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ABSTRACT

The ignition delay and NO emission characteristics of the NH3/N,/O, mixture under the influence of
pulse-DC hybrid plasma discharges have been studied. The plasma and combustion chemistry mecha-
nisms for NH3/N,/O, mixture are reviewed, an improved kinetics mechanism is proposed with a well
validated electron scattering cross section data. An improved coupled plasma and combustion chemistry
code allowing sensitivity/pathway analysis is developed. The role of key species on the ignition delay
time and the effects of low E/N discharge over long periods of time (DC stage) on NO, emission are
studied. The results show that, NO emission will be strongly enhanced due to the increased HNO, NH
and N density in NH3 containing mixtures in the DC stage, NO density increases with the E/N value in
DC stage due to the reduction of NH and NH, species. The role of O,(alAg) in promoting ignition was
studied using different rate constant of O2(a'Ag) + NO — O, + NO: O, (a' Ag) mainly reacts with H and
H to produce radicals such as O, H and OH instead of quenched by NO. The vibrationally excited NH3(v2)

molecule plays the dominating role in heat release through V-T relaxation with NHj.

© 2023 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Combustion has been the main source of energy for industrial
activities worldwide. However, the use of conventional fossil fuels
can produce large amounts of CO,. With the global warming be-
coming more and more serious, finding energy sources with high
energy density and low emissions is becoming increasingly impor-
tant. As an important hydrogen storage substance, ammonia is con-
sidered a strong candidate as a substitute for fossil fuels.

Ammonia is now widely used as a raw material in various in-
dustrial products and as a refrigerant in large industrial coolers.
The ammonia-related industry has a history of over 100 years and
has mature technology in its production, storage, transportation
and utilization [1,2]. On the one hand, the liquid ammonia has a
higher volume energy density than liquid hydrogen and batteries,
which is one of its attractive qualities that makes it attractive for
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energy storage and transportation [3]. On the other hand, the stor-
age requirements for ammonia are similar to those for propane: it
exists in liquid form when pressurized to 9.90 atm at room tem-
perature (25 °C) or —33.4 °C at atmospheric pressure [2]. All these
advantages indicate that ammonia is a suitable candidate for re-
placing fossil fuels with lower investment and higher feasibility.
However, there are a some issues that need to be addressed be-
fore the widespread use of ammonia as fuel, such as its narrow
ignition limit and high NO emission [2,4].

Over the past few decades, plasma has proven to be a promis-
ing technology to enhance combustion, reduce emissions, and im-
prove fuel reforming [4-7]. As the fourth state of matter, plasma
can introduce new excited particles and large numbers of ions into
combustion system to generate new reaction paths. For example,
the high-energy electrons/ions can collide with oxygen molecules
to generate oxygen atoms, thus generating dynamic effects. More-
over, plasma can also produce thermal effects by increasing the gas
temperature through the quenching of excited particles [8,9]. These
effects described above can significantly improve the efficiency of
fuel oxidation. Therefore, the plasma can offer new possibilities for
combustion control and emission control.

0010-2180/© 2023 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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Lefkowitz et al. [10] first investigated the combustion of
NH3/0,/He mixtures under nanosecond pulse discharge using a
zero-dimensional solver coupled ZDPlasKin and CHEMKIN. It was
found that at atmospheric pressure and an initial temperature of
1500 K, a small number of pulses applied at a moderate frequency
advanced the ignition delay time by 40-60% compared to an in-
stantaneous thermal energy deposition with the same total energy.
The radicals created and sustained in the fast-pulsed discharge
support reactions at all temperatures, which shows that it is pos-
sible to ignite ammonia using non-thermal plasma.

Subsequently, in terms of experiments, Zhu et al. [11] stud-
ied the effect of gliding arc plasma on ammonia combustion by
adopting optical emission spectroscopy (OES) combined with filter
imaging method. They found that gliding arc plasma could gen-
erate a large number of oxygen atoms and promote the dissocia-
tion of ammonia to generate H atoms, thus promoting the com-
bustion of NHs. Lin et al. [12] combined a gliding arc plasma re-
actor with a cyclone burner to investigate the effects of gas dis-
charge medium, equivalent ratio and gas flow rate on flame sta-
bility, flame velocity and NO emission. The experimental results
show that the air gliding arc plasma and ammonia gas sprayed by
the cyclone ring of the burner can promote the ammonia combus-
tion performance significantly, including combustion limitation and
NO emission.

Recently, Shahsavari et al. [13] investigated the effect of
nanosecond pulse discharge plasma on the ignition delay time and
flame characteristics of ammonia over a wide range of reduced
electric fields, pulse energy density, mixture temperature and com-
position by coupling the ZDPlasKin and Cantera codes. The re-
sults show that the nanosecond discharge produces more plasma
species during the pulse and the flame thickness is not monotoni-
cally dependent on the pulse energy density. Taneja et al. [14] as-
sembled an NHs3/air mechanism and discussed the effects of the
reduced electric fields (E/N), equivalence ratio, pressure, pulse fre-
quency and energy density on NH3/N,/O, ignition delay time and
NO/NO, emissions. Mao and Zhong et al. [15-17] studied the ef-
fect of non-equilibrium excitation on the ignition enhancement of
NHs/air mixtures in plasma discharges. O and O('D) were found
to be more effective at enhancing ignition than electron collision
reactions dissociating the fuel.

