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A B S T R A C T

In this study, Direct Numerical Simulations are utilized to investigate turbulent premixed NH3/air flames assisted
by two distinct methods: non-equilibrium nanosecond plasma discharges and preheating, while maintaining
equal input energy levels for both methods. The results show that plasma is more effective than preheating in
increasing the turbulent burning velocity, namely by up to 31% under lean and by 26% in rich conditions.
Furthermore, the flame structure is less affected by turbulence when using plasma. A negative correlation be-
tween flame displacement speed and local flame curvature is observed for all cases. Furthermore, negatively
curved parts of the flame front are dominated by the reaction mode of combustion. In contrast, the positively
curved parts are controlled by flame propagation mode in both preheated and plasma-assisted cases. It is shown
that, when plasma is utilized, NO emissions are less sensitive to local heat release rate, and the amount of NO
emissions is found to be 19% lower in comparison to the preheated case.

1. Introduction

In recent years, increasingly stringent regulations have compelled
industries that burn hydrocarbon fuels to reduce their carbon footprint,
addressing pressing global warming concerns. One of the most effective
strategies for decarbonizing industries involves substituting fossil fuels
with carbon-free fuels, such as hydrogen and ammonia. The high cost of
hydrogen storage and transportation limits its practical industrial use,
especially in countries that rely on hydrogen imports. In contrast,
ammonia emerges as a promising near-term alternative due to its well-
established mass production processes and cost-effective trans-
portation methods [1,2]. Nevertheless, the relatively lower reactivity of
ammonia compared to widely used hydrocarbon fuels has posed chal-
lenges in deploying pure ammonia within conventional engines [2].

Several studies have been carried out recently to find methods to
enhance ammonia reactivity. Co-burning ammonia with highly reactive
fuels, e.g., hydrogen, [3–10] and preheating the reactants [11,12] have
proven effective in assisting ammonia combustion. Nevertheless, uti-
lizing such methods comes with drawbacks, such as the high amount of

required reactive fuels [13,14] or the need for high preheat tempera-
tures [11,12] to significantly enhance ammonia reactivity. An alterna-
tive approach involves using plasma discharges to assist ammonia
[15,16] by increasing the concentration of radicals [17], accelerating
fuel dissociation [18], and raising the temperature [19]. Recent studies
have shown that nanosecond plasma discharge (NSD) can lower the
ignition delay time of NH3/O2/He and NH3/O2/N2 mixtures [20–22].
Besides, in our previous work, we demonstrated that NSDs with pulse
energy densities, Ep, exceeding 17 mJ/cm3, can increase the flame speed
of NH3/air by an order of magnitude [22]. These high-energy discharges
affect the flame structure by generating active radicals in the preheat
zone [22,23]. Furthermore, discharging NSDs in NH3/air and NH3/H2/
air mixtures increases the extinction strain rate of the flames [23].
Plasma can also significantly alter NOx emissions of ammonia flames
[22–27]. Previous studies have shown that NSDs increase NOx emissions
for low Ep values, while high Ep values can reduce NOx emissions by
activating the DeNOx mechanisms in both preheat and post-flame zones
[23]. In the aforementioned studies, numerical simulations were con-
ducted using zero and one-dimensional configurations, which did not
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address the influence of turbulence on the characteristics of plasma-
assisted ammonia flames.

While the impact of turbulence on ammonia flames assisted by
plasma discharges remains understudied, valuable studies have been
carried out to investigate the characteristics of ammonia flames in tur-
bulent flows. Xu et al. [28] examined flame-turbulent interactions in
high Karlovitz number premixed NH3/air mixtures using large eddy
simulations in the context of the well-stirred reactor modelling. Their
findings revealed that changes in the reaction zone thickness are influ-
enced by both flame-turbulence interactions and flow history upstream
of the flame front [28]. Through direct numerical simulations, Kar-
imkashi et al. [29] analysed the effects of turbulence on NO formation
pathways in NH3/H2/air mixtures. They demonstrated limited turbu-
lence alterations in NO formation pathways, with curvature playing a
role due to the preferential diffusion of H2 [29]. Netzer et al. [30] re-
ported a similar behaviour in laminar NH3/H2/air flames, highlighting
that the concentration of H radical is high in the positively curved flames
(centre of curvature on the fresh mixture side), while it is low in nega-
tively curved flames (centre of curvature on the burned side of the
flame). Wiseman et al. [13] conducted direct numerical simulations
(DNS) on temporally evolving turbulent planar NH3/H2/air jet flames,
demonstrating that adding hydrogen to NH3/air flames prevents
extinction due to rapid hydrogen diffusion into the preheat layer.

