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a b s t r a c t 

Computational investigation of plasma assisted combustion of ammonia-air mixtures in constant volume 

and constant pressure reactors are conducted, to determine the impact of operating conditions on igni- 

tion delays and NO x emissions. Due to the lack of a chemical kinetic mechanism for plasma discharge of 

ammonia ( NH 3 )/air mixtures, a mechanism has been assembled in this work using well-validated plasma 

reactions of NH 3 with O 2 and N 2 , alongside plasma kinetics of air from the literature. The impact of the 

reduced electric field (E/N), equivalence ratio, pressure, pulse frequency and the energy density on the ig- 

nition delays and NO/ NO 2 emission is discussed. At lower E/N, vibrational-to-translational (VT) relaxation 

of the vibrational states of NH 3 and N 2 is observed to play a dominant role in the gas heating pro- 

cess on account of the higher vibrational energy contribution. The ignition event is observed to be faster 

for fuel-lean mixture ( φ = 0.5) compared to stoichiometric and fuel-rich ( φ = 1.2) conditions owing to 

the lower consumption of OH radicals through the reactivity-inhibiting reaction NH 3 + OH → NH 2 + H 2 O 

between plasma pulses for leaner mixtures. Nevertheless, the fuel-lean mixture is observed to exhibit 

higher production of NO x than stoichiometric and fuel-rich mixtures, resulting from plasma chemistry 

involving oxygen radical and electronic excited states of N 2 . At the higher pressure of 3 atm, the pres- 

sure dependent recombination reaction H + O 2 + M → HO 2 + M is found to delay the ignition by limiting 

the reactive radicals compared to the corresponding 1 atm case. Higher rates of collisional quenching at 

higher pressures during the inter-pulse gaps resulted in lesser amount of electronically excited states of 

N 2 and O 2 , which resulted in lower production of air-bound NO x during the pulses. Pulse frequency and 

energy density per pulse are seen to exhibit an inversely proportional effect on the ignition delay times. 

Most importantly, a faster ignition and lower production of NO x is observed in the case of plasma dis- 

charges compared to thermal energy deposition, owing to the enhanced production of OH radicals and 

the reforming of NH 3 to produce N 2 with plasma, respectively. Interesting roles of fuel-radicals such as 

NH 2 and NH in both producing and reducing NO at different instants have also been discussed. 

© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Increasing emphasis on the de-carbonization of energy produc- 

ion has led researchers to consider carbon free, renewable and 

reen fuels such as hydrogen ( H 2 ) and ammonia ( NH 3 ). While H 2 

uffers from the major challenges of production difficulties, trans- 

ortation, and storage, NH 3 is plagued with challenges of low 

ame speeds causing unstable flames, high autoignition tempera- 

ures resulting in longer ignition delays, narrow flammability lim- 

ts, and higher levels of NO x emission [1] . Most of these effects get 

urther pronounced in high-pressure systems such as gas turbines 

nd internal combustion engines. 
∗ Corresponding author. 

E-mail address: suo-yang@umn.edu (S. Yang) . 
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Different solutions to overcome these challenges of ammonia 

ombustion have been proposed in the literature. Blending NH 3 

ith H 2 is one popular method which enhances the burning ve- 

ocity of the mixture owing to the higher mass diffusivity of H 2 . 

his was recently discussed in Wiseman et al. [2] where, for iden- 

ical strain rates, an NH 3 / H 2 / N 2 blend was shown to have better 

esilience against blow-off as compared to a methane ( CH 4 )/air 

ixture even under highly sheared turbulence. This effect was at- 

ributed to the fast diffusion of H 2 in the spatially distributed 

reheat layers which enhanced the local heat release rates. An 

ssessment of ideal blending percentage of H 2 in NH 3 / H 2 fuel 

lends, overall equivalence ratio, and intake pressures in spark 

gnition engine conditions, was discussed in Lhuillier et al. [3] . 

deal blends provided benefits in terms of avoiding misfires, pro- 

iding cyclic stability while maintaining maximum possible effi- 

iency. Nevertheless, higher than optimal H fractions resulted in 
2 

. 

https://doi.org/10.1016/j.combustflame.2022.112327
http://www.ScienceDirect.com
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epleted efficiencies due to increased wall heat losses. Feasibil- 

ty of using rich mixtures of a 70% NH 3 - 30% H 2 (in terms of 

ole fraction) blend under gas turbine conditions was discussed 

n Valera-Medina et al. [4] . Faster consumption of fuel species 

ue to flame contraction under high inlet temperatures was ob- 

erved, which represented improved combustion efficiencies. Re- 

ctions of unburned NH 3 with NO x were shown to be responsi- 

le for reduction of overall NO x emission due to the production 

f NH x radicals. Nevertheless, this blend was still deemed signifi- 

antly worse in terms of efficiency and NO x emission, as compared 

o traditional fuels such as CH 4 . Hayakawa et al. [5] reported lower 

O formation for rich premixed NH 3 /air mixtures ( φ = 1.1) com- 

ared to lean ( φ = 0.7) and stoichiometric mixtures. The decrease 

n NO in case of rich mixtures was attributed to the increased 

mounts of NH 3 radicals ( NH 2 , NH, and N), which react with NO, 

hereby depleting it. The study [5] also observed a reduction in NO 

t high pressures (about 0.3 MPa), due to the increased rates of 

 + OH + M → H 2 O + M to preclude the formation of NO by faster 

onsumption of H and OH radicals. 

While research pursuits on NH 3 / H 2 blended fuels seem to ad- 

ress some issues of traditional NH 3 combustion, producing H 2 

till remains a challenge. Since NH 3 itself is a hydrogen carrier, 

esearch is being done on cracking of NH 3 to produce H 2 . How- 

ver, the major challenge with cracking of NH 3 to form H 2 is the 

equirement of a large surface area to volume ratio for catalyst 

ased decomposition [6,7] . This makes scaling up of such reac- 

ors for on-board conversion of NH 3 to H 2 very difficult. Moreover, 

he decomposition rates of NH 3 on commonly used ruthenium sur- 

ace reactors is quite sensitive to temperature as is explained in 

lerke et al. [8] . Often, temperatures in excess of 600 K are re-

uired for these catalysts to be active in producing appreciable 

ields of H 2 [8] . Supplying heat to achieve this endothermic pro- 

ess poses major challenges in terms of system efficiency as well as 

hysical construction to facilitate on-board H 2 production. In addi- 

ion, a mechanism to separate H 2 from the equilibrium NH 3 stream 

s also required. The alternative option, thermal decomposition of 

H 3 , would require a lot of preheating, which again decreases the 

verall system efficiency. 

In comparison, non-equilibrium plasma based igniters can eas- 

ly be integrated into modern gas turbines and internal com- 

ustion (IC) engines, and can promote localized volumetric ig- 

ition kernel development by both thermal and chemical assis- 

ance. Moreover, these plasma based igniters can be actively con- 

rolled based on the mixture equivalence ratio, initial tempera- 

ure and pressure, and other design and operating conditions of 

he combustion system. Various studies have focused on modeling 

he combustion and plasma kinetics of combustible gas mixtures. 

aingold and Lefkowitz [9] developed a plasma kinetic mechanism 

or NH 3 / O 2 /He mixtures and studied the impact of pulse repetition 

requency on building a radical pool at atmospheric pressure and 

emperatures ranging from 600 to 1500K. Similar studies aimed 

t exploring the effect of chemical pathways of radical production 

nd consumption were found to be available for other fuels such as 

H 4 [10,11] , n-heptane [12] and dimethyl-ether (DME) [13] . Non- 

quilibrium plasma is known to facilitate unique chemical path- 

ays for fuel pyrolysis, enhanced O radical generation, and ultra- 

ast heating that drives up the rates of several combustion re- 

ctions. These fundamental and technological advantages of non- 

quilibrium plasma could allow the direct combustion of pure or 

igh concentration NH 3 , as opposed to blending it with other fuels 

r decomposing it to form H 2 . 