It has to be noted that, the chemical reactions involved in
the excited state particles can be further perfected in the mech-
anisms used in the existing simulation studies. For example, the
vibrationally excited states included in the existing mechanism are
mainly Ny(v) and O,(v), the relevant reactions containing NH3(v)
are not very sufficient. In addition the reactions involving ex-
cited states are mainly common species such as H,, H,O, H etc,,
with few reactions between vibrationally excited state particles
and NH3, NH, and NH etc. Therefore, it is necessary to include
more excited—particle-related reactions to allow for a fuller con-
sideration of the way in which the plasma contributes to the com-
bustion. The accuracy of the cross sections has a significant impact
on the electron energy distribution function, while the cross sec-
tions for NH;3 are not validated firmly by experimental data, there-
fore the accuracy of the cross sections currently used is not clear.
Moreover, from the works of Mao [18,19], it is clear that nanosec-
ond (NS) hybrid DC discharge can promote the generation of elec-
tronically excited particle 0(a'Ag), a long-lived particle, which
is very effective in promoting ignition and it is known to us that
difficulty in ignition is an important limiting factor in the use of
ammonia. However, as the existing studies are all NS discharge,
where the 0,(alAg) density is low, the contribution of this par-
ticle to ignition in the NH3/O,/N, mixture and its mechanism are
not clear. NOy is an important air pollutant and its emission is a
essential control for NH3 combustion due to the large number of
N atoms it contains. Similarly, with the addition of DC discharge,
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does the addition of large amounts of O;(a'Ag) have an effect on
NOy production. All of the above require further research.

Therefore, in this paper we investigate the ignition delay
time and NOy production of NH3/N,/O, under a hybrid repeti-
tive nanosecond pulse and DC discharge. In Section 2, we present
the numerical model, the kinetics schemes and their validations.
The definition of initial conditions and the reduced electric fields
are given in Section 2.4. The temporal evolution of gas temper-
ature under the influence of nanosecond pulse hybrid DC dis-
charge was calculated, and its deep influence mechanism was ob-
tained through path analysis and sensitivity analysis in Section 3.1.
In Section 3.2 the effect on NO generation was studied, and the
change of NO generation path and the consumption path under
the influence of DC discharge were analyzed. Finally, conclusions
are provided in Section 4.

2. Models and chemistry mechanisms
2.1. The coupled combustion and plasma chemistry model

A hybrid plasma-combustion code has been developed and used
in the community of plasma assisted ignition and combustion [20].
The code combined the capability of ignition prediction (based on
the F77 SENKIN code [21]) and plasma chemistry prediction (based
on the famous ZDPlaskin code [22]) and has been successfully used
in analyzing the coupling effects between plasma and combus-
tion in various mixtures (e.g. methane, hydrogen). In this work, we
rewrite a coupled plasma and combustion chemistry solver (named
CPCC in the following text) by combing the ZDPlaskin code with a
home-made simple combustion code with F90 format, adding sen-
sitivity and path flux analysis module to make the code compatible
with widely used post-processing software (e.g. Pumpkin [23] and
QtPlaskin [24]). The calculation process can be summarized as the
follows.

We divide each time step into two processes: plasma chemistry
process and combustion chemistry process. Plasma chemistry pro-
cess is solved with the help of the ZDPlaskin, a code coupling BOL-
SIG+ [25] module to solve dynamically the electron energy distri-
bution function (EEDF) and the density variations of electrons, ex-
cited species and ions in a plasma discharge system. The EEDF is
the key to the accuracy of plasma chemistry and the reaction rates
associated with electron collisions, the accuracy is linked closely
with the cross sections of electron collision reactions.

The time evolution of plasma species density is obtained in ZD-
Plaskin by solving following set of coupled rate equations:

d N Jmax . .
Ejt'] :Zsij(t) i=1.. . imax W
=1

where [N;], Sijs imax and jmax represent the concentration of the ith
particle, contribution of different reactions to the change in con-
centration of this particle, number of particles and reactions in the
model respectively. The VODE solver [26] was used to solve the or-
dinary differential equations of particle concentration as input for
the combustion chemistry solver.

The gas heating of the discharge is calculated using the method
proposed in Ref. [27]: the heating power Py is classified as three
channels: the translational degree of freedom of electrons P,,, the
translational degree of freedom of the gas Py the internal degree
of freedom of the gas Pyep:

Pext = Pgas + Pelec + Pchem (2)

Pext = eNeUeE (3)
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Fig. 1. Benchmark verification of the CPCC code: the temporal evolution of (a) gas temperature and (b) O density in a CH,4:0,:He=0.08:0.17:0.75 mixture under the effect of
pulsed nanosecond and DC discharges. The benchmark data are extracted from Ref. [19], the influence of the value of the E/N value in DC stage is calculated and compared

directly.
3, d(NT,
Pelec = Ekl?% (4)
dN;
Penem = Z QIE (5)
i

where e is the unit charge, Ne is the electron number density, ve is
the electron drift velocity, E is the electric field, T is the effective
electron temperature and Q; is the potential energy of species i.