The main objective of this paper is to compare, for the first time, the
effects of plasma and preheating on lean and rich NH3/air flames in a
non-decaying turbulent flow using direct numerical simulation. This
paper is structured as follows: Section 2 outlines the numerical method
and setup, and the obtained results are presented in Section 3, followed
by the conclusions in Section 4.

2. Numerical method and setup

2.1. Numerical method

Simulations were performed using an in-house DNS code developed
within the OpenFOAM platform [31]. This code solves the conservations
of mass, momentum, and energy equations for multispecies and chem-
ically reactive gaseous phases [32–37]. The updated version of the code
utilized in this study incorporates the artificial forcing method intro-
duced by Bassenne et al. [38] within the momentum equation, Eq. (1), to
maintain the turbulent kinetic energy, hence, non-decaying turbulence.

∂ρ u→

∂t
+∇•(ρ u→ u→)= − ∇p+∇μ

(

∇ u→+(∇ u→)
T
−

2
3

I∇ u→
)

+ρA
(

u→− u→Ave

)

(1)

where, ρ is the density, u→ is the velocity vector, p is the pressure, μ is
viscosity, A is the forcing coefficient, and u→Ave is the averaged value of
the velocity vector in the computational domain. Here, the forcing co-
efficient was defined as below,

A =
ε(t) − G[k(t) − k∞ ]/tl,∞

2k(t)
(2)

where, ε is the turbulent dissipation, k is the averaged value of the ki-
netic energy in the computational domain, k∞ is the target value of the
kinetic energy, and tl,∞/G is the time constant, which is on the order of
the numerical time step size.

Ludwig-Soret effects were included in the calculation of diffusion
velocity. To determine transport properties, including individual diffu-
sion coefficients for each species, we utilized the logarithm polynomial
fitting method with the third-order polynomial fits [39]. Using this
polynomial consistently yielded fitting errors of less than one percent.
Viscosity was computed using the semi-empirical Wilke formula [40],
and thermal conductivity was determined by accounting for the differ-
ential diffusion effects. In terms of numerical discretization, this study

employed a second-order implicit method for time derivatives, while
second-order central difference schemes with fourth-order in-
terpolations were used to discretize the convection and diffusion terms.

The plasma modelling in this study was based on the scale separation
assumption, where the time scales of non-equilibrium electron-impact
reactions are significantly different from thermal reactions by orders of
magnitude. This separation allows for the efficient computation of
chemical reactions, thus reducing computational cost. Previous studies
have shown that discharging plasma upstream of a premixed flame is
more effective than placing it within the flame or in post-flame zones
[41]. On this basis, the modelling of plasma cases was divided into two
phases. First, the fresh mixture, stimulated with NSDs, was modelled in a
constant-volume reactor while considering both thermal and plasma
kinetics. This was achieved by coupling the open-source Boltzmann
equation solver, ZDPlaskin [42], with Cantera codes [43]. ZDPlaskin
handled the chemical reactions during plasma discharges, while Cantera
dealt with the subsequent thermal phase. During this initial phase, the
mutual interactions between turbulence and plasma chemistry were
neglected because the time scales of electron impact reactions and tur-
bulence differed by several orders of magnitude. The time scale of the
small-scale turbulence structures ranged from 0.1-0.15 ms, whereas
electron impact reaction occurred on the nanosecond scale. Here,
plasma pulses were represented as square-shaped waves, and each pulse
was accurately resolved using adaptive time refinement to account for
both electron-impact and chemical reactions. We had extensively vali-
dated this methodology in our previous studies on plasma-assisted
ammonia and ammonia/hydrogen combustion [22,23]. Following the
simulation of the plasma phase for the entire duration of plasma dis-
charges, the resulting mixture was used to uniformly initialize the “fresh
reactants” on the sides of the computational domain used for CFD sim-
ulations, shown in Fig. 3 (b). Considering the scale separation assump-
tion, the plasma kinetics were not included in the CFD simulations.