Complementing the modeling front, Shioyoke et al. [14] ex- 

lored the two-stage simulation methodology to investigate the 

nhancement of laminar burning velocity (LBV) of a premixed 

H 3 /air flame under non-equilibrium plasma discharges. Specifi- 

ally, the plasma discharge is simulated in a perfectly stirred reac- 
2 
or (PSR), and the species concentrations and temperature of this 

eactor are served as inputs for the subsequent 1D flat premixed 

ame simulation for computing the LBV. Increased decomposition 

f NH 3 to form H radicals and increased production of O radicals 

y the plasma resulted in higher density of OH radicals, which 

n turn led to faster decomposition of NH 3 via NH 3 + OH reac- 

ions at low temperatures [14] . This caused a quicker rise in tem- 

erature and thus, an increase in LBV. Simultaneous NO x reduc- 

ion and extension of the lean blow-off (LBO) limits of ammonia 

ames were experimentally achieved in a premixed swirling flame 

n Choe et al. [15] . Two specific possibilities of chemical pathways 

ere hypothesized in Choe et al. [15] to explain the observed NO x 

eduction - i) Increased production of HO 2 could be responsible 

or driving up the NO and NO 2 consumption rates via NO + HO 2 → 

H + NO 2 and NO 2 + HO 2 → HONO + O 2 and/or ii) increased pro- 

uction of NH 2 , indicated by NH 
∗
2 chemiluminescence, effecting 

he increased consumption of NO via NO + NH 2 → NNH + OH and 

H 2 + NO → N 2 + H 2 O . 

The current research is aimed at understanding the fundamen- 

al chemical kinetic pathways and gas heating modes that lead to 

horter ignition delay, lower minimum ignition energy (MIE), and 

ower NO x production of lean, rich and stoichiometric NH 3 /air mix- 

ures under constant pressure and constant volume conditions us- 

ng an in-house zero-dimensional (0D) plasma assisted combus- 

ion solver. This directly leads to a discussion on the effects of 

ifferent controllable parameters affecting overall non-equilibrium 

lasma assistance. Specifically, comparisons are made with ther- 

al nanosecond and continuous power input systems represent- 

ng conventional ignition technologies, to reveal the benefits of a 

anosecond pulsed non-equilibrium plasma discharge over conven- 

ional methods. Moreover, unlike the previous research [9] involv- 

ng combustion of ammonia and oxygen in an inert gas, the current 

ork specifically focuses on plasma assisted combustion of ammo- 

ia in air. The presence of N 2 in air along with its atomic pres- 

nce in NH 3 gives rise to interesting plasma chemical processes 

uch as VT relaxation between pulses, increased NO x formation 

uring the plasma pulses (i.e., before ignition), and overall NO x re- 

uction after ignition, as compared to direct combustion of NH 3 in 

ir. Moreover, it is worthwhile to probe into possible NH 3 reform- 

ng pathways facilitated by plasma to abate the extra fuel-bound 

O x that is produced due to NH 3 . This can also help in approxi- 

ately modeling systems where the plasma igniter is located im- 

ediately downstream of the fuel injector to reform NH 3 into N 2 

nd H 2 . 

This paper is structured as follows. Section 2.1 describes the 

etails of the 0D PAC solver developed in-house for all the sim- 

lations described in this paper. A new plasma mechanism for 

mmonia-air discharge has been assembled in this work using re- 

ctions available in the literature (see Table A.1 in the supple- 

entary materials) and is presented in Section 2.2 . In addition, 

ection 2.2 presents the results of comparison between the experi- 

ental auto-ignition delays [16] and laminar flame speeds [17] and 

imulated results using five candidate combustion mechanisms for 

H 3 in air [18–22] , so as to choose a combustion mechanism to 

e coupled with the newly assembled plasma kinetic mechanism. 

ection 2.3 shows the verification and validation of the PAC solver 

ith two different cases of plasma aided combustion [23,24] . Fi- 

ally, the effects of the reduced electric field (E/N), equivalence 

atio, pressure, pulse frequency and energy density per pulse on 

he ignition delay and NO x emission for constant pressure and 

onstant volume cases are discussed in detail in Section 3 . Addi- 

ionally, simulation of nanosecond thermal discharge and contin- 

ous thermal discharge with equivalent energy input haven been 

onducted to demonstrate the efficacy of non-equilibrium plasma 

or the ignition of ammonia-air mixtures, which is presented in 

ection 3 . 
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. Methodology 

.1. Plasma assisted combustion (PAC) solver 

Zero-dimensional (0D) constant volume and constant pres- 

ure plasma assisted combustion models have been developed to 

imulate nanosecond discharges of non-equilibrium plasma in a 

as mixture. A 0D plasma kinetics code, ZDPlasKin [25] , is cou- 

led with a 0D combustion kinetics code based on CHEMKIN- 

II [26] subroutines, which is functionally same as existing stud- 

es in the literature [23,27] . A schematic diagram of the solver is 

rovided in the supplementary materials. The solver has been ver- 

fied and validated, and the results are presented in Taneja and 

ang [28] and in Section 2.3 . The equations solved during the 

anosecond pulses and the microsecond gaps between pulses are 

iven by Eqs. (1) –(6) , which will be discussed near the end of this

ection. This 0D model gives a quick and reasonably accurate esti- 

ate of all the other important variables, which are homogeneous 

hroughout the bulk of the plasma for a glow discharge. 

dN i 

dt 
= 

j max ∑ 

j=1 

Q i j (t) (1) 

 i j in Eq. (1) stands for the contribution of reaction j to the net 

roduction / consumption of species i and N i stands for the num- 

er density of species i . 

A two-temperature model is used here, which assumes that 

ons, charged species and neutral species are in thermal equilib- 

ium with each other, thereby sharing a common temperature, 

hereas, the electron temperature is to be determined by solving 

or the electron energy density by using the local mean energy ap- 

roximation (LMEA) for evaluating the rate coefficients of electron 

mpact reactions and the electron transport properties [29] . Species 

umber densities, electron temperature, and gas temperature are 

pdated at every time step during the plasma discharge pulses 

nd gaps between adjacent pulses. However, combustion chemistry 

s assumed to be frozen during the discharge pulses as the time 

cales of plasma chemistry are two - three orders of magnitude 

horter than the time scales of combustion chemistry. A constant 

educed electric (E/N) field is used as a means to maintain the de- 

ired electron energy range based on the energy loss fractions of 

ifferent electron impact reactions. This value is typically chosen to 

e the average value of the E/N field variation till breakdown. The 

uration of the pulse is made adaptive to ensure equal energy den- 

ity deposition during every pulse. The values of E/N chosen are 

pread across the glow and nanosecond spark discharge regimes 

f practical low temperature plasma igniters, in order to assess its 

ffect on the ignition delay and species number density evolution. 

he widely used double-precision variable-coefficient stiff ordinary 

ifferential equation solver (DVODE) [30] is used for temporal in- 

egration of the system with stiff governing ordinary differential 

quations (ODE’s). The time step size is fixed at 0.01 ns during the 

ischarge pulses and is allowed to gradually increase up to 5 ns 

uring the gaps between adjacent pulses. A time-step indepen- 

ence study was done to arrive at these rather conservative esti- 

ates of time step sizes. Energy density values chosen in this work 

re similar to those obtained using 2D simulations of nanosecond 

low and spark discharges in Tholin and Bourdon [31] and Ruster- 

oltz et al. [32] (peak values of 0.5–1 J/cm 
3 glow and spark dis- 

harges). However, effects of photoionization, convection and drift- 

iffusion, result in a spatial variation of number densities of elec- 

rons and ions, which in turn results in exponential distributions of 

nergy densities in space. For instance, it decays exponentially by 

ore than three orders of magnitude in a radial distance of less 

han 1 mm for typical nanosecond spark discharges in a pin-pin 

lectrode setup. Since a 0D model does not account for these ef- 
3 
ects, an average estimate of 0.05 J/cm 
3 per pulse was used. More- 

ver, energy densities higher than 0.1 J/cm 
3 require longer pulse 

uration and result in very rapid ionization, thereby further driv- 

ng up rates of electron impact processes, which necessitates time 

teps smaller than 0.1 picoseconds during and immediately after 

he plasma discharge to handle the increased stiffness of the reac- 

ion mechanism. Other than making the computations slower, this 

lso poses numerical stability and convergence issues. An initial 

ackground ionization of ∼ 10 4 electrons/cm 
3 in a quasi-neutral 

ixture is assumed for all simulations, following Tholin and Bour- 

on [31] . This is done to provide a seed initial condition, mainly 

or the electron impact processes. Based on the E/N and energy 

ensity values, most pulses last for about 8 −30 ns. 