The combustion chemistry process solves the equations the
same as Eq. (1), and the semi-implicit ODE solver VODPK [28] is
used for higher performance. Finally, gas temperature is then up-
dated from the enthalpy of the mixture:

dT 1 &
——=——=) Hwy (6)
dt 0oCp k;

where T is the gas temperature, p is the mass density, Cp is the
mean specific heat, Hy, is the molar species enthalpy, and wj, is the
species molar production rates. To summarize, the plasma module
and the chemistry module are calculated sequentially in one time
step, the data exchange between different modules and time steps
is the same as the classical hybrid plasma-combustion model pro-
posed in Ref. [20].

The updated code used in this work is verified by reproducing
the temperature and more fraction variation published in Ref. [19].
Ref. [19] discussed the effect of excitation species on ignition
enhancement in CH4/O,/He mixture under the hybrid repetitive
nanosecond and DC discharge, the updated code CPCC used in this
work perfectly reproduces the results of the classical hybrid code
with the same kinetics mechanism, see Fig. 1.

2.2. Chemistry mechanisms

The accuracy of the global chemistry model depends mainly
on the accuracy of the chemical kinetics mechanism and the in-
put parameters: the initial values and the time dependent E/N (re-
duced electric field, the electric field versus neutral density, unit in
Townsend) values. In this section, we will discuss the selection of
chemical kinetics mechanism for the prediction of the ignition and
NOy emission in NH3/N,/O, mixture.

The chemical kinetics schemes are composed of two parts:
the plasma chemistry and the combustion chemistry. The plasma
chemistry mechanism consists (i) the electron impact reactions
(ionization, excitation, dissociation and attachment), (ii) the charge

transfer and recombination reactions and (iii) reactions of the ex-
cited species (quenching and associative ionization):

(i) The electron impact reactions lead to the production of ions,
excited species and new electrons. The elementary electron im-
pact cross section data of nitrogen and oxygen has been well es-
tablished and discussed in previous publications [29], while the
cross section data of ammonia has not been provided in a com-
plete way: there exists several data source [10,13,14| without firm
validations. Thus in this work, we take the cross section data pro-
vided in two independent references, and conducted an experi-
ment through pulsed Townsend (PT) experiments to make a di-
rect comparison (details of the experimental setup can be found
in Ref. [30]), see Fig. 2(a).

To take the advantage of the cross sections at different E/N
range, we combined the cross sections from the two sources by
adding ionization reactions of NHs; from Ref. [31] into the cross
section dataset proposed in Ref. [32]. As for the electron colli-
sions with N,, on the basis of the dataset from Lxcat [33], the
cross sections of ionization reactions from Ref. [34]| were added.
The cross sections of attachment and dissociation reactions of O,
from Ref. [35] were added to the cross sections from Lxcat [33].

NH, and NH radicals are produced efficiently via collisional dis-
sociation of the NH3 molecule [36]. Therefore, the electron impact
reaction of NH, and NH is added in this study, and the cross sec-
tions are from Ref. [32] and Ref. [36]. We also consider electron
impact reactions for O (from Ref. [37]), N (from Ref. [38]), H20
(from Ref. [39]) and O3 (from Ref. [40]).

In brief, the following electron impact reactions and corre-
sponding cross sections are considered in this work: (i)the elec-
tron impact ionization for NH3, NH,, NH, N, Ny, O,, O3, H,0; (ii)
the electron impact excitation reactions for NHs, N, N5, O,, O; (iii)
the electron impact dissociation for NHz, NH,, NH, O,, Os; (iv) the
electron impact attachment for NH3, NH,, NH, O,, O3, H,0.

(ii) The charge transfer reactions and recombination reactions
determine the decay of electrons and ions, as well as the energy
release due to these reactions. However, the information of these
reactions concerning ammonia is limited: in this work, we have
considered charge transfer reactions between NH3+ , NHj, NH" and
H,, NHs; dissociative recombination of NH;, NHS and NH*. But
the charge transfer reactions between NH{, NH}, NH* and O, 0,
are still unknown or not fully considered, the dissociative recom-
bination of the particles under consideration may be insufficiency.

Nevertheless, this work focus mainly on the performance of
plasma assisted ammonia ignition in under the effect of pulse-
DC non-equilibrium plasma discharge, according to Fig. 2(b), the
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Fig. 2. Comparison of mobility of different cross sections with experimental data and energy deposition of particles in cross sections used in this study. (a) Comparison of
the Mobility calculated from the cross sections used in this paper and in Hayashi database with experimental data. (b) Energy loss fraction for different reaction types as

the reduced electric field (E/N) changes in the 0.219 NH3/0.164 0,/0.617 N, mixture.

electron energy goes mainly into the production of vibrationally
and translationally excited states, while ions are produced only in
a rather short pulse stage, thus will not greatly affect the conclu-
sions drawn in this work.

