). 
The extent of voltage drops before and after breakdown is illustrated. 
When χpremix = 0 %, the voltage drops from 3.5 kV to 0.6 kV, while 
χpremix = 30 %, it decreases from 2.5 kV to 1.5 kV. At the same plasma 
power, the gas flow in the tube is the main factor controlling the trend of 
voltage and current. When the gas flow increases, the arc is more prone 
to be blown out, then entering the next breakdown-stretching- 
extinguishing cycle. Concurrently the gas composition also influences 
the cycle period and electrical characteristic curve in GAP. As mentioned 

by Choi et al. [38], Higher hydrogen concentration is associated with 
shorter re-slip cycle and higher peak voltage.

2.3. Numerical methodology

To understand the underlying mechanism of GAP promotes the 
generation of intermediate groups, a numerical method coupling 
ZDPlaskin and Chemkin is used. The method is used extensively in 
theoretical analyses of plasma assisted NH3 combustion [31,32,39,40]. 
The numerical methodology of the GAP simulation is similar to the work 
of Crispim et al. [41]. The computational region is divided into the 
ionization region and the external region. The distinction is based on the 
voltage-current characteristic curve. In the ionized region, there is a 
high electron density and therefore more active electronic reactions are 
present in this region. In the external region, on the other hand, it 
consists of reactions of more stable intermediate components. The 
plasma action mechanism and the plasma assisted mechanism of Mao 
et al. [32] were applied to this study.

3. Results and discussion

This study provides the first evidence that GAP can achieve a 40 % 
reduction in NOx emissions in non-premixed ammonia flames, with the 
NH2 radical pathway identified as a key mechanism contributing to this 
reduction.

3.1. Effect of plasma and air stratification on flame morphology

The effect of plasma and air stratification on flame morphology is 
shown in Fig. 3. These time averaged direct photographs were captured 
using a Nikon digital camera.

Fig. 3. Variation of flame morphology with different percentage of χpremix from 0 to 30 % at no plasma ((a) ϕ = 0.8, (b) ϕ = 0.9) and plasma conditions ((c) ϕ = 0.8, 
(d) ϕ = 0.9).
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Fig. 3 shows that all the flames exhibit a V-shaped structure, 
extending fully within the quartz tube irrespective of the operating 
conditions. For no plasma cases, in Fig. 3 (a) and 3(b), χpremix below 5 %, 
the flame is either attached to the central lance or slightly lifted, with 
minimal influence from the bluff body. However, as the χpremix increases, 
the flame increasingly tends to anchor to the conical bluff body due to 
the presence of premixed air. It is evident from Fig. 3(c) and (d) that 
plasma actuation has a strong impact on the flame anchoring. As 
emphasized by Ghabi et al. [42], the plasma significantly reduces the 
flame lift-off height for χpremix from 0 % to 25 %, resulting in greater 
flame attachment to the bluff body as compared to the corresponding no 
plasma cases in Fig. 3(a) and (b) [25]. However, the flame becomes 
more unstable with plasma at χpremix = 30 % cases, mainly due to 
changes in the plasma medium. In these cases, the flame starts to jump 
off, changing from a stable V-shape to tubular. At elevated premixing 
levels, plasma–air interactions intensify, leading to enhanced flame os
cillations [27]. Enhanced oxygen ionization under plasma conditions 
reduces the local concentration of molecular oxygen compared to the 
plasma-free state, which in turn decreases the combustion rate relative 
to no plasma premixed gases [43]. This reduction in combustion in
tensity could be a potential reason for the observed deterioration in 
flame stability.

3.2. Effect of plasma and air stratification on emissions

The emissions characteristics of NO, NO2, N2O, and NH3 for different 
premixed air ratios are shown in Figs. 4 and 5 for ϕ = 0.8 and 0.9 
respectively to better illustrate the impact of plasma on emissions, Fig. 6
presents the percentage reduction of NO at different ϕ.

It can be seen from Fig. 4 (a), for ϕ = 0.8, NO concentration remains 
relatively constant at approximately 1200 ± 50 ppm up to a premixing 
level of = 15 %. Beyond this point, a noticeable increase is observed, 
reaching 1400 ppm at 30 %. Conversely, as shown in Fig. 5 (a) for ϕ =
0.9, the NO concentration is stable at 1100 ± 20 ppm up to χpremix = 5 % 