Governing equations for species number density evolution are 

escribed in Pancheshnyi et al. [25] . The constant pressure version 

f the gas energy equation is given by Eq. (2) . Eq. (3) constitutes 

he source term, P gas , of the gas energy equation. Eq. (4) is used to

alculate the external electrical energy density per unit time (i.e., 

ower density) supplied by the plasma. This gets divided into the 

inetic power density of electrons - P elec ( Eq. (6) ), that of the gas

olecules - P gas ( Eq. (3) ), and the chemical potential power density 

f all the molecules - P chem 
( Eq. (5) ). It is emphasized that the con-

ributions of the creation/consumption of excited species and ions 

ave been accounted in P chem 
by adding their threshold energies 

o their respective ground states, in Eq. (5) . For other ground state 

pecies, we simply use their respective formation enthalpies. E is 

he electric field strength, νe is the electron drift velocity, N e is the 

lectron number density, N i is the number density of species i , γ
s the ratio of specific heats, k B is the Boltzmann constant, e is the

lectron charge, T gas is the gas temperature, T e is the electron tem- 

erature, and H 
′ 
i 
is the chemical potential of species i in Eqs. (1) -

6) . 

γ

γ − 1 
k B 

d(N gas T gas ) 

dt 
= P gas (2) 

 gas = P ext − P chem 
− P elec (3) 

 ext = eN e Eνe (4) 

 chem 
= 

i max ∑ 

i =1 

H 
′ 
i 

dN i 

dt 
(5) 

 elec = 

3 

2 
k B 

d(N e T e ) 

dt 
(6) 

.2. Plasma and combustion kinetic mechanism 

The plasma kinetic mechanism consists of vibrational and elec- 

ronic excitation, dissociation and ionization reactions of NH 3 , N 2 

nd O 2 , along with the corresponding electron-ion recombina- 

ion, charge exchange and neutral ground state reactions. There 

re 53 species and 383 reactions in this mechanism. Specifi- 

ally, air plasma chemistry mechanism was taken from Zhong 

t al. [33] which comprises of the vibrational and electronic states 

f N 2 and O 2 , along with reactions of O( 1 D) and O( 3 P) which are

rucial in determining the ignition delay at low temperatures [34] . 

arametric studies have been done for a range of E/N values as 

ifferent electron collision processes are dominant at different E/N 

alues. For example, ionic species only play a role for very high 

alues of E/N ( ∼ 10 3 Td and higher) as their threshold poten- 

ials are significantly higher than other processes [35] . Cross sec- 

ion databases for electron impact reactions of NH 3 were obtained 

rom LxCAT online databases [36] provided by Hayashi et al. [37] . 
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Fig. 1. Comparison between experimental and simulated results of (a) ignition de- 

lay times τig at φ = 0.5 and (b) laminar flame speeds S L at 298 K, using differ- 

ent ammonia combustion mechanisms. The lines represent simulated results us- 

ing different mechanisms [18–22] and symbols represent experimental data for 

τig [16] and S L [17] . 
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ll the reactions involving NH 3 and the corresponding rate con- 

tants and references are listed in Table A.1 in the supplementary 

aterials (Sec. A). All reactions of NH 3 with O 2 , electrons, and 

ther radicals have been taken from the plasma mechanism pro- 

ided by Faingold and Lefkowitz [9] in their study on ignition of 

H 3 - O 2 -He mixtures. The energy loss fraction of the second vibra- 

ional state of NH 3 , i.e., NH 3 (v 2) , is significantly higher than that of

he other states [38] . Moreover, most quenching reactions are only 

vailable for NH 3 (v 2) in the literature. Hence, this study only con- 

iders one vibrational excited state of NH 3 , i.e., NH 3 (v 2) . As will 

e discussed in Section 3 , the interaction of NH 3 with the vibra- 

ional states of N 2 can have a significant impact on the ignition 

elay. This effect is predominantly seen at relatively lower values 

f the E/N field, where significant energy of the electrons goes into 

ibrational excitation of N 2 . This effect is primarily modeled by re- 

ctions (5) −(12) (in Table A.1), obtained from Dreyer, Perner, and 

oy [39] , and then subsequently by reactions (82) −(84) (in Table 

.1), obtained from Hovis and Moore [40] . Electronic excitation of 

H 3 to NH 3 (e1) and NH 3 (e2) and subsequent dissociative quench- 

ng to form NH 2 and NH are lumped in two single-step reactions 

2) and (3) (in Table A.1), as the second steps to form dissociated 

roducts are assumed to be very fast. Hence, the rates of these 

rocesses are assumed to be limited by the respective electronic 

xcitation reactions, as is done in Faingold and Lefkowitz [9] . Re- 

ctions of the various NH 3 radicals among themselves, and with 

H 3 and N 2 , as given by reactions (53) −(66) (in Table A.1), are 

aken from Hong et al. [41] . 

Several candidate ammonia combustion mechanisms [18–

2] were considered for coupling with the plasma mechanism. In 

rder to assess the accuracy of available oxidation kinetics of NH 3 , 

hese mechanisms (hereafter named Otomo [18] , Glarborg [19] , 

ei [20] , Okafor [21] , and Shrestha [22] mechanisms) were vali- 

ated against experimental ignition delays ( τig ) [16] and laminar 

ame speeds ( S L ) [17] . Fig. 1 (a) shows the validation results for ig-

ition delays of NH 3 / O 2 /Ar mixture at pressure 60 bar, tempera- 

ures ranging 1060 −1140 K, and equivalence ratio ( φ) of 0.5 (11.8% 

H 3 ), measured in a rapid compression machine (RCM) [16] . The 

larborg, Mei, and Otomo mechanisms were found to satisfactorily 

apture the trend in experimental data. The under-prediction of τig 
y these mechanisms for larger ignition delays could be attributed 

o the heat losses in the RCM, which were not considered in the 

imulations. Although lean conditions are more relevant to poten- 

ial applications, the validation results for τig at φ = 1 and 2 can 

e found in the supplementary materials (see Fig. B.1). 

Figure 1 (b) depicts the comparison of experimental laminar 

ame speeds S L of NH 3 /air mixtures [17] against model predic- 

ions at 298 K temperature and atmospheric pressure. The Glar- 

org mechanism was found to over-predict the flame speeds by a 

actor of two. All of the other mechanisms were found to satis- 

actorily follow the experimental trends and closer to experimen- 

al uncertainties. Additional results for the comparison of experi- 

ental S L to that of the model predictions at various temperatures 

 323 −448 K from the original experiments [17] ) can be found in

he supplementary materials (see Fig. B.2). 

Among the available NH 3 oxidation mechanisms, Mei and 

tomo models follow the experimental trends closely. However, 

etween them, the Mei model captured the laminar flame speeds 

 L more accurately within the experimental uncertainties. In ad- 

ition, the Mei mechanism was found to better predict the ex- 

erimental results of NO in a jet-stirred reactor (JSR) [42] among 

he available mechanisms (see Fig. B3 in supplementary materials). 

hus, Mei mechanism [20] has been chosen as the reference com- 

ustion mechanism for NH 3 in this study. The combustion mech- 

nism is made up of 33 species and 258 reactions, with some 

pecies in common with the plasma mechanism. Mei mechanism 

s then coupled with the plasma mechanism in a consistent man- 
4 
er to obtain a coupled plasma-combustion mechanism. The cou- 

led mechanism together consists of 73 species and 640 reactions. 

he mechanism files along with the cross section databases used 

or electron impact reactions are provided as supplementary mate- 

ials. 