(iii) Quenching reactions of vibrationally and electronic excited
species are the key to bridge the plasma chemistry and the con-
ventional combustion chemistry. However, the information of these
reactions are also limited. A recent work [41] has evaluated the de-
tailed electron impact reactions of ammonia molecule, but we still
lack the accurate information of the rates of electronic excited NH3
molecules reacting with other neutral species.

Thus in this work, as in previous/recent publications, we do not
consider the electronic excited states of ammonia, but the role of
quenching reactions of vibrationally excited species are more de-
tailedly considered. The rates of reactions about ground state par-
ticles are taken from the work of Wang et al [42] and the chemical
reactions involved in vibration-excited states are supplemented by
estimation using Fridman-Macheret «-model [43]:

kg (Ey, T) = AT exp — %ﬂ(ﬂl — k) (7)
Ef
N T (8)
E/ +E

where kg, Eq, Ey and ¥ represent the rate constant of the reaction,
the potential energy of the vibratory excited state, the efficiency
with which the vibratory excited state reduces the activation en-
ergy of the reaction, the Heaviside function (when E; is greater
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than 0, ¥ (Eq — «Ey) = 1; When E; is less than 0, 9 (E; — «Ey) =0,
respectively. E{; and E] represent activation energy for forward re-
action and that for backward reaction, respectively. Relaxations and
vibrational-vibrational (V-V) interactions of N,(v) and O,(v) are
the same as Mao et al. [44], mainly from Capitelli et al. [45] and
Starikovskiy et al [6].

The combustion chemistry of NH3/N,/O, mixture has been
studied quite intensively in the past years. Various set of mecha-
nisms have been proposed, e.g. the MEI mechanism, [46], the OTO
mechanism [47], the GLA mechanism [48] and the CEU mechanism
[42]. MEI, OTO, and GLA mechanisms are close to the experimental
data in the comparison of ignition delay time at an initial temper-
ature of 298 K by Taneja et al [14]. CEU mechanism is a newer
and simplified mechanism, so it is also included as a candidate for
the combustion mechanism. The final choice of combustion mech-
anism will be discussed later in Section 2.3.

2.3. Performance of the chemistry mechanisms

The performance of plasma and combustion chemistry mecha-
nisms are checked and evaluated in this section, respectively.

The plasma chemistry mechanism proposed in Section 2.2 is
checked by making a direct comparison on the temporal evolu-
tion of gas temperature and NH3(v2) density with those presented
in Ref. [14], keeping the same combustion chemistry (Ref. [46]),
see Fig. 3. With the same working conditions (30 kHz, 150 Td NS
discharge at an initial temperature of 1500 K), the plasma chem-
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Fig. 3. Comparison between new mechanism and Taneja's mechanism of (a) gas temperature and (b) density of NH;(v2) using the same combustion mechanism and working
condition. The calculation conditions are as follows: initial temperature 1500 K, constant pressure 1 atm, 50 square wave pulse discharges with frequency of 30 kHz at 150 Td.
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istry mechanism proposed in this work leads to a faster temper-
ature rise and a smaller ignition delay time (Fig. 3(a)), and the
NH3 density is much lower, as shown in Fig. 3(b). This is because
more NH3(v), O,(v) and N,(v) reactions have been extended to the
plasma chemistry mechanism in this work.

The combustion chemistry mechanism is chosen by comparing
the calculated evolution of gas temperature and NO density un-
der the influence of the NS discharges using different combustion
mechanisms, keeping the same plasma chemistry proposed in this
work. With the same working conditions (50 pulses under the con-
dition of stoichiometric mixture, reduced electric field of 200 Td,
frequency of 30 kHz, initial temperature of 1500 K and 1 atm pres-
sure), the calculated temperature rise and NO density are shown in
Fig. 4(a) and (b).

It is clearly seen that the GLA and MEI mechanism is close
to each other in both ignition delay time, while the OTO and
CEU mechanisms predict slower ignition. It has to be noted that,
Ref. [14] has reviewed the GLA, MEI and OTO mechanisms in ig-
nition delay time by making comparisons with rapid compression
machine experiments, and concluded that their performance are
close to each other. However, in presence of plasma chemistry, the
performance of the MEI and GLA schemes are still close while the
OTO differs a lot.

The predicted NO density by MEI and GLA mechanisms are also
close while the OTO mechanism gives a significantly lower den-
sity than the other three mechanisms, as is shown in Fig. 4(b). We
prefer the MEI and GLA mechanisms, which provide rather similar
NO production and ignition delay time. As size of the GLA mecha-
nism is smaller than MEI, the GLA mechanism was used for higher
computational speed.