The thermal kinetics of ammonia in air were simulated using the
mechanisms established by Han et al. [44] which comprises 35 species
and 177 elementary reactions. Our previous studies showed that this
mechanism is an accurate and computationally efficient mechanism for
predicting the characteristics of ammonia combustion [22,23]. Addi-
tionally, for modelling the plasma kinetics, we utilized a mechanism
developed in our previous study [23]. This mechanism combines the one
presented by Faingold et al. for NH3/O2/He [18] with the plasma re-
actions for N2 and H2 derived from the investigations conducted by
Zhong et al. [45] and Mao et al. [46], respectively. Moreover, cross-
sections data was obtained from the LXCat database [47] to account
for electron-species collisions.

The utilised DNS code has been validated extensively in premixed
combustion for different mixtures, namely NH3/CH4/air, n-heptane/air,
and ethanol/air [34–37,48,49]. However, to further show the accuracy
of the code in pure ammonia combustion, a one-dimensional freely
propagating laminar flame was simulated, and the results are compared
with those obtained with Cantera while keeping the grid size identical in
the simulations. Fig. 1 shows the schematic view of the numerical setup.
Zirwes et al. used a similar configuration to validate EBIdnsFoam code,
the other well-validated DNS solver developed for reacting flows within
the OpenFOAM platform [50]. Here, the fresh lean NH3/air mixture at
the equivalence ratio of 0.8 enters the domain from the inlet boundary
condition. The inlet mixture velocity was fixed at the laminar flame

Fig. 1. Computational domain used for one-dimensional freely propagating
flame simulations.
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speed of the mixture, and the inlet mixture temperature was set at 300 K.
Furthermore, the mass fractions of reactants, including NH3, O2, and N2,
were fixed at the inlet. Additionally, the zero-gradient boundary con-
dition was used for all other variables. For the outlet, the pressure was
fixed at 101325 Pa, and the zero-gradient boundary condition was used
for all other variables.

Fig. 2 shows the spatial variations of temperature, heat release rate,
and mass fractions of major and some key minor species. Here, the
spatial location involves an offset to keep the location at which the
maximum heat is released, i.e., XMax HRR, at the origin. The results show
that the code well reproduces the key chemical features of the laminar
ammonia flame.

2.2. Numerical setup

The initial conditions for the simulations included a mixture tem-
perature of 298 K and a pressure of 1.0 atm. Equivalence ratios of 0.8
and 1.2 were specifically chosen to assess the influence of equivalence
ratio on plasma-assisted and preheated ammonia flames. The mole
fraction of oxygen in the oxidizers was set to 0.21. The choice of plasma
type and settings was based on the configuration of plasma generators
commonly used in the literature [51,52]. Non-equilibrium nanosecond
plasma has a well-documented track record for being highly effective in
assisting combustion [17,18]. In plasma-assisted flames, we discharged
100 ns plasma pulses with a pulse repetition frequency, PRF, of 50 kHz, a
reduced electric field, E/N, of 350 Td, and Ep = 5 mJ/cm3. The width of
each pulse was adapted to achieve the specified Ep. Our previous studies
have demonstrated the efficacy of these plasma settings in plasma-
assisted NH3/air combustion [22].

To compare the impact of plasma and preheating on ammonia
combustion, we extended our simulations to include preheated NH3/air
mixtures. In this scenario, the initial mixture temperature was set to
678.2 K for the lean mixture and 669.2 K for the rich mixture. These
temperatures correspond to a molar thermodynamic preheating energy
of 12.2 kJ/mol, matching the total discharged energy utilized in the
plasma cases.

