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This work computationally studies plasma assisted low temperature NHg/air ignition and NO, formation in a
repetitively-pulsed nanosecond discharge at atmospheric pressure by using an experimentally-validated plasma-
combustion kinetic model. The results show that plasma discharge significantly enhances low temperature NHs
ignition. Compared with thermal ignition, the ignition delay time is shortened by 2-5 orders of magnitude due to
the kinetic enhancement of excited species and radicals. The radicals (NHy, NH, H and O) produced through
electron impact dissociation and quenching of electronically excited Ny*, O(!D) and N(?D) promote OH pro-
duction and further accelerate NH3 oxidation. The results show that there exists a non-monotonic dependence of
ignition delay time on the reduced electric field strength. The optimum ignition enhancement is achieved at 250
Td at which the production of electronically excited species and radicals is most efficient. The vibrationally
excited species produced at lower electric fields (<100 Td) are less effective in enhancing ignition because they
only induce gas heating through the fast vibrational-translational relaxation by NH3 and H2O. At a higher electric
field, although the efficient production of NHy, NH, H, O and OH by plasma creates new low temperature re-
action pathways in enhancing low temperature NH3 ignition, the ignition is inhibited through NH + NO = N,O
+ H and chain-termination reaction NHy + HO2 = NH3 + Oq. The ignition delay times at different equivalence
ratios show that the ignition enhancement by plasma is more effective at fuel-lean conditions due to the faster
generation of Ny(B), 0('D) and O from air, leading to accelerated NH3 oxidation via o('D) + NH3 — NH; + OH,
NH3 + O = NH; + OH and NH; + O = NH + OH. The sensitivity analysis shows that the reactions involving O
and O('D) production are more effective on NH3 ignition enhancement than the fuel dissociation by electrons.
Moreover, the ignition is also enhanced by NO, formation in plasma via reactions NHz + NO = NNH + OH and
NO + HO; = NO3 + OH. This work advances the understanding of non-equilibrium excitation and NO, formation
by plasma discharge on low temperature NH3 ignition.

method towards carbon-neutral future.
However, the NH3 combustion still faces many challenges [1,2]. For

1. Introduction

To address the key challenges for carbon neutrality, such as energy
sustainability, energy security, and climate change, renewable fuels play
an increasingly important role in recent years. As one of the promising
renewable fuels and a hydrogen carrier, ammonia (NH3) draws great
attention [1,2]. NHj3 is identified as zero-carbon and sustainable alter-
native to conventional hydrocarbon fuels. Compared with hydrogen,
NHj3 has the advantages of higher volumetric energy density and lower
cost per unit stored energy for safe storage and transportation [1,2]. It
can be applied to internal combustion engines (ICE) [3], gas turbines [4]
and propulsion systems [5]. The utilization of NH3 provides a new
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example, NH3 has poor combustion properties such as low specific en-
ergy, slow laminar burning velocity, and narrow flammability range. In
addition, NHs combustion has high NO, emissions. These critical
problems need to be solved by developing efficient NH3 combustion
technologies.