To verify the mechanism, a direct comparison of gas tempera-
ture and NH;3 density evolution with the experimental data from
Ref. [15] and Ref. [17] has been conducted. As is shown in Fig. 5,
a good agreement is achieved for the 0.089NH3/0.0840,/0.827N,
mixture, while for the case of 0.11NH3/0.0550,/0.835N, mixture,
the predicted equilibrium gas temperature is slightly higher, thus
the NH;3 density is lower than the measurement. This discrepancy
may caused by (1) the inconsistently given E/N value or (2) the in-
creased portion of NH3 (the electron impact cross sections of NHs,
is still incomplete till now)

To summary, the chemistry mechanism used in this work is a
combination of plasma and combustion chemistry. The proposed
mechanism consists of 582 plasma reactions and 218 combustion
chemical reactions, totally 80 species are considered in this mech-
anism.

2.4. E/N definition and initial conditions

A fit to the experimental process temperature by Lefkowitz
et al. [20] reveals that E/N of 200 Td is achievable in DBD dis-
charges. The inter-pulse DC discharge E/N of 0-20 Td can be
achieved by maintaining a DC voltage value (lower than the ion-
ization threshold) between pulses, this low and constant reduced
electric field has been proved to be able to effectively promote the
generation of electron excited state particle O,(al Ag) which con-
tributes significantly to ignition [18,19]. The waveform of the re-
duced electric field E/N studied in this work therefore is set as
200 Td during the NS pulse stage and 5-20 Td during the DC stage
(see Fig. 6) and the discharge frequency is 50 kHz. In the following
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text, we denote “NSD” as nanosecond pulsed discharges, “Hybrid”
as coupled nanosecond pulsed and DC discharges.

The energy deposition of each pulse set as the same 5 x
10-5]/cm—3. All systems are adiabatic and at a constant pressure of
1 atm. The component concentration was set according to the sto-
ichiometric mixture of 0.219NH3/0.1640,/0.617N,. The initial tem-
perature was set as 1000 K. The fuel is considered to be ignited
when the gas temperature reaches 2500 K and the discharge stops
at the moment the gas temperature reaches 2500 K.

3. Results and discussion

3.1. The role of key species on the ignition delay time of the NHs/air
mixture driven by hybrid pulse-DC discharges

High ignition energy threshold is one of the key factors limit-
ing the applications of NH3 as a fuel. By coupling a constant elec-
tric field (DC discharge) during the gap of NS discharges, as shown
in Fig. 7(a), the existence of DC fields between pluses can signif-
icantly reduce the ignition delay time by 1 orders of magnitudes,
this is in consistent with previous studies conducted in CH4/He/O,
mixture [19] and H,/O,/He mixture [18]. In order to exclude the
influence of different energy deposition at the DC stage, we plot-
ted the energy deposition curves of the mixture under different
conditions (see supplementary materials). The total energy deposi-
tion at hybrid 20Td is about 8 times that at NSD, so the addition
of DC discharge is not a simple increase in energy deposition to
enhance ignition. And the introduction of DC stage brings another
interesting phenomenon, as shown in Fig. 7(b): the sharp increase

of temperature appears 0.4-0.6 ms earlier than the moment H, OH
or O rise, while in case there are only NSD stages, the tempera-
ture and typical species density are rising almost at the same time
moment.

To investigate, in presence of the DC stage, the reason of ig-
nition delay reduction as well as time shift between temperature
rise and density rise, the role of key radicals and excited species:
0, OH, 0('D),0,(al Ag), NH3(v) and O,(v) are analyzed.

The evolution of O and OH density are calculated and displayed
in Fig. 8(a) and (b): it is clearly seen that hybrid DC discharge has
no significant influence on O and OH density, thus O and OH are
not the main reasons for the reduction of ignition delay time.

The important excited state particle, O(1D), has a strong kinetic
effect on ignition (Ref. [18,19]). Although hybrid DC discharges can
increase the concentration of O('D) (Fig. 8(c)), it does not have an
effect on its main consumption pathway (Fig. 9(a)). 80% of O(1D)
reacts with NH3 and removes the hydrogen atom from NH3, which
is a strong kinetic enhancement.

The concentration of O(1D) increases with the E/N value of DC
stage. From Fig. 9(a) it can be seen that at hybrid 10 Td or 20 Td
DC discharge, the O('D) generated by electron collision is approxi-
mately 1-2 orders of magnitude more than the other systems. This
means that at E/N of 10 Td or 20 Td, electrons are more likely to
collide with O atoms to produce more O('D).

The density of Oy(alAg) in the NHs/air mixture increase sig-
nificantly with the increase of E/N in the DC stage in merely 10
pulses (within 0.1 ms), as shown in Fig. 8(d). A path flux analy-
sis of 0y(a'Ag) shows that almost all Oy(a'Ag) is produced by
the collisional excitation of electrons with O,, with a small amount
produced by the quenching of 0,(b'YF), see Fig. 9(b).
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of NO +0y(a' Ag) — NO + 0, at hybrid different E/N values of DC discharges.