followed by a sharp rise to 1500 ppm at χpremix of 15 %. Interestingly, no 
significant change in NO levels is observed with further increases in 
χpremix beyond this value. The comparative analysis of NO profile for 
Figs. 4 (a) and Fig. 5 (a) indicates that NO emissions are significantly 
lower under non-premixed conditions and tend to increase with higher 
levels of premixing. However, due to the limited premixing range 
examined in this study (up to 30 %), it is challenging to establish a 
definitive trend for NO behaviour at low premixing levels. This behav
iour is closely linked to changes in flame structure and temperature, 
both of which play a critical role in governing NO formation and 
destruction pathways. A reduction in flame lift-off height, accompanied 
by modifications in flame morphology such as flame broadening, sig
nifies an enlargement of the combustion reaction zone. This expansion 
contributes to a decrease in peak flame temperatures, thereby mitigating 
NOX formation [33]. However, the trend between the two ϕ in the case 
of GAP assisted combustion demonstrates a notable difference. For 
instance, at ϕ = 0.9, plasma can reduce the NO to 400–1000 ppm irre
spective of the premixing ratio. This corresponds to approximately 20 %. 
This is mainly attributed to the plasma action of NH3 producing inter
mediate components such as NH2, NH, as a potential reason for the 
decrease in NO. For ϕ = 0.8, at 0–15 % premixed gas ratios, GAP 
effectively reduces the production of NO as shown in Fig. 4 (a). Never
theless, as the amount of premixed air increases further, the NO emission 
under GAP gradually caught up and even exceeded that under no GAP. 
In Fig. 6, This corresponds to the maximum NO reduction of 37 % at 
χpremix = 0 % which gradually decreased to a 9 % reduction at χpremix =

15 % for ϕ = 0.8. Excessive gas mixture flow reduces the residence time 
of the plasma and hinders the ionization effect [23]. Higher premixed air 
content also leads to the production of O atoms during ionization, which 
are converted to OH and promote the oxidation of NH3 to NO [23]. 
Meanwhile, the increase of local OH radicals also significantly intensify 
the intensity of the local combustion reactions, resulting in localized 
zones of elevated temperature and energy [44]. This behaviour strongly 
depends on geometrical features of the burner such as gap length, 

Fig. 4. The effect of plasma on the emission profiles of (a) NO, (b) NO2, (c) N2O and (d) NH3 in different rates of χpremix ranges from 0 to 25 % at ϕ = 0.8.
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premixing lengths, diameter of electrode etc. and the plasma charac
teristics such as frequency, power, voltage etc. Therefore, a detailed 
parametric study is needed to identify the key parameters that influence 
the emission profile.

In the present study, NO2 emissions vary between 10 and 20 ppm 
irrespective of the equivalence ratio and premixing ratio. The NO2 
profiles show a similar trend as that of the NO as shown in Figs. 4 (b) and 
Fig. 5 (b). This is mainly due to the production of NO2 strongly depends 
on the NO + HO2 = NO2 + OH reaction [45]. Li et al. [45] also pointed 
out that NO2 primarily accumulates in low-temperature regions. For ϕ =
0.9, NO2 emissions are reduced by 0.6–3.7 ppm with plasma activation, 
corresponding to a 2 %–25 % decrease compared to the no plasma 
condition. While for ϕ = 0.8, GAP reduces NO2 emissions by up to 5.7 
ppm (34 %) under non-premixed conditions. However, with increasing 
premixed air fraction, GAP may also lead to an increase in NO2 

emissions of up to 3 ppm (18 %). Since GAP generates thermal effects, 
which may elevate temperatures [46], this could further suppress NO2 
formation in low-temperature zones, thereby partially accounting for 
the NO2 reduction observed in GAP. Furthermore, N2O generation was 
not observed under all operating conditions, and NH3 slip were always 
below 3 ppm in Fig. 4 (c) and 4 (d) and Fig. 5 (b) and 5 (d).

3.3. Effect of plasma on the key intermediate species

To understand the effect of key species due to the impact of plasma 
on the emission characteristic, simultaneous chemiluminescence imag
ing of NH2* and OH* are captured for different χpremix as shown in Fig. 7.

For NH3 combustion, NH2* is considered as a good heat release 
marker [25,28] and OH* can give indication about the NOx production 
pathways [23]. OH, can oxidize NH2 or convert it into HNO, leading to 
an increase in NO. Meanwhile, the main NOx reduction reactions indi
cate that NH2 is a key factor in suppressing NO formation [47]. A plasma 
mask is added to the imaging process to prevent image saturation. The 
NH2* trace corresponds to the flame shape, with the highest intensity 
detected in the outer flame layer. An increase in the amount of premixed 
air monotonically attenuates the NH2* and OH* signal strengths under 
no plasma action for all the equivalence ratios. In contrast, the change in 
signal strength is not monotonically variable under plasma action. The 
plasma significantly enhances the NH2* and OH* signal strengths in all 
operating conditions, which is related to the presence of a considerable 
number of free radicals generated in the plasma ionization [48]. As 
shown in Fig. 4, the effect of plasma emission mitigation diminishes and 
begins to have a detrimental impact at a premixing ratio of 20 % for ϕ =
0.8. This may be related to the increase in NH2* and OH* shown in 
Fig. 7. The NH2* and OH* groups show a competitive relationship in NO 
production [47], while the plasma promotes NH2* production of 56.1 % 
and OH* production of 116.9 % at premixing ratio of 20 %, as it shown 
in Fig. 7(a) and (b). Plasma-induced reactions e + NH3 → e + NH2 + H 
and O(2D) + NH3 → OH + NH2 show that NH3 can be converted into the 
free radical NH2 [32]. The plasma-driven generation reactions of NH2, 