In the past decades, non-equilibrium plasma has shown remarkable
advantages in enhancing ignition, extending flammability, accelerating
low temperature oxidation, and reducing emissions [6-12]. Volumetric
production of chemically active species, fuel fragments and gas heating
in a plasma discharge can modify conventional combustion pathways
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and accelerate fuel oxidation via kinetic, thermal and transport
enhancement pathways [6,7]. Therefore, plasma assisted combustion
provides a new method for the application of NH3 in combustion.
Several works [13-21] have discussed the effects of non-equilibrium
plasma on NH3 combustion both by experimental [13-16] and numer-
ical approaches [17-21]. The effects of non-equilibrium plasma on
NHgs/air combustion have been studied experimentally in swirl flames
[13-16]. The results showed that plasma simultaneously extended the
lean blowoff limits of NH3 flames [13-16] and reduced NO, emission
[13,16]. To understand the kinetic enhancement by plasma, numerical
modeling has been conducted in plasma assisted NH3 combustion
[17-21]. Faingold et al. [18] and Taneja et al. [20] investigated the
ignition characteristics of NH3 mixtures in a nanosecond repetitively
pulsed discharge. Shahsavari et al. [21] studied the effects of plasma
pulse and mixture properties on NH3 combustion. The results showed
that the excited species and radicals generated by plasma significantly
extended NHj ignition limits. These studies advanced the understanding
of kinetic enhancement by plasma discharge on NHs combustion.
However, due to the lack of validated plasma assisted NH3/O/Ny
combustion kinetic model, the plasma reaction pathways on ignition
enhancement at low temperatures are still not-well understood. Some of
the results are even contradictory. For example, Taneja et al. [20]
studied that the vibrational-translational (VT) relaxation of vibration-
ally excited NH3(v = 2) increased the mixture reactivity at a moderate
reduced electric field E/N (electric field strength/gas number density) of
150 Td. This resulted in shorter ignition delay time compared with the
condition at 550 Td. However, the results by Shahsavari et al. [21] were
completely opposite which the shorter ignition delay time was achieved
at 550 Td. Meanwhile, the dissociation of NH3 by electronically excited
No* and N(?D) was not considered in these works. Therefore, many open
questions such as the roles of vibrationally excited species, electronically
excited species, and the effects of NO, formation on NHj ignition
remain.

Recently, Zhong et al. [22] developed a NH3/O03/Ny
plasma-combustion kinetic model based on in-situ laser diagnostics.
Important species including NH3, NO, NO,, N2O, H,0O and OH were
measured and the non-equilibrium N>O/NO, chemistry in plasma
assisted low temperature NH3 oxidation was studied and validated. This
provides an opportunity to further study the plasma assisted low tem-
perature NHs ignition by numerical modeling wusing the
experimentally-validated kinetic model. Motivated by the discussion
above, in this work, the ignition enhancement of NHs/air in a
repetitively-pulsed nanosecond discharge (NSD) is studied. First, the
effects of non-equilibrium excitation at different reduced electric fields
on low temperature NH3 ignition are studied. Then, the key species and
reaction pathways on ignition enhancement are investigated. After that,
the ignition by non-equilibrium plasma at different equivalence ratios is
studied. Finally, the effects of NO, formation on ignition enhancement
are further discussed.

2. Numerical methods and model validation
2.1. Numerical method and kinetic model

The numerical modeling for the time evolutions of species densities
and temperature in a plasma assisted NHs/air ignition system is con-
ducted by an integrated zero-dimensional (0-D) hybrid ZDPlasKin-
CHEMKIN model [23-25]. The model incorporates the plasma kinetics
solver ZDPlasKin [26] and the combustion kinetics solver CHEMKIN II
[27] by a time-splitting scheme. The electron impact reaction rate
constants and transport parameters are solved by the Boltzmann equa-
tion solver BOLSIG+ [28] incorporated in ZDPlasKin. The detailed
governing equations and validations of hybrid ZDPlasKin-CHEMKIN
model have been described in detail in previous studies [23,24].

An experimentally validated plasma-combustion kinetic model of
NH3/02/N3 [22] recently developed at Princeton is used in this work.
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The kinetic model incorporates a plasma kinetic sub-model and a com-
bustion kinetic sub-model. There are 77 species in the kinetic model,
894 reactions in the plasma kinetic sub-model and 230 reactions in the
combustion kinetic sub-model. The vibrationally excited species NH3(v
=2)(0.118 eV), NH3(v = 4) (0.202 eV), NH3(v = 1,3) (0.42 eV), Os(v =
1)-02(v = 4) (0.193-0.772 eV), Na(v = 1)-No(v = 8) (0.29-2.35 eV);
electronically excited species Oz(alAg), Oz(bIZQ), 0,*, 0('D), 0('S),
No* (N5(A), No(B), Na(a'), No(C)), N(?D); ions NHT, NH3, NHF, NHZ,
NoH', 03, 01, N3, N4, H3, Hf, H,0", H30%, O™, O3, O3, OH"; and
electrons are included in the kinetic model. The rotationally excited
species Oz (rot) and Ny(rot) are considered to provide gas heating by fast
rotational-translational (RT) relaxation within 0.5 ns [8]. The plasma
sub-model incorporates the reactions of electron impact vibrational and
electronic excitation, dissociation, ionization and attachment, and
electron detachment, as well as quenching of vibrationally and elec-
tronically excited species, charge exchange, ion-ion and electron-ion
recombination. The VT relaxation, vibrational-vibrational (VV) ex-
change and chemical reactions by vibrationally excited species are
included. The electron impact cross section data are obtained from the
online database LXCat [29]. The cross sections data of NH3 are originally
from the Hayashi database [30]. The cross sections of Oy, No and HyO
come from the Biagi [31], Phelps [32] and Morgan [33] database,
respectively. The reactions between electron and intermediate species
are not considered due to their low concentrations. For the combustion
sub-model, a detailed NH3/05/N5 combustion model from Thorsen et al.
[34] with an O3 sub-model [35] is used. The reaction rate constants with
large uncertainties at low temperatures are updated based on the
experimental data, which can be found in [22] and the supplementary
materials.