The role of 0,(al Ag) in ignition has been well emphasized in
previous studies, due to its relative long life time and high reaction
rates with H atoms and CHj3 radicals [19]. However in the mixture
of NH3/air studied in this work, we do not observe the significant
enhancement of reaction pathway NHj + 0,(a'Ag) — product or
Hy + 0,(al Ag) — product, instead, the majority of O,(alAg) is
consumed in reactions with NO (see Fig. 9(b)).

The reaction rate constant of NO +0,(a'Ag) — NO + O, used
in this study is the same as most fuel/air mixture plasma-
assisted combustion mechanisms, which is 2.5 x 10~ 1¢cm?3/s. How-
ever, it was found that this is a typo in Ref. [49]. The rate con-
stant of this reaction was measured in a number of works and
its rate constants should be 2.5 x 10~7cm3/s (see, for example,
Ref. [50,51]).

Using the correct rate constant, we recalculate the ignition
process. In the new results (see Fig. 10(a)), O(a'Ag) no longer
quenched with NO. Instead, it shows a strong kinetic effect: 8%-
48% reacts with H, and 44%-68% reacts with H. In addition, with
the correction of the reaction rate constant, the ignition delay at
hybrid DC discharge is also reduced, especially at hybrid 5Td (de-

creases from about 14ms to less than 10ms, see Fig. 10(b)). This
means mechanisms using the wrong rate constant will underesti-
mate the enhancement of 0,(al Ag) on ignition. Since most of the
current research based on pulse discharge or there’s not a lot of
NO in the mixture, this problem is not obvious. However, when
calculating the discharge of low reduced electric field for a long
time and the mixture contains a lot of NO (e.g. gliding arc assisted
NHj3/Air ignition), the wrong rate constant will cause obvious in-
fluence on 0,(al Ag)’s role in ignition enhancement and ignition
delay.

In addition, water molecules take 20-25% of the total molecules
and it was reported in Ref. [52] that hydrated negative ions (e.g.
035 (H20)n) can reduce the efficiency of the mechanism of pri-
mary electron production. It can also affect the density of O,
species which accounts for 1-11% of 0,(a'Ag)’s consumption. To
study the effects of hydrated negative ions, the authors added re-
actions of hydrated negative ions from Refs. [52] and [53] (e.g.
05 +H0+M — 05 (H30) 4 M).

A pulse-DC (200Td pulse stage and 20Td DC stage) case is cal-
culated, results show that, hydrated ions significantly affect the
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evolution of O; and 03(a'Ag), as can be seen in the following
figure: 34% to 45% O are consumed in the reaction with wa-
ter molecule (see Fig. 11(a,b)), as a result, only 80% (originally
88% without considering hydrated negative ions) 0,(a'Ag) are
quenched through 05 + O, (@'Ag) — 20, + e during 0-0.1 ms (see
Fig. 11(c)).

The changes of the reaction path due to the presence of hy-
drated negative ions lead to a sharp reduction of electrons, thus
all the electron impact reactions change, the predicted tempera-
ture is too low when comparing with experimental data. The au-
thors have not find a solution to the problem of the low predicted
temperature. A detailed analysis has been attached in the supple-
mental material.

NH;3 and O, are species present in large quantities in NHs/air
mixture and according to Fig. 2(b), their vibrationally excited state
particles are produced in large quantities during the DC discharge
stage, so the promotion of ignition by the excited state particles
of these two particles, NH3(v2) (NH;3 in other vibrationally excited
states has a very low concentration due to low energy deposition)
and O,(v1), needs to be studied.

Figure 12(a) shows the evolution of NH3(v2) density during the
first 10 discharge pulses. With the increase of E/N in DC stages
from 0 to 20 Td, the density of NH3(v2) increase by 100 times from
102 cm—3 to 10™ cm—3. NH3(v2) will affect the process of ignition
mainly through heat released from V-T (Vibration-Translation) re-

laxation, as is shown in Fig. 12(b), with or without DC stages, 99%
of NH;3(v2) is quenched by ground state ammonia molecule:

NH;(v2) + NH; — 2NHs (R1)

The hybrid DC discharge contributes significantly to the produc-
tion of Oy(v1), as is shown in Fig. 13(a). With the increase of E/N
in DC stages from 0 to 5 Td, the density of O,(v1) increase by 1 or-
der of magnitudes, from 5 Td to 10 Td 2 orders of magnitude while
from 10 Td to 20 Td, the density increase just by 2 times: the frac-
tion of electron energy dissipated into O,(v1) peaks between 5-
10 Td, in correlation with Fig. 2.