.3. Validation of the 0D PAC code 

Plasma discharge experiments can be used to validate the 0D 

AC code developed in this work. Such experiments are conducted 

t very low pressures and temperatures so that combustion chem- 

stry at these conditions is almost frozen, thereby making use of 

ell established discharge kinetics of select plasma chemistry. In 

rder to validate the 0D PAC code developed in this work, the time 

ependent temperature and H 2 O profiles of H 2 / O 2 /He mixtures un- 

ergoing 1500 pulses of 30 kHz nanosecond pulse discharges at an 

nitial pressure of 60 Torr and temperature 300 K were employed 

rom Mao et al. [23] . The value of E/N was fixed to 100 Td (1 Td

 10 −17 V cm 
2 ) in this simulation, as the average value of exper- 

mental E/N profile was found to be 100 Td during the discharge 

ulse. Figure 2 shows the experimental [23] and simulated profiles 

f temperature and H 2 O . The simulations were performed consid- 

ring the conductive heat loss term to account for the drop in 

xperimental temperature profile. Moreover, the simulations were 

erformed at both a fixed supply of pulse energy ( E p ) (dashed red

ines) and a varying pulse energy (dotted green lines) to see the 
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Fig. 2. Comparison between experimental and simulated results of (a) tempera- 

ture evolution and (b) number densities of H 2 O of H 2 / O 2 /He mixtures, undergo- 

ing 1500 pulses of 30 kHz nanosecond pulse discharges at an initial pressure of 

60 Torr and temperature 300 K. The solid black lines represent the simulations 

in Mao et al. [23] and symbols represent experimental data from Mao et al. [23] . 

Dashed red lines - fixed pulse energy, dotted green lines - varying pulse energy in 

the present work.. (For interpretation of the references to color in this figure legend, 

the reader is referred to the web version of this article.) 
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Fig. 3. Results of simulated temperature evolution and number densities of OH rad- 

ical of H 2 /air mixtures after a 50-pulse burst at (a) φ = 0.06 and (b) φ = 0.12 for 

an initial pressure 100 Torr and temperature 500 K. The lines represent simulated 

results (solid lines - current study, dashed lines - original study) and symbols rep- 

resent experimental data from Nagaraja et al. [24] . 
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esulting improvements in simulated number densities of H 2 O by 

ccurately matching the temperature profile. For the varying E p 
ase, two different pulse energies were used: a larger pulse energy 

p to 0.025 seconds and a smaller pulse energy from 0 . 025 −0 . 5

econds to match the change of slope in the temperature profile in 

ig. 2 (a). From Fig. 2 (a), the temperature profile is found to closely

ollow the experimental trend for the varying E p case. The temper- 

ture profile for fixed E p over-predicts the temperature at end of 

ischarge burst (0.05 s) by about 50 K. This error can be attributed 

o the inevitable inaccuracies of incorporating the heat loss term 

n the present code. Nevertheless, both fixed and varying E p simu- 

ations were able to satisfactorily predict the number densities of 

 2 O (see Fig. 2 (b)). 

To further validate the code, simulations were performed for 

 2 /air mixtures at lean conditions ( φ = 0.06 and 0.12) at initial 

ressure 100 Torr and temperature 500 K. The model predictions 

f OH number densities and temperature were compared with ex- 

erimental data [24] after a 50-pulse burst at 10 kHz repetition 

ate (see Fig. 3 (a) and (b) for φ = 0.06 and 0.12, respectively). The

olid lines correspond to the present validation results whereas, 

he dashed lines represent the simulated results in the original 

ork [24] . The symbols represent experimental data with associ- 

ted uncertainty. The results depict satisfactory predictions of OH 
5

rofiles within experimental uncertainties, when the simulations 

ere performed to match the temperature profile of the original 

tudy. These results, along with the validation results in Fig. 2 as- 

erts the validity of the present numerical model. Further model 

alidation using experimental ignition delay times [23,24] can be 

ound in the supplementary materials (see Fig. D.1 and D.2). 

. Results and analysis 

For ammonia to become a mainstream fuel, several key chal- 

enges associated with its combustion must be addressed. Long ig- 

ition delays due to higher ignition energy requirements and high 

O x production are two of the primary challenges that this work 

ims to address using non-equilibrium plasma. PAC with ammo- 

ia under varied set of operating conditions is investigated for 

onstant volume and constant pressure 0D homogeneous reactors. 

onstant volume (CV) reactors are chosen to approximately rep- 

esent combustion in internal combustion (IC) engines, which can 

rudely be modeled using an Otto cycle approximation. Similarly, 

onstant pressure (CP) reactors are chosen to approximately repre- 

ent the heat addition process in gas turbines based on the Bray- 

on cycle assumption. The results presented here are typically at 

tmospheric pressures or slightly higher, which may not be rep- 

esentative of these practical combustion systems. But the goal is 

o understand the fundamental PAC chemical kinetics of ammo- 

ia, first at atmospheric pressures, rather than target applications. 

ence, this numerical research could become a reference for fun- 

amental experimentalists interested in investigating PAC kinetics 
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Table 1 

Different cases of constant volume (CV) 0D simulations used in the present study. (Initial Pres- 

sure = 1 atm., Initial Temperature = 800 K). 

Parameters - Constant Volume (CV) 

No. E/N φ Frequency (kHz) Energy density per pulse (J/cm 
3 ) No. of pulses 

CV1 150 1.0 100 0.05 10 

CV2 150 1.0 30 0.05 10 

CV3 150 0.5 100 0.05 10 

CV4 550 1.0 100 0.05 10 

CV5 150 1.0 100 0.025 10 

CV6 0 1.0 100 0.05 10 

CV7 0 1.0 - 1.3 ( > 0.5) (total) Continuous 

Table 2 

Different cases of constant pressure (CP) 0D simulations used in the present study. (Initial 

Temperature = 800 K, Pulse Frequency = 100 kHz). 

Parameters - Constant Pressure (CP) 

No. E/N φ Pressure (atm) Energy density per pulse (J/cm 
3 ) No. of pulses 

CP1 150 1.0 1.0 0.05 10 

CP2 150 1.0 3.0 0.05 20 

CP3 150 1.2 1.0 0.05 10 

CP4 550 1.0 1.0 0.05 10 

CP5 150 0.5 1.0 0.05 10 

CP6 0 1.0 1.0 0.05 10 

CP7 0 1.0 1.0 1.3 ( > 0.5) (total) Continuous 
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Fig. 4. Electron energy loss fractions of NH 3 , N 2 , O 2 species at different reduced 

electric fields (E/N). 
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f ammonia with nanosecond pulsed discharges, that are gener- 

lly easier to do at atmospheric pressures, than higher pressures. 

he applications mentioned here simply motivate the choice of the 

odel and parameter approximations (i.e., reactor type, values of 

he reduced electric field, equivalence ratios, etc.). It should also 

e noted that the 0D model is not a perfect representation of such 

pplications as effects of bulk gas recirculation, turbulence, drift- 

iffusion, photoionization etc. can not be modeled. While it is pos- 

ible to model the effects of species transport and convective heat 

oss approximately in these 0D reactors by including certain source 

erms with some characteristic time scales associated with these 

rocesses, we consider adiabatic reactors for this study as those 

ength/time scales often require a lot of tuning which introduces 

eedless uncertainties for this fundamental study. 

Equivalence ratio ( φ), reduced electric field (E/N), pressure, 

ulse frequency and energy density per pulse are chosen as the 

ain parameters to perform a parametric study to understand how 

ach of them affects the ignition delay time. All parametric cases 

imulated using constant volume and constant pressure reactors 

CV1 −CV5 and CP1 −CP5 in Tables 1 and 2 ) are compared among

hemselves, and with two additional baseline cases (CV6/CP6 for 

anosecond thermal energy deposition and CV7/CP7 for continu- 

us thermal energy deposition). Both these additional cases replace 

he effect of plasma using a heat source term. CV6/CP6 models 

anosecond pulsed heat source, whereas CV7/CP7 models tradi- 

ional heat kernel assisted combustion (e.g. equilibrium arc igni- 

ion), where a heat source of magnitude ˙ Q is applied for a certain 

nterval τ , such that the total energy deposited, 
∫ τ
0 

˙ Q dt is equal to 

 constant predetermined value. The various cases considered in 

his study are tabulated in Tables 1 and 2 along with case num- 

ers, which are used for discussion in Sections 3.1.1 to 3.1.5 (for ig- 

ition delays) and Sections 3.2.1 to 3.2.4 (for NO x production). The 

alues chosen for all the parameters are based on practical consid- 

rations such as typical voltages applied to the electrodes, common 

nd desired equivalence ratios of the combustion mixtures, range 

f frequencies in most practical plasma igniters, energy density per 

ulse corresponding to the nanosecond glow or spark discharges 

sed at atmospheric pressure [31,32] , and the number of pulses are 

djusted accordingly to achieve ignition delays that are commonly 

esirable for engines and gas turbines. 
6

.1. Ignition delay times 

.1.1. Effect of reduced electric field (E/N) 