2.2. Model validation

To validate the NH3/O,/N; plasma-combustion kinetic model, a
plasma assisted low temperature NH3 oxidation experiment is conducted
at room temperature and 30 Torr. The schematic of the experimental
setup is shown and discussed in detail in [22,36,37]. A
repetitively-pulsed nanosecond discharge is applied to a plane-to-plane
dielectric barrier discharge (DBD) for plasma generation. The species
(NHs, NO, NO,, N2O, H30 and OH) and temperature measurements are
conducted by the in-situ mid-IR tunable diode laser absorption spec-
troscopy (TDLAS) [38,39].

Fig. 1 shows the comparison of H,O, N3O and NO concentrations
between experimental measurements and model predictions in a fuel
rich 0.110 NH3/0.055 05/0.835 N3 (¢ = 1.5) mixture with a continuous
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Fig. 1. Comparison of species concentrations between experimental measure-
ments and model predictions in a 0.110 NH3/0.055 0,/0.835 N5 mixture with a
continuous discharge at 100-2000 Hz.
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discharge at 100-2000 Hz. The deposited energy from the time-
dependent results [22], as well as the measured temperature and
voltage are used as inputs for all numerical modeling. The residence
time at 298 K is ~ 0.136 s. With the increase of temperature at higher
frequencies, the residence time decreases correspondingly. The results
show that the species concentrations increase with pulse repetition rate.
More discharge energy applied with higher frequencies leads to faster
NHj oxidation at low temperatures. The good agreement validates the
plasma-combustion kinetic model and the numerical methods. This ki-
netic model is also validated for fuel lean NH3/03/Ny (¢ = 0.8) and
NH3/0; (¢ = 0.07) mixtures [22].

3. Results and discussion

3.1. Effects of non-equilibrium excitation on low temperature NHs
ignition

To study the non-equilibrium excitation effects of plasma on low
temperature NHj ignition, it is critical to understand the processes of
electron energy transfer and the production of chemically active species
in a plasma discharge. Fig. 2 shows the fractions of electron energy
deposition into different excitation modes in a stochiometric NHz/air
(0.219 NH3/0.164 05/0.617 N5) mixture as function of E/N calculated
by BOLSIG+ [28]. Below 10 Td, electron energy is primarily deposited
into the rotational excitation mode and the vibrational excitation of
NH;3(v). With the increase of E/N, more discharge energy goes to Na(v)
between 10 and 100 Td. Meanwhile, the energy deposition in the
dissociation of NH3 and O, as well as the electronic excitation of Ny
increases. When the E/N is above 100 Td, the electronic excitation of N,
and the dissociation and ionization of NHs3, O, and Ny dominate the
discharge energy transfer.