A path flux analysis shown in Fig. 13(b) indicates that, O,(v1)
are consumed through V-T, V-V relaxations and reactions with H
atoms. Without DC stage, 99% of O,(v1) are consumed in the V-T
reaction:

0,(v1) + 0, — 20, (R2)

The increase of E/N value in the DC stage leads to the increase
rate of V-V reactions:

0,(v1l) +05(vl) — Oy + 05(v2) (R3)

0, (Vl) + 0, (VZ) —- 0,+0, (V3) (R4)

It means that the majority of vibrationally excited oxygen
molecules contribute to ignition through heat release from V-T re-
laxation.
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We have found that the role of NH3(v2) and O,(v1) species
in NHs/air mixture driven by Pulse-DC discharge (in range of
E/N=0-20 Td) prior to ignition is thermal effects due to quenching
reactions. The quantitative values of energy release from these
reactions are calculated and compared with main exothermic reac-

10

tions of conventional combustion processes, see Fig. 14(a). Energy
release from NH3(v2) through (R1) dominates before 1.25 ms,
until the early stage of ignition, OH +H; — H+ H,0 starts to
take the main role. Throughout the discharge-ignition period,
the heat release from O,(v1) and O,(a'Ag) is much lower than
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that of NH3(v2): the quenching reaction rate of (R1) approaches
1021/cm3 - s, 2 orders of magnitudes larger than that of (R2), see
Fig. 14(b).

1

T2rrt () -z (rre(i))

D) (t and rrt(i) represent the ignition delay time and reaction rate

Finally a sensitivity analysis was carried out to find the key re-
actions affecting the ignition delay time, the results are plotted in
Fig. 15.

The following detachment reactions of O, promote the produc-
tion of electrons in the DC stage:

05 +H; - H,0, +e (RS)

0; +02(a'Ag) - 20, + e (R6)

The ignition delay is most sensitive to (R6) when E/N= 10-
20 Td in DC stages due to higher O,(a'Ag) production rate. The
presence of high density electron allows the following reactions
producing excited molecules, thus reducing the ignition delay time.

Other key reactions, including electron impact dissociation re-
action of NH; (NH3z +e — 2H+NH + e, NH; +e — H+ NH; +e),
electron impact ionization and excitation reaction also benefit the
ignition of by providing radicals (NH, NH, and H), electrons or
chemically active species (0;(alAg)).

The charge transfer reaction O; +H— OH~ +0 also has an
positive effect on the ignition delay time, as O atoms are more ef-
fective than H atoms in promoting ignition via NS hybrid DC dis-
charges.

In contrast, the following electron consuming reactions
(attachment and dissociative recombination reactions) inhibit
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the ignition:

e+20; > 0; +0, (R7)

e+ NHI — NH; + H, (R8)

3.2. Effects of NS-coupled DC discharge on NO compared with NS
discharge

NOy has been an important indicator for monitoring exhaust
gases and has been a main concern in applications related with
ammonia combustion. NO is an important particle in the produc-
tion of NO: Most of the NO, generated directly from combustion
is NO and it will be oxidized to produce NOy after emission. In
this section we take NO as a “marker”, study the features of the
NOy emission in NHs3/air combustion system affected by pulse-DC
discharges.

Figure 16 shows the evolution of NO density before and after
ignition, driven by different E/N values in DC stage. The concentra-
tion of NO varies in the order of 10'® ¢m—3, and will increase with
the E/N value at DC stage. The NO concentration at hybrid 20 Td is
nearly twice as that driven by NSD, an additional calculation with
higher E/N (50 Td) in the DC stage (the dotted line) indicates that
the NO density has an upper limit around 4 x 106cm3.

The production of NO can be understood from the flux analy-
sis shown in Fig. 17: NO originates mainly from NH (12-16%), HNO
(39-58%), N (0-15%) and N;(v) (0-20%) and there’s no direct con-
nection to 0, (al Ag).

The percentage of NO generated from NH is basically the same
for all four systems, while the contribution from HNO related reac-
tions varies significantly with E/N: the percentage of NO produced
from HNO decreased from around 58% to 39% when the E/N in DC
stage increased from 5 to 20 Td. Despite the decreasing fraction
of contribution from HNO, the absolute amount of NO generated
from HNO changes little (from 2 x 10'%cm=3 to 3.6 x 10'cm—3):
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the multiplication between Figs. 16 and 17 indicates that, the peak
NO density by the percentage of NO produced by HNO and peaks
at E/N = 5-10 Td.

Ny(v) and N play important roles in NO production when E/N
in DC stages exceeds 10 Td, due to the increasing contribution of
following reactions:

N+OH — NO +H (R9)

N, (v) + HNO — NO + NNH (R10)

In summary, the main sources of NO at NS hybrid DC dis-
charges are N, HNO and Ny(v). In order to study whether the
rapid increase of NO caused by hybrid DC discharge is unique to
NHs/air mixture or exists in the air-containing mixture, we con-
ducted path analysis for species which are the main sources of
NO, see Fig. 18. 45%-97% of HNO and nearly 100% of N come
from NH and NH,. The NO produced by NH, N and HNO ac-
counted for 80%-99% of the total NO production, and these species
were all from NH;-related-particles. This assures that, the rapid
increase of NO is unique in the NHs/air mixture, this is one of
the key differences with the kinetics in hydrocarbon based fuel-air
mixtures.