The three-dimensional computational domain, as shown in Fig. 3(a),
has dimensions of 19.8 × 10 × 10 mm3 in the x, y, and z directions,
respectively. This configuration was selected to make sure that the
computational domain in the x-direction is at least an order of magni-
tude larger than the thickness of the selected flames. The aspect ratios of
the computational domain length in the x direction compared to the y
and z directions fall within the range commonly used in previous DNS
studies [51–55]. The computational domain was initially divided into
burned gases at the centre, surrounded by fresh reactants, as shown in
Fig. 3(b). Using this configuration, two flame fronts propagate in the
fresh reactant. Fig. 3(b) shows these flame fronts by using the iso-lines of
c = c*, where c is the progress variable defined below,

c =
YH2O

YH2O,eq
(3)

where,YH2O and YH2O,eq represent the mass fractions of the H2O molecule
and its’ corresponding value at the equilibrium condition, and c* is the
progress variable at which heat release reaches its maximum value.
Fig. 3(b) also shows the spatial distributions of the temperature and heat
release rate at a cross-section of the computational domain.

A similar configuration was used previously by Jangi et al. [56] to
study auto-ignition and flame propagation in H2/air mixtures. Here, the
composition and thermodynamic state of the “burned” gases at the do-
main’s centre were determined through one-dimensional simulations of
freely propagating unassisted laminar NH3/air flames under the condi-
tions of 298 K and 1.0 atm. As shown in Fig. 3(b), periodic boundary
conditions were applied to all boundaries of the computational domain
consistent with flame propagation in a constant volume chamber. To
introduce turbulence, we employed the Passot-Pouquet method [57] to
generate homogenous isotropic turbulence with velocity fluctuations, uʹ,
of 5.5 m/s at the initial condition. Here, the Kolmogorov length scale, η,
calculated by using [58]

η = Re− 0.75
t lt (4)

where lt is the integral length scale defined below,

Ret =
uʹlt
SLδL

(5)

where Ret is the turbulent Reynolds number, which was set to 118. The
laminar flame speed, SL, and the laminar flame thickness, δ, are obtained
through one-dimensional simulations of freely propagating flames.
Further details of the computational parameters, including the Kolmo-
gorov length scale as well as the Karlovitz and Damköhler numbers for
the investigated cases, are presented in Table 1. Furthermore, the
selected cases are shown in the Peters-Borghi diagram in Fig. 4. The
selected turbulent level falls within the range typically observed in in-
ternal combustion engines [59] and aligns with those used in previous
studies on turbulent premixed ammonia/air flames [28]. From the data
in Table 1, unassisted ammonia flames exhibit significantly different
Karlovitz (Ka) and Damköhler (Da) numbers compared to pre-heated or
plasma-assisted flames. This is typical characteristic of ammonia flames
as reported in previous studies, e.g., the reported Ka number in reference
[28] ranges from 240 to 3000, and is due to their much lower flame
speed and considerably greater flame thickness. Consequently, under a
given turbulent condition, they typically display an order of magnitude
difference in Ka and Da numbers relative to their assisted counterparts
or typical hydrocarbon fuels. The peak wavenumber was selected to
ensure that at least five integral length scales were present within each
direction. Fig. 3(a) depicts the spatial distribution of velocity magnitude
at a cross-section of the computational domain.

The computational domain was discretized using Cartesian grids,

Fig. 2. Spatial profiles of (a) major species and temperature, and (b) minor species and heat release rate predicted by the DNS code (Solid black-line) and Cantera
(red dash-line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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employing a uniform grid spacing of 50 μm. With this grid resolution,
the thermal flame thickness was resolved with at least 17 grids, while
the Kolmogorov length scale was resolved precisely. The utilized grid
resolution aligns with the typical ranges used in the literature for DNS of
premixed flames [13,60–63].

3. Results and discussions

3.1. Bulk flame features

Fig. 5(a) and (b) show the time history of the turbulent burning ve-
locity, ST, and the flame surface area, AT, for the investigated cases. In
these figures, ST and AT are non-dimensionalised by the SL, the laminar
flame speed, and A0, the computational domain cross-section

area:4.5δ0 × 4.5δ0, respectively. Here, ST and AT were calculated as
follows,

ST =
1

ρuA0

∫

ω̇cdV (6)

AT =

∫

|∇c|dV (7)

where, ρu is the density of the unburned gases, ω̇c is the reaction rate of
progress variable, and V is the volume of the computational domain.