The modeling of plasma assisted ignition is conducted in a stochio-
metric NHs/air mixture at 300-1000 K and atmospheric pressure in an
adiabatic system. A repetitively-pulsed nanosecond discharge with a
pulse repetition rate of 30 kHz is applied. The discharge pulses are
applied until the ignition occurs. For the comparison of ignition
enhancement at different E/N values, the same discharge energy of 0.4
mJ/cm® is applied in each pulse. The pulse width is adjusted to keep the
energy deposition per pulse constant as the gas temperature and E/N
change. The degree of ionization is below 107> in all conditions at which
the super-elastic collisions and reactions between electron and inter-
mediate species are less important. To compare with the NSD assisted
ignition, the ignition delay times of thermal ignition and autoignition
are calculated. Thermal ignition represents the ignition occurs when the
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Fig. 2. Fractions of electron energy deposition into different excitation modes
as a function of E/N in a stochiometric NH3/air mixture. (rot: rotational exci-
tation; v: vibrational excitation; el: electronic excitation; dis: dissociation;
ion: ionization).
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same amount of discharge energy in the NSD assisted ignition condition
is applied as a thermal contribution to increase the initial temperature.
Autoignition refers to the ignition occurs without any plasma or thermal
energy input at the given temperature. The ignition delay time is defined
as the time interval between the starting point and the time of thermal
runaway.

Fig. 3(a) shows the comparison of ignition delay time by auto-
ignition, thermal ignition and NSD assisted ignition with different E/N
as a function of temperature (T). Compared with autoignition and
thermal ignition, the results clearly show that the nanosecond discharge
enhances ignition and shortens ignition delay time, especially at low
temperatures. The maximum ignition enhancement is achieved at 250
Td with minimum discharge energy. This is attributed to the efficient
production of electronically excited species (N2* and O(lD)) and radicals
by electron impact excitation and dissociation at 250 Td, as shown in
Fig. 2. It can be seen that the autoignition is unlikely to occur below
1000 K due to the slow chain-initiation and chain-branching reactions
for NH; oxidation at low temperature. For thermal ignition, the ignition
delay time is 2-5 orders of magnitude higher compared with NSD
assisted ignition above 400 K at 250 and 600 Td. At 300 K, even a sig-
nificant amount of thermal energy is applied (see Fig. 3(b)), the ignition
still fails at the thermal ignition case. This indicates the important role of
kinetic enhancement on ignition by plasma discharge at low tempera-
ture. However, for NSD assisted ignition, the ignition enhancement at
50 Td is less efficient with even more energy input compared with the
conditions at 250 and 600 Td, as shown in Fig. 3(b). This is because the
vibrationally excited species are the major products at low E/N. They
mainly provide thermal contribution via VT relaxation which are less
efficient on ignition enhancement, which will be discussed in Section
3.2.

3.2. Key species and reaction pathways on ignition enhancement

Fig. 4 shows the time evolutions of chemically active species pro-
duced in the nanosecond discharge (grey region) and afterglow stage.
The results show that all the excited species, radicals and electron in-
crease exponentially via electron impact excitation, dissociation and
ionization reactions during the nanosecond discharge. Among the
excited species, Fig. 4(a) shows that the vibrationally excited species
NH3(v = 2) and Ny(v = 1) have the highest concentrations. In the
afterglow stage, the concentration of NH3(v = 2) decreases after 10 ns
via VT relaxation reaction with NH3 (R1). The mole fraction of vibra-
tionally excited No(v = 1) first increases at the timescale of nanosecond
to tens of microseconds through VV exchange reaction (R2) and VT
relaxation reaction (R3) from higher vibrational level No(v = 2) - No(v =
8). A similar increasing trend of Ox(v = 1) is also observed in the
afterglow stage. Fig. 4(a) shows that the vibrationally excited species
No(v =1) and Oz(v = 1) have long lifetimes. However, over 99% of them
are quenched via VT relaxation with molecules such as NH3 and H,0O
through (R4) and (R5). Therefore, the vibrationally excited species only
provide thermal contribution to ignition enhancement.

NH3(v = 2) + NH3 — NH3 + NH;3 (R1)
No(v =n) + Ny = Np(v = n-1) + Noy(v = 1) (n = 2-8) (R2)
No(v =2) + NH3 - Np(v = 1) + NH; (R3)
No(v = 1) + NH3/H,0 — Nj + NH3/H,0 (R4)
0,(v = 1) + NH3/H,0 — O, + NH3/H,O (R5)