Fig. 5. The effect of plasma on the emission profiles of (a) NO, (b) NO2, (c) N2O and (d) NH3 in different rates of χpremix ranges from 0 to 25 % at ϕ = 0.9.

Fig. 6. NO reduction and NO2 reduction in different premixed air with GAP. (ϕ 
= 0.8 and 0.9, χpremix = 0–25 %).
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OH, and NH radicals are described in detail in Section 3.4. This may 
contribute to the increase of NO emission under plasma action. This 
phenomenon is attributed to the predominance of the air molecule in the 
gas mixture, leading to a relatively higher production of OH through 
HNO route [15]. This also explains the continued increase in NO emis
sions with the addition of premixed air after 20 % premixed air.

The spectral characteristics of NH3-air flame under GAP in the 
wavelength range of 300 nm–900 nm for different χpremix (0–20 %) and 
ϕ (0.8 and 0.9) are shown in Fig. 8.

As is shown in Fig. 8, the peaks occurred at 734 nm in all cases in NH2 
(α band, 2A1-2B1) [28]. The signal from NH2 (α-band, 2A1-2B1) occupies 
a dominant position throughout the visible wavelengths while showing 
a significant signal intensity [37]. And comparing the spectra with and 
without plasma, plasma can significantly enhance the intensity of this 
phase since NH3 is decomposed in the plasma [49]. Fig. 9 (a) demon
strates that NH2* experiences a 30–50 % magnitude increase at ϕ = 0.8. 

NH* exhibits more pronounced plasma-induced enhancement, 
achieving a peak intensity increase of 60 % at χpremix = 10 %. Among the 
three radicals investigated, OH* exhibits the weakest plasma-induced 
enhancement, with an intensity increase of <10 % at ϕ = 0.9 in Fig. 9 
(b). Although OH* enhancement promotes HNO formation and conse
quently elevates NO production, the net NO concentration ultimately 
decreases. This observation can be attributed to the substantially 
stronger enhancement of NH2* and NH* radicals compared to OH*. 
Notably, plasma enhancement effects diminish when the premixed air 
fraction exceeds 25 %, as increased flow rates reduce plasma residence 
time, thereby weakening both thermal and kinetic effects of plasma 
activation.

3.4. Mechanism of intermediate species generated in GAP

The main generative sensitivities of the main intermediate groups 

Fig. 7. Abel-deconvoluted OH* and NH2* chemiluminescence images and average grey value of (a) NH2*, (b) OH* in different χpremix with GAP. (ϕ = 0.8 and 0.9, 
χpremix = 0–20 %).

Fig. 8. Spectra of plasma assisted with NH3-air flames. (ϕ = 0.8 and 0.9, χpremix = 0–20 %).
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affecting NO (NH2, NH, OH) in the plasma are analysed in Fig. 10. The 
purple region is the ionized region, and the white region is the outer 
region with no electron density.

In Fig. 10, major chemical reactions to produce NH2, NH, OH in 
plasma were revealed. It can be observed that in the ionization phase, 
quenching of electronically excited O(1D), O(2D), N(2D) atoms are 
produced by electron impact dissociation [32]. They will undergo 
different dehydrogenation reactions with NH3 to produce NH and NH2. 
Among these, O(2D) + NH3=OH + NH2 presents the maximum rate of 
production. As suggested by Aravind et al. [19], the observed Lean 
Blowout (LBO) improvement likely results from plasma produced OH 
radicals that accelerate NH3 breakdown and subsequently enhance 
flame propagation velocity. Simultaneously, in the initial phase, the 
reaction rates of different chemical pathways tend to decline, mainly as 
a result of the decreasing ionization rate of NH3. When time enters the 
external phase, the electronic reaction stops, resulting in a rapid 
decrease of excited states of the nitrogen/oxygen atom, leading to a 
sudden decrease in the rate of intermediate group generation reactions, 
which eventually stabilizes at a low value. The different reaction rates 
also demonstrate that increasing the plasma residence time (5.64 ms in 
Fig. 10) dissociates with NH3 increasing the generation of intermediate 
groups. However, as mentioned by Yu et al., the current observations of 
plasma dissociates NH3 are qualitative rather than quantitative and 
more sophisticated diagnostics including electronic energy spectroscopy 
are needed to provide deeper insights [35].