Fig. 5(a) shows that ST of plasma cases (PAL and PAR) assumes
greater values than that of the preheated cases (PRL and PRR) consis-
tently throughout the simulation. In contrast, those of the unassisted
flames (UAL and UAR) decrease after approximately 1 ms from the start
of the simulation, indicating a global flame extinction of the unassisted
flames. The results reveal that plasma increases the turbulent flame
speed of the selected mixtures, achieving at least 31 % higher ST/SL in
the lean mixture and 26 % higher ST/SL in the rich mixture when
compared to the preheated cases. Meanwhile, Fig. 5(b) shows that the
flame surface areas of the unassisted cases are initially quite substantial
but monotonically decrease until they eventually extinguish, which can
be due to the significant temperature difference between the burned and
unburned gases in unassisted flames established at the initial conditions.
Comparing the preheated and plasma cases shows that AT of the pre-
heated cases consistently remains higher than that of the plasma cases.

3.2. Microscopic flame features

In this section, we compare the behaviour of plasma and preheated
flames at the microscopic level. Comparing the characteristics of the
preheated and plasma-assisted flames presented in Fig. 5, it can be found
that the relative differences in flame characteristics between preheated
and plasma-assisted flames are nearly constant for time > 1 ms. For
instance, the ratio of the non-dimensionalised turbulent burning veloc-
ity in plasma-assisted lean flame to that of the preheated lean flame, i.e.,
(ST/SL)PAL/(ST/SL)PRL, is in the range of 1.303–1.31 at 1 < time < 2 ms.
Therefore, the results presented in this section are obtained at a single
time instant, i.e., time = 1.8 ms, after which unassisted flames are
extinguished.

Fig. 6(a) and (b) show distributions of the conditional mean values of
heat release rate as a function of the progress variable for lean and rich
mixtures, respectively. Additionally, profiles of heat release rate for
laminar cases are provided in Fig. 6(a) and (b) for the reference, which
were obtained through one-dimensional simulations of freely propa-
gating flames using Cantera. It can be seen that in laminar flames, both
preheating and NSDs significantly increase the heat release rate, espe-
cially in the case of preheating, with factors of 5.2 and 4 for lean and rich
mixtures, respectively. In comparison, the utilization of plasma raises
the heat release rate by factors of 3.2 and 2.4 for lean and rich mixtures,
respectively. These enhancements coincide with a shift of the maximum
heat release rate toward the lower progress values compared to the
unassisted flames. Fig. 6(a) and (b) show that the introduction of

Fig. 3. (a) Computational domain and spatial distribution of the velocity magnitude at a cross-section of the computational domain and (b) spatial distributions of
temperature (left) and heat release rate (right) alongside the flame fronts shown by iso-lines of c = c*.

Table 1
Key parameters of the unassisted lean (UAL), unassisted rich (UAR), preheated
lean (PRL), preheated rich (PRR), plasma-assisted lean (PAL), plasma-assisted
rich (PAR) cases; φ is the equivalence ratio, Tin is the initial mixture tempera-
ture, N is the number of NSD, SL is the laminar flame speed, δ is the flame
thickness, η is the Kolmogorov length scale, Ka is the Karlovitz number, and Da is
the Damköhler number.

Properties UAL UAR PRL PRR PAL PAR

φ 0.8 1.2 0.8 1.2 0.8 1.2
Tin [K] 300 300 678.2 669.2 300 300
N 0 0 0 0 100 100
SL [cm/s] 5.0 8.0 38.3 43.4 34.2 43.4
δ [mm] 2.2 1.8 0.9 1.0 1.1 1.1
η[mm] 0.065 0.086 0.203 0.249 0.225 0.286
Ka 1131.9 440.6 19.0 14.8 23.8 14.8
Da 0.0096 0.0247 0.571 0.733 0.456 0.733

Fig. 4. Simulated cases in the turbulent premixed regime diagram.
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turbulence leads to a deterioration in the heat release rate in both lean
and rich cases, aligning with findings previously reported by Ichimura
et al. [64] concerning strained NH3/air flames. The results show that
such deteriorations are dramatically higher in the preheated flames
compared to the plasma-assisted ones, which indicates that using plasma
recoups part of the heat release reduced by turbulence. This observation
underscores the role of radical pools generated by NSDs in enhancing
thermal reactions, as demonstrated in our previous work [23]. These
radicals appear to compensate for the disruptive effects of turbulence in
transporting heat away from the reaction zone. To further investigate
the effects of plasma and preheating on the ammonia flame front, ana-
lyses were conducted at c = c*.