For the electronically excited species Ny*, 0o('D) and N(ZD), Fig. 4(a)
shows that their concentrations decrease rapidly within 10 ns in the
afterglow stage. The electrically excited No* quenched via reactions (R6-
R9) promotes the dissociation of NH3 and O, as well as the production of
NH,, NH, H, H,, O and o('D). Oo('D) and N(°D) are quenched by the
reactions with NH3 and promote NH,, OH and NH production by (R10)
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Fig. 3. (a) Ignition delay times for autoignition, thermal ignition and NSD assisted ignition and (b) discharge energy for ignition used with different E/N as a function

of temperature in a stochiometric NHz/air mixture.
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Fig. 4. Time evolutions of (a) excited species and electron as well as (b) radicals and temperature in a single nanosecond discharge pulse at 250 Td and 300 K. (The

grey shadow indicates the nanosecond discharge phase).

and (R11). It is noted that the quenching of O(lD) slows down after 10
ns. This is because O(*S) also contributes to O('D) production by reac-
tion (R12). Correspondingly, a rapid temperature rise is observed during
the discharge and early stage of afterglow (<10 ns). This fast gas heating
is attributed to the electron impact reactions and quenching of elec-
tronically excited species. During the nanosecond discharge, over 80%
of fast gas heating is contributed by Franck-Condon (FC) effects due to
electron impact dissociation, and the resulting enthalpy change [40,41],
as shown in Fig. 5.

N2(A)/Ny(B)/Na(a) + NH3 — N, + NH, + H (R6)
N(@)/N5(C) + NH3 — N, + NH + H, (R7)
NoB) + 0, >N, +0+ 0 (R8)
N,(@)/Na(C) + 03 — Ny + O + O('D) (R9)
o('D) + NH; — NH, + OH (R10)
N(*D) + NH;3 — NH, + NH (R11)
0('S) + 0, » 0('D) + 0, (R12)

Fig. 4(b) shows that the radicals are produced during the discharge
and afterglow. With the radical consumption and VT relaxation of
vibrationally excited species, the temperature increases in the later stage
of afterglow (100 ns-10 ps). To understand the effects of plasma
discharge on radical production and therefore low temperature NHj
oxidation, the path flux analyses of major radicals are conducted, as
shown in Fig. 6. To exclude the high temperature NH3 combustion
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Fig. 5. Gas heating contribution by Franck-Condon effects (FC), vibrational-
translational relaxation of vibrationally excited species (VT), gas phase ther-
mochemistry (GP), as well as elastic collisions and ion/neutral charge exchange
(EC) in a single nanosecond discharge pulse at 250 Td and 300 K.

chemistry (>1000 K), the path flux is conducted by time integration in
the first 1000 discharge pulses. The temperature rises from 300 to 943 K.
The results show that 30.5% of NH; and 94.5% of NH are contributed by
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Fig. 6. Path flux analyses of radicals in the first 1000 discharge pulses at 250 Td and 300 K. The path flux is integrated during the whole period between discharge
pulses. All percentages do not exactly sum to 100%, as some reactions add small quantities. The percentages indicate the contributions accounting for the species

total production and consumption.

the reactions involving electrons (R13-R14) and electronically excited
No*, O(lD) and N(ZD). At the same time, the dissociation of NH3 by
electrons (R13) and No* (R6) contributes to the H production, ac-
counting for 33.2% and 17.9% of its total production, respectively. H
radical further contributes to the HO5 production via addition reaction
with O, (R15). However, the reaction (R16) between HO5 and NH, is the
primary reaction that inhibits NH3 oxidation at low temperatures, ac-
counting for 22.3% of NHy and 68.4% of HO, consumption, respec-
tively. For O radical, electrons and N2* contribute to 33.3% and 43.7%
of O production through reactions (R17-R18) and (R8-R9). Fig. 6 shows
that 37% of NHj is produced by the reaction (R19) between NH3 and
OH. OH is contributed by the reactions of O(lD) (R10) as well as radicals
NH,, NH, H, O and HO, generated by plasma. Therefore, it can be
concluded that radical production is highly dependent on plasma
discharge at low temperatures. The radicals and temperature produced
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50 Td e+0,-e+0+0
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e+0,->e+0+0('D)
(a) e +N,— e+ NyA)
e+ N, - e+ Nya)

NH_/air (¢ = 1.0) e+ N, > e+ NyC)
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T L 1
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in discharge bursts accelerate the NH3 oxidation until the branched-
chain thermal explosion and ignition development.