As is shown in Fig. 4 , the percentage of electron energy de- 

osited in different modes depends on the reduced electric field 

E/N). In Fig. 4 , only the vibrational and electronic excitation, 

nd ionization modes are shown since very low energy (less 

han 1%) goes into the rotational modes in the desired range 

f E/N ( 10 0 −60 0 Td). Moreover, the energy loss fractions for 

ll the vibrational and electronic excitation, and ionization pro- 

esses are summed individually for every species. Since the vibra- 

ional energy contribution is relatively higher at lower values of 

/N ( 10 0 −20 0 Td), vibrational-to-translational relaxation (VT relax- 

tion) and kinetics associated with the vibrational states of N 2 and 

H 3 are expected to play a major role in determining the ignition 

elays at 10 0 −20 0 Td. As observed in Fig. 5 , a difference of about

n order of magnitude is observed in the ignition delay, when E/N 

s increased from 150 Td (CV1) to 550 Td (CV4). Although the num- 

er density of OH radical is found to be similar between CV1 and 

V4 (red lines in Fig. 5 ), the rise in temperature during pulses 

ere observed to be higher in case of CV1 when compared to 
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Fig. 5. Evolution of (a) temperature (black lines) and number density of OH radical 

(red lines) for E/N = 150 Td (CV1, solid lines) and 550 Td (CV4, dashed lines) and 

(b) the electron number density (CV1 - solid red lines and CV4 - dashed black lines) 

in a constant volume 0D reactor. Note - Plots in this paper start from 10 −5 s to avoid 

crowded plots at larger times because of the logarithmic scale.. (For interpretation 

of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 

Fig. 7. Number densities of OH radical (turquoise line) and O radical (magenta line) 

at E/N = 150 Td (solid turquoise/magenta lines) and 550 Td (dashed black lines) in 

a constant volume 0D reactor. 
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Fig. 6. Path flux analysis for the consumption of NH 3 during the last pulse at (a) E/N = 1

percentages are calculated relative to the consumed parent species. 

7

V4 (black lines in Fig. 5 ). In order to understand the slow rise 

n temperature and the consequent increase in ignition delays at 

50 Td, path flux analyses have been performed for the consump- 

ion of NH 3 during the last pulse. Path flux analysis of CV1 (E/N 

 150 Td) and CV4 (E/N = 550 Td), as shown in Fig. 6 , specifi-

ally analyzes the impact of relaxation of N 2 (v 1 − v 8) and NH 3 (v 2)

o their respective ground states. At 150 Td, it is observed from 

ig. 6 (a) that about 41% of NH 3 is being consumed through the 

ibrational-vibrational (VV) exchange reaction of N 2 and NH 3 (i.e., 

 2 (v 1 − v 8) + NH 3 → N 2 + NH 3 (v 2) ) to produce NH 3 (v 2) , which

redominantly relaxes back to NH 3 ( ∼ 98% ). In addition, another 

0.5% of NH 3 gets consumed through an electron impact reaction 

o produce NH 3 (v 2) . However, at 550 Td ( Fig. 6 (b)), only 0.2% of

H 3 is consumed through the VT relaxation of N 2 . About 34% of 

H 3 undergoes electron impact to produce NH 3 (v 2) , of which only 

7% relaxes back to NH 3 . Moreover, the consumption of NH 3 via 

lectron impact reactions to produce NH 2 (36%) and NH (18%) is 

bserved to be higher at 550 Td. These observations justify the 

ominance of VT relaxation reactions at 150 Td and their insignif- 

cance at 550 Td. 

Figure 7 shows the number densities of important radicals (O 

nd OH) at both 150 and 550 Td. It can be seen that the amount of
 and OH radicals are similar between 150 and 550 Td and hence 

50 Td (CV1) and (b) E/N = 550 Td (CV4) in a constant volume 0D reactor. The flux 
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Fig. 8. Number densities of (a) all the vibrational excited states of N 2 species (rep- 

resented by N 2 (v ) ) and (b) vibrational excited state of NH 3 species ( NH 3 (v 2) ) at 

E/N = 150 Td (CV1, solid turquoise/magenta lines) and 550 Td (CV4, dashed black 

lines) in a constant volume 0D reactor. 

Table 3 

List of reactions involved in the consumption of NH 3 and their corre- 

sponding enthalpies of reaction. 

Reaction Enthalpy of reaction, �H r (kJ/mol) 

E + NH 3 → E + NH 2 + H 456.1 

O ( 1 D ) + NH 3 → OH + NH 2 28.1 

N 2 (v 1) + NH 3 → N 2 + NH 3 (v 2) -17.6 

N 2 (v 2) + NH 3 → N 2 + NH 3 (v 2) -46.5 

N 2 (v 3) + NH 3 → N 2 + NH 3 (v 2) -75.5 

N 2 (v 4) + NH 3 → N 2 + NH 3 (v 2) -94.8 

N 2 (v 5) + NH 3 → N 2 + NH 3 (v 2) -123.7 

N 2 (v 6) + NH 3 → N 2 + NH 3 (v 2) -152.6 

N 2 (v 7) + NH 3 → N 2 + NH 3 (v 2) -181.6 

N 2 (v 8) + NH 3 → N 2 + NH 3 (v 2) -200.9 
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Fig. 9. Evolution of temperature (black lines) and number density of OH radical 

(red lines) at φ = 0.5 (CP5, solid lines), φ = 1.0 (CP1, dashed lines), and φ = 1.2 

(CP3, dotted lines) in a constant pressure 0D reactor. (For interpretation of the ref- 

erences to color in this figure legend, the reader is referred to the web version of 

this article.) 
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o not explain the higher reactivity observed at 150 Td. Therefore, 

t is hypothesised that the dominance of VT relaxation at 150 Td 

as observed in the path flux diagram, Fig. 6 ) contributes to the in-

reased reactivity at 150 Td. To ascertain this hypothesis, the num- 

er densities of the total vibrational states of N 2 (i.e., N 2 (v 1 − v 8) )

nd NH 3 (v 2) are depicted in Fig. 8 . It is observed that at 150 Td,

he peak number density of N 2 (v 1 − v 8) is about an order of mag-

itude higher compared to that at 550 Td, and is in accordance 

ith the dominance of vibrational energy contribution at 150 Td. 

able 3 portrays the major reactions which consumes NH 3 and 

heir corresponding reaction enthalpies ( �H r ). A negative value of 

H r implies the reaction to be exothermic. From Table 3 , it can 
8 
e observed that the reactions involving the production of NH 2 

re endothermic, whereas, the VT relaxation reactions of nitrogen 

hat results in the production of NH 3 (v 2) (through N 2 (v 1 − v 8) )

re exothermic. 

Thus the dominance of the VT relaxation at 150 Td (41%, NH 3 

→ NH 3 (v 2) ) over 550 Td (0.2%, NH 3 −→ NH 3 (v 2) ) implies that

bout 41% of NH 3 is consumed through exothermic pathways at 

50 Td, resulting in significant heating up of the mixture during 

he plasma discharges, as seen from the temperature profiles in 

ig. 5 (black solid lines). However at 550 Td, the consumption of 

H 3 through exothermic VT relaxation pathways is insignificant 

0.2%) and is consumed mainly through endothermic pathways to 

roduce NH 2 and NH, thereby resulting in a lower rate of heat- 

ng during the plasma discharges as shown in Fig. 5 (black dashed 

ines). This increased heating due to VT relaxation reactions favor 

he endothermic decomposition of fuel to smaller species and their 

ubsequent oxidation, thereby inducing the increased reactivity at 

50 Td compared to 550 Td. 

.1.2. Effect of equivalence ratio 

Temperature and OH number density for lean ( φ = 0.5, CP5), 

toichiometric (CP1) and rich ( φ = 1.2, CP3) mixtures of NH 3 and 

ir are plotted in Fig. 9 . Despite almost equal production of OH 

uring the plasma pulses, the consumption rates of OH radical dur- 

ng the gaps are much smaller for case CP5 (lean), as compared to 

ases CP1 (stoichiometric) and CP3 (rich). Thus, at the end of 10 

lasma pulses (1 × 10 −4 s), case CP5 is found to have an accumu- 

ated OH density, which is almost thrice as compared to CP1 and 

P3. This observation suggests the role of OH consumption path- 

ays on the reduced reactivity of the rich mixture. 