The plasma assisted combustion and the sensitivity analysis of NO 
produced during combustion is shown in Fig. 11. The figure compares 
the amount of premixed air at 0 % and 10 %. The ten chemical reactions 
with the highest sensitivity of NO were selected and normalized 

separately.
Fig. 11 shows the sensitivity coefficients of NO emission for com

bustion reactions. The largest sensitivity of the production of NO is 
mainly through branched chain reactions of HNO: HNO + OH=NH2+O, 
HNO + H=NH + OH. As mentioned by Elbaz et al. [50], HNO accounts 
for 70 % of NO formation, while N contributes only 10–15 % of the total 
NO production owing to the slower rate of N atom generation. NO is 
primarily generated through the reactions of NH2, NH, and N radicals 
with O2, O, OH, and HO2, as well as via the intermediates HNO and 
H2NO. Meanwhile, NH2 and NH radicals primarily involved in NO 
reduction mainly forming N2O, finally generating N2 through reactions 
which are consumed by H atoms. NH2 and NH groups play important 
roles in both generation and consumption in NO generation reactions 
[51]. Sabia indicated that within specific temperature and oxygen 
concentration ranges, thermal DeNOx reaction NH2+NO=NNH + OH, 
NH2+NO=N2+H2O play a dominant role and significantly influences 
flame speed prediction and NOx formation [47]. Whereas these two 
consumed reactions present a greater sensitivity coefficient in the two 
plasma assisted combustion cases. Plasma can promote NO reduction 
perhaps attribute to DeNOx reactions of NH2 and NH can be promoted at 
certain temperatures and oxygen concentration ranges. Since we have 
also observed that premixed air volumes up to 25 % with ϕ = 0.8, GAP 
conversely exacerbated the NO emissions. Nevertheless, the range of 
specific temperatures and oxygen concentrations is not clearly defined, 
and GAP affects both gas temperature and gas composition, thus it re
quires further study to find the range. Among the ten most sensitive 

Fig. 9. Percentage enhancement of OH*, NH* and NH2* chemiluminescence intensity in different rates of premixed air with GAP. (a) ϕ = 0.8, (b) ϕ = 0.9. (χpremix =

0–25 %).

Fig. 10. Sensitivity analysis of intermediate species production in GAP of ϕ =
0.9, χpremix = 10 %.

Fig. 11. Sensitivity analysis of NO emission. (ϕ = 0.9, with plasma (red and 
blue), no plasma (brown)).
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reactions selected, no termolecular (three-body) reactions were 
involved, which may also reflect a limitation of the current mechanism 
and will need to be further improved in future work.

4. Conclusion

The impact of GAP on emissions from NH3–air flame combustion 
under stratified air conditions is investigated. This study represents a 
significant step toward practical plasma-assisted ammonia combustion, 
particularly in terms of NOx reduction, which contributes to the broader 
goal of decarbonization. The main conclusions summarised below. 

1. The plasma decreases the flame lift-off height of χpᵣemᵢx from 0 % to 
25 %, enhancing flame attachment to the bluff body compared to no 
plasma cases. However, as the χpᵣemᵢx up to 30 %, plasma introduc
tion increases flame instability. Elevated oxygen ionization under 
plasma further depletes local O2 concentrations, thereby reducing 
combustion rates relative to plasma-free premixed conditions.

2. The variations in OH* and NH2* chemiluminescence may elucidate 
the influence of GAP on NO formation mechanisms. Under condi
tions where GAP reduces NO emissions, the plasma consistently 
promotes higher NH2*/OH* generation ratios. The enhanced NO 
generation by plasma at ϕ = 0.8, χpᵣemᵢx = 20 % is potentially asso
ciated with the more pronounced increase in OH* (116.9 %) radicals 
relative to NH2* (56.1 %).

3. NO emission could be consumed through these pathways: NH2 + NO 
→ NNH + OH, NH2 + NO → N2 + H2O. Meanwhile, NH2 radicals, 
responsible for NO consumption, are mainly produced via these two 
reaction pathways under plasma conditions: O(2D) + NH3=OH +
NH2, N(2D) + NH3=NH + NH2.

Diagnostic approaches focusing solely on NH2* and OH* chem
iluminescence could be insufficient, as the plasma’s influence on flame 
propagation and compositional changes requires further investigation.
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