e+ NH; - e+ NH, + H (R13)
e+ NH3 - e + NH + Hy (R14)
H + Ox(+M) = HOx(-+M) (R15)
NH; 4+ HO, = NH; + O, (R16)
e+0,>e+0+0 (R17)
e+0;—>e+0+0(D) (R18)
NH; + OH = NH; + H,0 (R19)

To understand the key reactions on ignition enhancement by plasma,
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I 50 Td =% NNH=N,+H
1250 Td =3 NH,+0=NH, +OH
I 600 Td ™ NH, + NH = cHNNH +H
= NH, + HO, = NH, + H,0,
&= NH,+HO,=H,NO + OH
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Fig. 7. Sensitivity coefficients of ignition delay time for (a) electron impact reactions and (b) combustion reactions with different reduced electric field strengthens at

300 K.



X. Mao et al.

sensitivity analysis for ignition delay time is conducted. The normalized
sensitivity coefficient of ignition delay time S is defined as (7(2k;) - 7(k;))
/ t(kj), where 7 represents the ignition delay time and k; is the rate
constant of the jth reaction. The negative sensitivity coefficient repre-
sents a promotive effect of the reaction on ignition enhancement and
vice versa. Fig. 7(a) shows the sensitivity of ignition delay time for
electron impact reactions with different E/N. The results show that the
electron impact dissociation reaction of NH3 (R13) has a large negative
sensitivity coefficient at 50 Td, indicating the dominant role in
enhancing ignition. All the other electron impact electronic excitation
and dissociation reactions have small sensitivities. As shown in Fig. 2,
when the E/N is at 50 Td, ~ 4% of discharge energy is deposited into
(R13). Over 80% of discharge energy goes the vibrational excitation of
Na(v). With the increase of E/N, Fig. 7(a) shows that the dominant
electron impact reactions for ignition enhancement become the disso-
ciation of NH3 (R13-R14) and O (R17-R18) as well as the electronic
excitation of Np (R20). These channels efficiently accelerate radical
production and further enhance ignition at low temperatures. It is noted
that the sensitivity of the dissociation reaction of Ny (R21) increases at
600 Td due to the production of N and N(2D), indicating the role of N
(2D) on NHj dissociation at high E/N via (R11).

e + Ny — e + Np#(No(A)/Ny(B)/Ny(a)/Ny(C)) (R20)

e+ Ny - ¢ + N+ NCD) (R21)

Fig. 7(b) shows the sensitivity coefficients of combustion reactions.
Compared with the sensitivity coefficients of electron impact reactions
in Fig. 7(a), the chain-branching reaction (R22) has the largest negative
sensitivity coefficient at 50 Td. The ignition is highly dependent on O
and OH production. This is because the major species Ny(v) produced at
50 Td (see Fig. 2) only provide thermal contribution which are less
efficient in enhancing ignition compared with the kinetic enhancement
through electronically excited species and radicals. Due to the produc-
tion of NHy by (R13), reaction (R23) also shows promotive effects
whereas the consumption by (R24) shows inhibitive effects on ignition
enhancement. The production of NNH further enhances ignition by
dissociation reaction (R25) with H generation.

H+0,=0+OH (R22)
NH; 4+ NO = NNH + OH (R23)
NH, + NO = N, + H,0 (R24)
NNH=N, +H (R25)

The results show that at 250 and 600 Td, reactions (R26-R28)
enhance ignition due to more NH, NH; and HO; production with the
increase of E/N. All these reactions contribute to OH production, indi-
cating its importance in enhancing NHj3 ignition. The consumption
pathways (R16) and (R29) of these radicals are the dominant reactions
inhibiting ignition. Note that as one of the NH; production pathways
during ignition, reaction (R30) has a large positive sensitivity coeffi-
cient. This is because there exists a competition of NoHs consumption
between reactions (R30) and (R31). The production of tHNNH by (R31)
contributes to the NNH production via reactions with NH, (R32) and H
(R33) and further enhances ignition.