In order to ascertain the role of OH consumption in lowering 

he reactivity of the rich mixture, sensitivity and species consump- 

ion analyses were performed for ignition delays and OH consump- 

ion respectively. Fig. 10 shows a sensitivity analysis on the igni- 

ion delays of NH 3 / O 2 / N 2 mixtures at 1 bar and 1600 K. A positive

ensitivity coefficient reflects an increase in ignition delay (reduced 

eactivity) when the rate of the reaction is increased. It can be ob- 

erved that the fuel-specific H-abstraction reactions NH 3 + OH → 

H 2 + H 2 O and NH 3 + H → NH 2 + H 2 exhibit a positive sensitivity 

oefficient, revealing the inhibiting nature of these reactions. This 

s due to the replacement of highly reactive OH and H radical with 

esser reactive NH 2 in the radical pool. Based on this observation, 

he consumption pathways of OH during the last inter-pulse gap 

 ∼1 × 10 −4 s) were probed into, to understand the cause of differ- 

nce in its number density between the three cases (see Fig. 11 ). 
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Fig. 10. Sensitivity analysis of NH 3 / O 2 / N 2 mixtures to the ignition delays at 1 bar and 1600 K. A positive sensitive coefficient reflects an increase in the ignition delay 

(reactivity inhibiting reaction). 

Fig. 11. Consumption pathways of OH radical after the last pulse at (a) φ = 0.5 (CP5), (b) φ = 1.0 (CP1), and (c) φ = 1.2 (CP3) in a constant pressure 0D reactor. The flux 

percentages are calculated relative to the consumed parent OH radical. 
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Fig. 12. Evolution of temperature (black lines) and number density of OH radical 

(red lines) at pressures of 1 atm (CP1, solid lines) and 3 atm (CP2, dashed lines) in 

a constant pressure 0D reactor.. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) 
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rom Fig. 11 , it can be seen that NH 3 + OH → NH 2 + H 2 O is the

ajor reaction consuming OH radicals. About 49% of OH gets con- 

umed through this pathway in case CP5 at a rate 8,150 mol/m 
3 s, 

s compared to 67% and 71% in cases CP1 (20,378 mol/m 
3 s) and 

P3 (33,468 mol/m 
3 s), respectively. The least consumption rate of 

H radicals for the case CP5 can be attributed to the comparatively 

ower concentration of NH 3 (fuel) to begin with, in the case of CP5 

s compared to CP1 and CP3. 

Thus, the H-abstraction reaction NH 3 + OH → NH 2 + H 2 O is 

ound to inhibit the reactivity of rich mixtures. Similar analysis 

n the consumption of H radicals reveal NH 3 + H → NH 2 + H 2 to 

e the dominant H destruction pathway with destruction rates of 

4,840, 63,880, and 76,473 mol/m 
3 s for lean, stoichiometric, and 

ich cases respectively. On account of the dominance of these H- 

bstraction reactions (thereby destroying H and OH radical pool) 

n case of CP3 ( φ = 1.2), compared to CP1 ( φ = 1.0) and CP5 ( φ
 0.5), the fuel-rich mixture (CP3) is observed to exhibit lowest 

eactivity, followed by stoichiometric (CP1) and fuel-lean mixtures 

CP5). The other reactions consuming OH radicals (see Fig. 11 ) were 

ot found to significantly differ between the three cases, as com- 

ared to the H-abstraction reactions involving H and OH. 

.1.3. Effect of pressure 

Many practical combustion systems often operate at pressures 

bove atmospheric, and hence, it is worthwhile to explore how 

igher pressures affect ignition delays. It should be noted that the 

igh pressure case, CP2, uses 20 pulses, unlike the reference case 

P1, which only uses 10 pulses. However, the energy density per 
9 
ulse is maintained equal, i.e., 0.05 J/cm 
3 . Thus, CP2 (3 atm) has 

wice the overall energy deposition as compared to CP1. This was 

equired since 10 pulses were inadequate for igniting the lesser- 

eactive mixture at 3 atm in the CP2 case. Hence, to maintain pres- 

ure as the only parametric difference between the two cases until 

he 10th pulse, increasing the number of pulses for CP2 provided 

 basis for fairer comparison. Fig. 12 depicts the evolution of tem- 

erature and number density of OH radical for cases CP1 (1 atm) 
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Fig. 13. Number densities of (a) important radical species (H and O radicals, violet 

and green lines, respectively) and (b) meta-stable species ( H 2 O 2 and HO 2 , violet and 

green lines, respectively) at pressures of 1 atm (solid violet/green lines) and 3 atm 

(dashed violet/green lines) in a constant pressure 0D reactor.. (For interpretation 

of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 

Fig. 14. Production pathways of HO 2 after the sixth pulse at pressures of (a) 1 atm 

(CP1 – values in black) and (b) 3 atm (CP2 – values in pink) in a constant pressure 

0D reactor. The flux percentages are calculated relative to the produced HO 2 species. 
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Fig. 15. Consumption pathways of H radical after the sixth pulse at pressures of (a) 

1 atm (CP1 – values in black) and (b) 3 atm (CP2 – values in pink) in a constant 

pressure 0D reactor. The flux percentages are calculated relative to the consumed H 

species. 
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nd CP2 (3 atm). A 3x longer ignition delay was observed in case 

f CP2 as compared to case CP1 (see Fig. 12 ) despite depositing 

wice the overall energy in CP2. The lower reactivity of case CP2 

an be observed from the lower number densities of reactive rad- 

cals such as OH, O and H from Figs. 12 and 13 (a) at the begin-

ing of each plasma pulse. This can be attributed to an important 

hree body recombination reaction, H + O 2 + M → HO 2 + M , which 

s known to be dominant at higher pressures. Figure 14 shows 

he difference in production pathways for HO for CP1 (1 atm) 
2 

10 
nd CP2 (3 atm) cases. NNH and HNO (fuel derived species) re- 

ct with O 2 to produce almost 92% of the total number density of 

O 2 at 1 atm, whereas only 5% is produced by consuming H radi- 

als. However, at 3 atm, 21% of HO 2 is produced from H radicals 

y H + O 2 + M → HO 2 + M and only 72% is produced from NNH 

nd HNO. This is also noticeably evident from an order of magni- 

ude increased production of HO 2 (and consequently H 2 O 2 due to 

O 2 + HO 2 → H 2 O 2 + O 2 ) for CP2 as compared to CP1, as is shown 

n Fig. 13 (b). Another chain terminating reaction, H + NH 2 + M → 

H 3 + M , also contributes towards quicker depletion of H rad- 

cals at high pressures. The influence of these pressure depen- 

ent recombination reactions at higher pressures inhibits the chain 

ranching process of H + O 2 → O + OH by competing for consump- 

ion of H, thereby reducing the reactivity of the mixture at high 

ressures (CP2). Figure 15 highlights this fact, specifically for the 

ncreased consumption of H radicals at higher pressures. This im- 

ortant chain branching pathway of H + O 2 → O + OH produces a 

esser proportion of OH at higher pressures (only 1% of OH in CP2 

s compared to 13% in CP1), further reducing reactivity. Further- 

ore, NH 3 + OH → NH 2 + H 2 O is more dominant in consuming OH 

t high pressures (90% for CP2 vs 79% in CP1), which is also a re-

ctivity inhibiting step as OH is a more reactive radical than NH 2 

o control ignition. 

.1.4. Effect of pulse energy and pulse frequency 

A rather straightforward (and expected) trend in ignition delay 

as observed when the energy density per pulse and pulse fre- 

uency were altered. Increasing either of energy density and pulse 

requency resulted in shorter ignition delays simply because all the 

undamental processes responsible for ignition, as discussed be- 

ore, were accelerated. The details and resultant plots of these ef- 

ects are provided in the supplementary materials. 