Fig. 7 displays the iso-surface of c* for PRL (Fig. 7(a)), PRR (Fig. 7
(b)), PAL (Fig. 7(c)), and PAR (Fig. 7(d)) cases, coloured by the flame
displacement speed, Sd (Fig. 7(I)), the curvature, κ, (Fig. 7(II)), YH,
(Fig. 7(III)), and combustion index, IND, (Fig. 7(IV)), with Sd, κ, and IND
defined as follows:

κ = ∇ • n→ (8)

Sd = Sr + Sn + St (9)

IND =
|Dc|

Rc
−
|Ac|

Rc
(10)

In these equations, n→ is the flame normal vector, pointing toward the
unburned gases, and Dc, Ac, and Rc denote the diffusion, advection, and
reaction source terms of the reaction progress variable transport equa-
tion. Moreover, Sr, Sn, and St are the contributions of the reaction,
normal diffusion, and tangential diffusion in Sd, respectively, calculated
as follows [60,65,66].

n = −
∇c
|∇c|

(11)

Sr =
ω̇c

ρ|∇c|
(12)

Sn = −
1

ρ|∇c|
n • ∇(ρD|∇c| ) (13)

St = − Dκ (14)

Although only the flame propagation modes are predominantly ob-
tained in conventional premixed flames, the presence of radicals in the
plasma-assisted flames or mixture activation due to temperature aug-
mentations by preheating can give rise to the possibility of reaction-
dominant events. Here, the combustion index is utilised to distinguish
the flame propagation mode from the reaction dominant mode. In this
context, the latter is deemed to occur when the advection of the progress
variable significantly exceeds its diffusion, i.e., IND ≈ − 1. To enhance
the readability of Fig. 7(IV), the IND contour is plotted with a range
between − 1 and 1 by setting the contour’s minimum and maximum
values to − 1 and 1, respectively. The results demonstrate that when
compared to plasma cases, the preheated flame experiences severe local
extinctions. Additionally, Sd assumes relatively high values for κ < 0. We
calculated the cross-correlation coefficient between Sd and κ on c = c*
for the selected cases. The results show that the correlation coefficient, i.
e., cc(Sd, κ), is smaller than − 0.4 for all cases, indicating that Sd nega-
tively correlates with κ in all cases. Analyses not presented here show
that increases in Sd for κ < 0 are accompanied by a noticeable drop in the
reaction rate of the fuel in the negatively curved parts of the flame,
matching Zirwes et al.’s numerical results on H2/air flames [67].

Importantly, Fig. 7(II) and (III) show that YH is approximately

Fig. 5. Time history of non-dimensionalised (a) turbulent burning velocity and (b) flame surface area for unassisted, preheated, and plasma-assisted flames.

Fig. 6. Dependency of the conditional mean of heat release rate on progress variable for (a) lean and (b) rich mixtures.
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negatively correlated with κ. This observation is not in line with the
findings of Netzer et al. [30] for laminar flames, where they reported
that high YH was consistently associated with the positively curved part
of the flame, and low YH was found in the negatively curved part of the
flame. Fig. 7(IV) reveals the underlying mechanism behind the dis-
crepancies between the present results and those reported by Netzer et
al. [30]. It shows that there are several reaction-dominant events in the
negatively curved parts of the flame, i.e., when κ < 0. These events

locally increase YH and Sd. This phenomenon is further supported by
considering Fig. 8, which provides a closer view of a typical section of
the highly negatively curved region of the reaction front, marked a
“CN”. This region displays a notably large concentration of HO2 radical,
confirming the occurrence of substantial reaction dominant events in the
negatively curved parts of the flame front.