NH + O, = NO + OH (R26)
NH; + HO; = H,NO + OH (R27)
NO + HO; = NO, + OH (R28)
NH + NO =N,O + H (R29)
N,H3 + H = NH; + NH, (R30)
N,H3(+M) = tHNNH + H(+M) (R31)
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tHNNH + NH; = NNH + NH3; (R32)

tHNNH + H = NNH + H, (R33)

Compared with plasma assisted ignition at 50 Td with longer ignition
delay time, the results show that more reaction pathways on ignition
enhancement are induced due to efficient radical production with the
increase of E/N. Therefore, we can conclude that the radicals produced
by electron impact dissociation and quenching of electronically excited
species (Na(A), No(B), Na(a), No(C), O('D) and N(?D)) are more effective
in ignition enhancement than the vibrationally excited species in NH3
ignition.

3.3. Effects of equivalence ratio and NO, formation on ignition
enhancement

To reduce NO, emission, fuel-rich condition is usually applied for
NHj combustion due to the DeNO, mechanism [42]. With the plasma
discharge, the electron energy distribution function (EEDF) changes
with the mixture composition as well as corresponding the
plasma-enhanced pathways. In this section, the effects of equivalence
ratio and NO,, formation by NSD on ignition enhancement are therefore
studied.

Fig. 8 shows the ignition delay time as a function of E/N with
different equivalence ratios (¢ = 0.5, 1.0, and 2.0) at 300 K. It is clear to
see that the ignition delay time is non-monotonically dependent on E/N.
The maximum ignition enhancement is achieved at E/N = 250 Td for all
equivalence ratios. It is interesting to note that the ignition enhancement
by NSD is more effective at fuel-lean condition with ¢ = 0.5. This is
opposite to the autoignition which the shortest ignition delay time is
achieved in a fuel-rich mixture (¢ = 2.0) [34]. This is attributed to the
efficient production of O, 0('D) and NO at fuel-lean conditions, which
will be discussed in the following.

To understand the plasma enhanced pathways at different equiva-
lence ratios, the sensitivity analysis of ignition delay time is conducted
at 250 Td and 300 K, as shown in Fig. 9. Fig. 9(a) shows that reactions
(R13) and (R14) have the largest negative sensitivity coefficients at ¢ =
2.0. This indicates the dominant role of electron impact NHg dissociation
in enhancing ignition. However, with the decrease of equivalence ratio,
the major reactions for ignition enhancement become reactions (R34)
and (R18). Ny(B), O(lD) and O are the dominant species produced by
plasma discharge in enhancing ignition. Fig. 10 shows the path flux
analyses of N»(B) and o('D) during ignition. The path flux is integrated
between the starting point and ignition delay time. From the
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Fig. 8. Ignition delay times with different equivalence ratios as function of E/N
at 300 K.
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consumption pathways of Ny(B), the results show that reaction (R8)
becomes the major consumption pathway contributing to O production
with the decrease of equivalence ratio. O(lD) is mainly consumed by
(R10) and promotes the production of OH and NH,. The quenching of O
‘D) by N3 (R35) also contributes to the production of O radical. O
radical accelerates the NH3 oxidation and enhances ignition through
pathways such as (R36) and (R37). Therefore, with higher percentages
of O, and Ny at fuel-lean condition, the efficient production of O and O
(‘D) significantly enhances ignition. The reactions involving O and O
(*D) production are more effective in ignition enhancement compared to
the fuel dissociation reactions via electrons. This also explains the reason
why the maximum ignition enhancement achieved at 250 Td.

e + Ny — e + Np(B) (R34)
o(D) + N, > 0+ N, (R35)
NH; + O = NH, + OH (R36)
NH, 4+ O = NH + OH (R37)

Fig. 9(b) shows that the reactions related to NO have larger sensi-
tivities. As shown in Fig. 11(a), the NO mole fraction dramatically

increases with the decrease of equivalence ratio. Due to high NO for-
mation at ¢ = 0.5, reactions (R23) and (R28) show larger negative
sensitivities. The production of NO accelerates the production of NNH
and OH and therefore ignition. Due to the efficient production of NH;
and NH, Fig. 11(a) shows that the NO concentration dramatically de-
creases at ¢ = 2.0 by DeNO, pathways (R23), (R24) and (R29). How-
ever, reactions (R24) and (R29) both show prohibitive effects on ignition
enhancement. Therefore, the production of NO at fuel-lean condition
can also enhance low temperature NHs ignition, leading to the
maximum ignition enhancement. As a potent greenhouse gas [43], the
time evolution of N3O is shown in Fig. 11(b). Due to the efficient pro-
duction of NH and NHj by plasma, the N2O concentration increases by
reactions (R29) and (R38) at low temperatures, which was discussed in
[22]. When the ignition occurs, N2O is quickly consumed by H radicals
via reaction (R39) and decomposes via reaction (R40).