.1.5. Effect of nanosecond pulsed non-equilibrium plasma 

The primary effect of non-equilibrium plasma chemistry is 

ighlighted by comparing results with the two baseline cases, CP6 

nanosecond thermal discharge) and CP7 (continuous thermal dis- 

harge). CP7 is representative of conventional equilibrium arc dis- 

harges used in internal combustion engines and gas turbines, 

hereas CP6 is an ideal pulsed discharge case, where all the en- 

rgy is used for direct gas heating, within a few nanoseconds. The 

atter could be thought to represent a pulsed laser ignition method. 

he total time for which the source is active is maintained at 10 −4 

 for all cases. The case CP6 is simulated using the in-house PAC 

ode, where, the reduced electric field (E/N) is set to 0 Td and a 

xed pulse duration. A uniform power density is applied to en- 

ure equal energy density of 0.05 J/cm 
3 for each of the ten pulses, 

ame as CP1. The CP7 case is simulated by solving constant heat 

ource based ignition with Cantera [43] , where the power den- 

ity is set to 1 . 3 × 10 4 W/cm 
3 . Thus, the total energy density for

oth CP1 (nanosecond plasma discharge) and CP6, after 10 pulses 

s 0.5 J/cm 
3 , whereas it is 1.3 J/cm 

3 for CP7. The increased energy
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Fig. 16. Evolution of (a) temperature and (b) number density of OH radical for 

nanosecond plasma energy deposition (CP1, solid black lines), nanosecond thermal 

energy deposition (CP6, dashed red lines), and continuous thermal energy deposi- 

tion (CP7, dotted green lines) in a constant pressure 0D reactor. (For interpretation 

of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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Fig. 17. Number densities of (a) O ( 1 D ) and (b) O radical for nanosecond plasma en- 

ergy deposition (CP1, solid black lines), nanosecond thermal energy deposition (CP6, 

dashed red lines), and continuous thermal energy deposition (CP7, dotted green 

lines) in a constant pressure 0D reactor. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this arti- 

cle.) 
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ensity for CP7 is used to obtain a significantly shorter delay, even 

hough it still is an order of magnitude longer than those of CP1 

nd CP6 cases. Based on our sensitivity tests, different combina- 

ions of heat source duration and power densities resulted in al- 

ost the same ignition delay for CP7. 

A clear advantage of using nanosecond pulsed supply of energy 

ver a continuous supply of energy can be seen in Fig. 16 , as CP1 is

bserved to have the shortest ignition delays, and CP6 also ignites 

uch faster than CP7. Despite the longer ignition delay, the tem- 

erature rise after each pulse is higher for case CP6 (nanosecond 

hermal) as compared to case CP1 (nanosecond plasma). This is be- 

ause all the energy is deposited as heat in the former, whereas it 

s distributed to facilitate different chemical processes and increase 

he electron and gas temperatures for the latter case. The advan- 

age of plasma chemistry can be seen by comparing the number 

ensities of O, OH and O ( 1 D ) radicals in Figs. 16 (b) and 17 , which

re found to be considerably higher for CP1 compared to CP6 and 

P7. However, in case of CP6, the heat source was sufficient to raise 

he temperature to around 20 0 0 K, i.e., close to the ignition tem- 

erature. Thus, temperature rise is the major driver to enhance the 

verall reactivity of the mixture in the case of CP6. When the heat 

ource per pulse times the number of pulses is further reduced, for 

oth nanosecond plasma and nanosecond thermal discharges, one 

an see how plasma kinetics help in building a radical pool at low 
11 
emperatures, which majorly drives the mixture to ignition. Finally, 

ven though the pathways for O and OH production are similar 

not identical; as is shown in Fig. 18 (b) and (c)), the overall rates 

nd densities of these radicals are quite different for cases CP6 and 

P7. This is apparent from Figs. 16 (b) and 17 (b). For instance, the 

ajor O production pathways for CP6 and CP7 are NH 2 + O 2 → 

 + H 2 NO and H + O 2 → O + OH . The O radical production rates 

re 7 . 22 × 10 −5 moles/(m 
3 ·s) and 8 . 36 × 10 −6 moles/(m 

3 ·s) for CP6
nd CP7, respectively. Thus, a difference of one order of magni- 

ude was observed. Also, the major OH radical production path- 

ays are NH 3 + O → NH 2 + OH for CP6 and NH 2 + O → NH + OH 

or CP7. The rates for OH production are 7 . 04 × 10 −5 moles/(m 
3 ·s)

nd 5 . 06 × 10 −12 moles/(m 
3 ·s) for CP6 and CP7, respectively. Thus, 

 difference of seven orders of magnitude was observed. These in- 

tantaneous rates are obtained at approximately 50 μs, which is 

alf-way during the energy deposition periods for both the cases. 

he consequences are 2 × and 20 × shorter ignition delays for the 

anosecond plasma case as compared to the nanosecond thermal 

ase and the continuous thermal discharge case, respectively. 

Production paths for OH radical were probed into, before the 

ompletion of the last pulse for cases CP1 (nanosecond plasma) 

nd CP6 (nanosecond thermal), and at the same time instant for 

P7 (continuous thermal) and is given in Fig. 18 . Figure 18 (a) 

hows that direct electron impact reaction of O and the 
2 
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Fig. 18. Production pathways of OH radical during the last pulse for (a) nanosecond plasma energy deposition (CP1), (b) nanosecond thermal energy deposition (CP6), and 

(c) continuous thermal energy deposition (CP7) in a constant pressure 0D reactor. The flux percentages are calculated relative to the produced OH species. 
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ecombination of the electronic states of N 2 ( N 2 (C) , N 2 (a 
′ ) ) with 

 2 to be major channels of O ( 1 D ) production, which is in turn re- 

ponsible for majority of the OH production in case of CP1. For 

oth the thermal ignition cases (CP6 and CP7), O, HO 2 and O 2 

re the dominant species for OH production, with the common 

hain branching reaction, H + O 2 → O + OH playing a primary role 

n the production of O and OH radicals. The production of OH rad- 

cal from O, O 2 , and HO 2 , however, is limited in CP6 and CP7 (see

ig. 16 (b)), as the amount of O radical produced in these cases is 

ar lesser than that produced for the case of CP1 (see Fig. 17 (b)).

oreover, CP6 and CP7 do not produce O ( 1 D ) in considerable 

mounts when compared to CP1, owing to the lack of activated 

lasma chemistry in the former ones. Nevertheless, trace quanti- 

ies of O ( 1 D ) species are produced in the nanosecond thermal dis- 

harge case as well, especially around ignition. A rather uncom- 

on pathway of producing electronically excited states of N 2 and 

 2 , without any plasma, leads to the production of O ( 1 D ) . The dis-

ociation of NH 3 into NH 2 , NH and N by the plasma and combus- 

ion chemistry result in increased production of N radicals, by the 

eaction - NH + NH 2 → N + NH 3 , following which a unique set of 

hree-body plasma reactions of the type N + N + M → N 2 (a 
1 �g ) + 

 , obtained from Zhong et al. [33] , produce almost all the avail- 

ble N 2 (a 
1 �g ) . Next, an electronic exchange reaction of N 2 (a 

1 �g ) , 

 2 (a 
1 �g ) + O 2 → O 2 (b 

1 �g ) + N 2 produces O 2 (b 
1 �g ) , which even- 

ually reacts with the O radicals in the mixture, to form O ( 1 D ) by

 2 (b 
1 �g ) + O → O 2 + O ( 1 D ) . 

Thus, the enhancement in OH production bolstered by the acti- 

ated plasma chemistry (producing O ( 1 D ) ) is found to be respon- 

ible for the higher reactivity of CP1 (nanosecond plasma), as com- 

ared to CP6 (nanosecond thermal) and CP7 (continuous thermal) 

ases. 