Fig. 9 illustrates the displacement speed and its components,
conditioned on c = c* and non-dimensionalised by SL, as functions of the
curvature for the investigated cases. Results show a consistent pattern
across all cases: the reaction and normal diffusion terms nonlinearly
depend on the curvature, and the tangential diffusion term negatively
correlates with the flame curvature. Considering the noticeable contri-
bution of St* in Sd*, the dependency on the flame curvature is conveyed
to the Sd*. This is in line with the calculated cc(Sd, κ) and the results
presented in Fig. 7. These trends are also similar to the previously re-
ported results for hydrocarbon/air flames [68–72]. Echekki and Chen
suggested that the effects of curvature on the displacement speed at
negative curvature would be due to differential diffusion [68]. By
contrast, Chakraborty and co-workers reported a similar trend even in
the absence of detailed chemistry, highlighting its significant reliance on
fluid dynamic effects [73,74]. Here, we further investigate the effects of
detailed chemistry and reaction dominant mode on the correlation be-
tween the flame displacement speed and curvature. To such an aim, the
scattered data points in Fig. 9 are colour-coded based on the IND value
using binary red colour for IND > 0 and blue for IND < 0. In Fig. 9, the
black lines show the conditional mean data. In all cases, it is consistently
observed that reaction-dominant events predominantly occur in the
negatively curved parts of the flame front. Therefore, negatively curved
parts of the flame are controlled by the reaction mode of the combustion,
which raises the flame displacement speed. On the other hand, the
positively curved parts of the flames are dominated by the flame

Fig. 7. Premixed flame fronts in (a) PRL, (b) PRR, (c) PAL, and (d) PAR cases coloured with (I) Sd, (II) κ, (III) YH, and (IV) IND.

Fig. 8. Spatial distribution of YHO2 (blue to red colours represent minimum to
maximum values of YHO2) and flame front coloured by IND for (a) PRL, (b) PRR,
(c) PAL, and (d) PAR cases. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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propagation mode. The results reveal that the flame displacement speed
is almost identical in preheated and plasma-assisted flames. Neverthe-
less, the turbulent burning velocity plotted in Fig. 5 is considerably
higher in plasma-assisted flame compared to the preheated case.

Using Fig. 9(I), the Markstein number [75] is calculated for the
selected cases considering the conditional flame displacement speed.
Here, only flame location at which IND > 0 is considered in the calcu-
lations, corresponding to flame propagation mode. The results show that
the Markstein number is 0.14 and 0.17 in lean and rich cases,
respectively.

To further evaluate the effects of plasma and preheating on the flame
structure, 1/<|∇c|*> is plotted as a function of the progress variable in

Fig. 10. This quantity can be taken to signify the local flame thickness
[72]. The results show that 1/<|∇c|*> is higher in plasma-assisted
flames than in preheated cases for all curvature values, independent of
the equivalence ratio. This is in line with the trend observed for laminar
flames, as can be found in Table 1.

Examining the influence of plasma and preheating on NOx emissions
in a lean ammonia flame holds significance in both practical applica-
tions and fundamental research. This is primarily due to the prevalent
formation of NOx in ammonia flames when operating under lean con-
ditions. Fig. 11 shows spatial distributions of the mass fraction of NO and
heat release rate in PRL and PAL cases. The results show that the mass
fraction of NO is comparatively higher in the preheated case when

Fig. 9. (I) Conditional displacement speed and its components, including (II) reaction, (III) normal diffusion, and (IV) tangential diffusion, non-dimensionalised by
the laminar flame speed as a function of curvature at c = c* for (a) φ = 0.8 and (b) φ = 1.2.
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compared to the plasma case. To quantify this difference, we have
computed the volume-integrated NO net production rate per unit heat
release, pNO, across the entire computational domain using the following
equation.