The path flux analysis of NO consumption is shown in Fig. 19.
At low DC E/N values (0-5 Td), the majority of NO are consumed
by colliding with NH and NH; molecules (91-94%), leading to the
production of H, OH and NNH radicals. At higher DC E/N values
(10-20 Td), the contribution of those reaction channels drops to
78-83%, the influence of N and HO, becomes significant.

The change of reaction channels of NO at low and high DC E/N
values can be explained by plotting the evolution of NO, NH,, NH
density and gas temperature together at different DC E/N values
(see Fig. 20): it is clearly seen that, in case of higher DC E/N value
(20 Td), NH and NH, density drop before NO density peaks while
for NSD discharges, NH and NH, density increase together with NO
density.
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The fast drop of NH and NH, density at high DC E/N values
can be explained from the view point of the classical combustion
chemistry: the increased temperature (2900 K for DC E/N=20Td,
see Fig. 7) leads to more H, O and OH radicals that rapidly con-
sume NH and NH,, while at lower temperature, these radicals are
bonded in water molecules.

4. Conclusion

This work investigates the effects of hybrid NS and DC dis-
charges on the ignition delay and NO production in the NH3/0,/N,
mixture. A zero—-dimensional plasma-combustion coupled solver
with sensitivity and path flux analysis module is developed based
on the ZDPlaskin package and a home-made combustion chem-
istry code. The plasma and combustion chemistry mechanisms are
reviewed and improved. The electron impact cross sections of NH3
are checked by data from PT experiments, the influence of vi-
brationally excited states, NH3(v), Np(v) and O,(v), are taken into
account with estimated rates. The ignition process of NH3/O,/N,
mixture under the influence of 200 Td NS hybrid 0-20 Td DC dis-
charges are calculated, the following conclusions are drawn:

(i) The DC fields of 5-20 Td between pluses reduce the ignition
delay time by 1-2 orders of magnitudes in NH3/0,/N, mixture. O
and OH are not the main reasons for the reduction of ignition de-
lay time but O('D) shows a strong kinetic enhancement on igni-
tion via NH3 + O('D) — NH; + OH. The vibrationally excited states
NH3(v2) dominates the heat release before ignition through V-T
relaxation reaction (NH3(v2) + NH3 — 2NH3).

(i) 0(alAg) density increase significantly with E/N
values in the DC stages. There are two main pathways
of 0p(a'Ag) consumption: 0,(alAg) +Hy — product and

0,(alAg) + H — product, 90-99% of 0,(alAg) reacts with Hp
and H to produce radicals such as O, H and OH. The rate constant
for reaction 0;(a'Ag) +NO — 0, + NO needs to be used correctly
(2.5 x 1077cm3/s instead of 2.5 x 10-1cm?3/s), otherwise, 99% of
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the 0y(a'Ag) will quenched by NO instead of reacting with Hy/H,
thus underestimating the kinetic enhancement of O,(a'Ag) on
ignition.

(iii) NS hybrid DC discharge will lead to an increase in NO: the
NO density at hybrid 20 Td is nearly twice as that driven only by
NSD. A peak density of 4 x 106cm=3 is achieved in this work in
condition of 1000 K and atmospheric pressure.

(iv) Both the production and the consumption of NO molecules
is related closely with NHs;. NO originates mainly from NH (12-
16%), HNO (45-58%), N (0-9%) and N,(v) (0-20%), and the major-
ity of NO are consumed by colliding with NH and NH, molecules
(91-94%) at low DC E/N field (0-5 Td), leading to the production
of H, OH and NNH radicals. At higher DC E/N values (10-20 Td),
the contribution of NH and NH, molecules drops to 78-83%, the
influence of N and NNH becomes significant. The rapid increase
of NO caused by hybrid DC discharge is unique in the NHs/air
mixture.

The basic conclusion that NOx emission will increase in pres-
ence of low DC fields between pulses leads to the possibility
of plasma assisted fixation by discharges with “Pulse-DC” like
electric waveform, e.g., the NS hybrid DC discharge plasma used
in this study has many similar characteristics to the gliding arc
discharges: both operate at high temperature (~1000 K), both
have high and low electric field periods, both have a long pe-
riod with relatively low field. But the existence of equilibrium-to-
nonequilibrium transition, the heat convection with ambient flow
and the constant changing field post many challenges and will be
studied in future works.

Novelty and significance statement

The plasma-combustion coupled chemistry mechanism is de-
veloped for ignition delay and NOy prediction, experimen-
tally validated cross sections and the contribution of vibra-
tionally excited species are taken into considerations. The pro-
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duction/loss of NOx, which is one of the main concerns in
ammonia/air ignition/combustion is analyzed, and the effect of
long-lived O,(a'Ag) is revealed after correcting the rate con-
stant of 0(a'Ag) +NO — O, +NO. The conclusions of this pa-
per will facilitate the community of plasma assisted igni-
tion/combustion in designing ignition devices for NH3 containing
mixtures.
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