NH; + NO, = N»,O + H,O (R38)
N,O + H=N, + OH (R39)
N,O(+M) = N, + O(+M) (R40)
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Fig. 11. (a) NO and (b) N,O formation during plasma assisted ignition with different equivalence ratios at 250 Td and 300 K.

4. Conclusions

The effects of non-equilibrium excitation and NO, formation in a
repetitively-pulsed nanosecond discharge on low temperature NHj3
ignition are studied in this work. An experimentally validated plasma-
combustion kinetic model is applied to investigate plasma assisted
NHgs/air ignition at different reduced electric field strengths and
equivalence ratios at 300 K and atmospheric pressure.

The results show plasma enhances low temperature ignition and
shortens ignition delay time due to the kinetic enhancement via efficient
production of excited species and radicals. Ignition fails at the thermal
ignition case even significant amount of thermal energy is applied. At
low temperatures, the radical production is highly dependent on elec-
tron impact dissociation and quenching of electronically excited No*, O
(1D) and N(ZD). This accelerates the OH production and further NH3
oxidation via NHs + OH = NHj + H20. It is found that the ignition delay
time is non-monotonically dependent on E/N. There exists an optimum
E/N (250 Td) to achieve the maximum ignition enhancement at different
equivalence ratios. Vibrationally excited species NH3(v), Oz(v) and Na(v)
at low E/N are less effective in enhancing ignition, which only induce
thermal effects via VT relaxation by NH3 and H30. Due to efficient
radical production with the increase of E/N, more reaction pathways on
ignition enhancement are induced. The results show that reactions
related to OH production, such as H + Oz = O + OH, NHy + NO = NNH
+ OH and NH + O3 = NO + OH, show large sensitivities in enhancing
low temperature NH; ignition. The reactions NH + NO = N2O + H and
NH; + HO2 = NH3 + O3 show inhibitive effects on ignition.

The plasma assisted ignition at different equivalence ratios also
shows that the ignition enhancement is more effective at fuel-lean
condition which is opposite to the autoignition case in fuel-rich
mixture. The ignition enhancement at fuel-lean condition is attributed
to the efficient production of No(B), 0('D) and O. The results show N»(B)
contributes to O production. 0O('D) and O accelerate NH3 oxidation and
enhance ignition through 0('D) + NH3 — NH,, + OH, NH3 + O = NH,, +
OH and NH; + O = NH + OH. These pathways are more effective in
ignition enhancement compared with the electron impact dissociation
reactions on NHs. The results also show that the high concentration of
NO at the fuel-lean condition accelerates the production of NNH and
OH, leading to the maximum ignition enhancement.

Novelty and significance

The efficient combustion of ammonia (NHs3) offers a promising so-
lution for carbon-neutral future. However, this solution is challenged by
high autoignition temperature and NO, emissions. Non-equilibrium
plasma provides a new method for the application of NH3 in combus-
tion. To understand the kinetic enhanced pathways and the optimized

plasma operating conditions, this work studies plasma assisted low
temperature NHs/air ignition and NO, formation by an experimentally-
validated plasma-combustion kinetic model. The roles of vibrationally
and electronically excited species, radicals, and NO, formation on NHg
ignition are discussed. Specifically, there exists an optimal electric field
for reducing the ignition delay time. The ignition enhancement by
plasma is more effective at fuel-lean conditions due to the faster gen-
eration of Ny(B), 0('D) and O from air. The ignition is also enhanced by
NO, formation in plasma. This work advances the understanding of non-
equilibrium excitation and NO, formation by plasma discharge on low
temperature NHjs ignition.
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