pNO =

∫
ω̇NOdV

∫
HRRdV

(15)

where ω̇NO is the net production rate of NO. Then, the averaged value of
pNO was calculated over 1 ms of the simulations. The results show that
NO production rates in PRL and PAL flames are 2213 and 1856 mg/MJ,
respectively. This highlights the superior performance of discharging
plasma over preheating when it comes to NOx emissions. It is known
that fuel NOx is the dominant pathway of NO formation in ammonia
flames [30]. However, to the best of the authors’ knowledge, there is no
data available in the literature depicting the effects of plasma discharges
on NOx pathways in turbulent ammonia flames. The results presented in
Fig. 11 fill this gap by showing that the spatial distribution of the mass
fraction of NO weakly correlates with regions accompanied by high heat
release rates in both cases. To quantitatively assess the dependency of
NO emissions on the heat release rate, the cross-correlation coefficient
between the mass fraction of NO and the heat release rate is calculated in

these cases. It is found that the cross-correlation coefficient is 0.3216
and 0.0592 for the PRL and PAL cases, respectively. These values suggest
that preheating the mixture instead of discharging plasma amplifies the
formation of thermal NOx.

Fig. 12 shows the pathways of NO production and consumption in
PRL and PAL flames. It is known that NO formation is a post-flame
phenomenon with relatively larger time scales compared to turbulence
and flame time scales. Considering these properties, the results pre-
sented in Fig. 12 were obtained where the mass fraction of NO reaches
its maximum value in each case. It can be found that the pathways are
remarkably similar between these two cases. However, there are sig-
nificant differences in the production and consumption rates, with the
PAL case exhibiting lower rates compared to the PRL flame. Importantly,
it is worth noting that the average temperature at the location where the
NO mass fraction peaks is only 3 % higher in the PRL case, while the
mass fraction of NO in this case is 19 % higher than that in the PAL
flame.

Analysing the mixture properties during the plasma discharges re-
veals that NSDs dissociate 15 % of NH3 by volume. During this process,
only 506 ppm NO is produced, accounting for 4.5 % of the total NO in
the PAL case. This implies that a portion of the fuel that would result in
high levels of NO emissions around the flame is instead dissociated by
plasma, leading to relatively low NO emissions. Fig. 13 displays the
pathways of NO during 100 NSDs. A comparison between Figs. 12 and
13 reveals that NO is primarily produced by NO2 + H → OH + NO near
the flame, while HNO + H → NO + H2 is the main reaction producing
NO during the plasma discharges. In both cases, H plays a pivotal role in
NO formation pathways. This radical is produced by two orders of
magnitude more near the flame front, resulting in more NO compared to
those generated during the plasma discharges.

4. Conclusions

In this paper, three-dimensional direct numerical simulations were
carried out to assess the impact of nanosecond plasma and preheating on
lean and rich premixed NH3/air flames in the thin-reaction-zone regime.
This is a crucial investigation to quantitatively determine the mecha-
nism of plasma in enhancing flame characteristics of premixed
ammonia/air mixtures in applications such as gas turbines or internal
combustion engines for the decarbonisation of power production,
compared to the more conventional approach, such as preheating. The
main findings are listed as follows:

• The displacement speed negatively correlates with the flame curva-
ture in both preheated and plasma-assisted flames.

• The reaction dominant events play a role in raising the H radical and
local flame displacement speed in the negatively curved parts of the
flame.

Fig. 10. Conditional mean of 1/<|∇c |*> as a function of curvature at c = c*
for PRL, PAL, PRR, and PAR cases using data sets with IND > 0.

Fig. 11. Spatial distributions of the mass fraction of NO and heat release rate in
(a) preheated and (b) plasma-assisted cases.

Fig. 12. Rates of production and consumption of NO in [kmol m− 3 s− 1] when
the mole fraction of NO is at the maximum value in preheated (black) and
plasma-assisted (red) cases. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

M. Shahsavari et al. Fuel 381 (2025) 133645 

8 



• Positively curved parts of the flames are dominated by the flame
propagation mode.

• Discharging plasma is more effective than preheating in increasing
the turbulent burning velocity of ammonia/air for a given input
energy.

• The plasma-assisted flame yields 19 % lower NO compared to the
preheated flame. This is attributed to the dissociation of a portion of
the fuel via plasma discharges that would otherwise lead to high
levels of NO emissions near the flame.
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