.2. NO x emission 

The deleterious impact of NO x emission (mainly NO and NO 2 ) 

n human health and the environment are well known [44–46] , 

esulting in premature deaths and ozone depletion in upper atmo- 

phere. Hence, NO x emission of a potential fuel is one of the most 

mportant metrics to assess its viability to become a well-accepted 

uel for combustion engines. Since ammonia is plagued with higher 

O x emission in comparison to traditional hydrocarbon-based fu- 

ls, evaluating whether non-equilibrium plasma can somehow help 

o reduce NO x is a critical next step after assessing its benefits in 

erms of faster ignition. This section presents a parametric evalua- 

ion on the effects of plasma on NO x emission from combustion of 

H 3 . The reduced electric field (E/N), equivalence ratio, pressure, 

nd effect of nanosecond plasma are chosen as the major param- 

ters to study the NO x production. The effect of pulse energy and 
12 
ulse frequency are not discussed in detail, as the observations are 

ound to be rather straightforward: On increasing the pulse energy, 

 faster rise in temperature (see Fig. F.1 in supplementary materi- 

ls) was found to effect a faster rise in NO, whereas, increasing the 

requency only changed the time scale of NO production and final 

O was found to be the same regardless of frequency. 

It should be noted that due to the lack of concrete experimen- 

al NO x measurements of plasma assisted ammonia combustion in 

anonical configurations such as homogeneous batch reactors, per- 

ectly stirred reactors, etc., it is difficult to ascertain the uncertainty 

ssociated with the results presented in this section. Nonetheless, 

ince the plasma chemistry mechanism is assembled using reac- 

ions from credible sources (mentioned in supplementary materi- 

ls) and a well-validated combustion mechanism [20] is used, the 

rends predicted should at least be qualitatively correct. Moreover, 

he NO x predictions in this paper do not directly translate to IC 

ngine / gas turbine NO x emissions, since the nanosecond glow / 

park discharges in such combustion systems are only present in a 

ery small region, which ignites the mixture and produces a flame 

ernel, that eventually leads to NO x emissions. Nevertheless, the 

undamental chemical kinetics for homogeneous, premixed mix- 

ures of NH 3 in air discussed in this section will remain the same 

n the discharge region. Hence, it is worthwhile to understand the 

ffect of plasma on NO x production there. 

.2.1. Effect of reduced electric field (E/N) 

Figure 19 show the NO and NO 2 number densities for cases CV1 

E/N = 150 Td) and CV4 (E/N = 550 Td). The number densities of 

O and NO 2 remain almost equal during the plasma pulses, indi- 

ating negligible dependence of NO x on the reduced electric field 

E/N). Nevertheless, the higher rate of increase in temperature to- 

ards the end of pulses for CV1 compared to CV4 (see Fig. 5 (a))

ncreases the thermal NO x production for CV1, thereby depicting 

 slightly higher peak in the production of NO and NO 2 as seen 

n Fig. 19 . This higher rate of rise in temperature during CV1 is 

ound to be a consequence of the heat liberated by the VT relax- 

tion reactions involving the vibrational states of NH 3 and N 2 , as 

as discussed in Section 3.1.1 . 

.2.2. Effect of equivalence ratio 

Thermal NO x (i.e., oxides of nitrogen formed due to reaction of 

itrogen with oxygen in air at elevated temperatures) [47] is a pre- 

ominant issue for the combustion of every fuel, when air is used 

s the oxidizer. High temperature and lean mixtures drive up the 

ates of thermal NO x production reactions due to the excess oxy- 

en content in lean mixtures and due to the exponential increase 

f rate constants with the increased temperature. The trend re- 

ains similar with plasma as well (see Fig. 20 (a)), except that the 
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Fig. 19. Number densities of (a) NO and (b) NO 2 at reduced electric fields (E/N) of 

150 Td (CV1, solid red lines) and 550 Td (CV4, dashed black lines) in a constant 

volume 0D reactor. 
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Fig. 20. Number densities of (a) NO and (b) O at φ = 0.5 (CP5, solid cyan lines), φ

= 1.0 (CP1, dashed red lines), and φ = 1.2 (CP3, dotted black lines), in a constant 

pressure 0D reactor. (For interpretation of the references to color in this figure leg- 

end, the reader is referred to the web version of this article.) 
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eactions contributing to NO production during the pulses are dif- 

erent. O radicals are mainly produced by electron impact reactions 

f O 2 and the subsequent reactions of O with the electronically ex- 

ited states of N 2 to form NO during the pulses (see Fig. 21 ). The

ercentages of the quenching of the electronically excited states 

i.e., N 2 (A ) , N 2 (B), N 2 (C) and N 2 (a 
′ ) ) remains almost the same for

he lean (CP5), stoichiometric (CP1) and rich (CP3) cases as shown 

n Fig. 21 . However, from Fig. 20 (b), it can be seen that the peak

 radical number density during the pulses reduces with increas- 

ng φ, which can be ascribed to the reduction of O 2 as φ increases. 

hus, the curtailed production of O (during the pulses) with higher 

quivalence ratios explain the reduced production of NO x (during 

ulses) with increasing φ as depicted in Fig. 20 (a). 

Also, the amount of NO during and post ignition is observed 

o be the least for CP3 (rich) and CP1 (stoichiometric) when com- 

ared to CP5 (lean) (see Fig. 20 (a)). To understand the lower NO 

uring and post-ignition, for the stoichiometric (CP1) and rich 

ixtures (CP3), the pathways consuming NO are probed into. At 

he instance of maximum NO number density after ignition, i.e. 

hen NO consumption surpasses its production, significant dif- 

erences were observed in the consumption pathways of NO for 

he rich (CP3) and stoichiometric (CP1) vs lean cases (CP5), as is 

hown in Fig. 22 (a) and (b). The relatively larger quantities of 

H 2 and NH in cases CP3 and CP1 as compared to CP5 reduce 

O to N 2 and NNH, thereby curbing the NO production after ig- 

ition. The lower number densities of these important radicals in 

P5 yields very different pathways ( Fig. 22 (b)) that are not very 
13 
ffective in consuming NO. Specifically, the NO reduction path- 

ays of NH 2 + NO → NNH + OH and NH 2 + NO → N 2 + H 2 O are in 

ine with the hypothesis of Choe et al. [15] and the observations 

f traditional (non-plasma assisted) NH 3 combustion in Hayakawa 

t al. [5] . A further reduction in NO number densities are observed 

or cases CP1 and CP3 post ignition, when the NO number den- 

ity gradually reduces towards it equilibrium value ( ∼ 0.3 ms). This 

an be attributed to important NO de-oxygenation and NO reduc- 

ion pathways, which are N + NO → N 2 + O , H 2 + NO → H + HNO 

nd H 2 + NO → NH + OH . These pathways are dominant for CP1 

41%, 22% and 13% of NO consumption respectively) and CP3 (36%, 

8% and 12% of NO consumption respectively). On the other hand, 

n CP5, the major pathways to consume NO post ignition are 

O + O + M → NO 2 + M , H + NO + M → HNO + M and N + NO → 

 2 + O contributing to 52%, 29% and 5% of NO consumption. More- 

ver, post-ignition, the net NO consumption rates are as follows: 

 moles/m 
3 s (CP5 - lean) < 50 moles/m 

3 s (CP1 - stoichiomet- 

ic) < 62 moles/m 
3 s (CP3 - rich) further justifying the slopes of 

he NO number density profiles in Fig. 20 (a). Increased avail- 

bility of N radicals (two orders of magnitude higher for CP3 as 

ompared to CP1) due to the plasma dissociation reactions, espe- 

ially for the rich and stoichiometric cases as compared to the lean 

ase, due to higher proportion of NH 3 , and the high levels of NO 

eached during ignition, drive the major NO consumption reaction 

 + NO → N 2 + O in the forward direction. The reverse reaction is 

ne of the three thermal NO x formation reactions which is highly 
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Fig. 21. Production pathways of NO at (a) φ = 0.5 (CP5), (b) φ = 1.0 (CP1), and (c) φ = 1.2 (CP3) during the last pulse in a constant pressure 0D reactor. The flux percentages 

are calculated relative to the produced NO species. 

Fig. 22. Consumption pathways of NO for φ = 0.5 (CP5), φ = 1.0 (CP1), and φ = 1.2 (CP3) at the point of maximum NO number density (when NO consumption rates 

surpasses its production rate). The flux percentages represent NO consumption. 

Fig. 23. (a) The mole fractions of NO and (b) the production and consumption path flux analysis of NO during and after the third pulse, at pressures of 1 atm (CP1, solid 

pink lines) and 3 atm (CP2, dashed black lines) in a constant pressure 0D reactor. The percentage colors correspond to that of the lines for CP1 and CP2. 

14 
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Fig. 24. Mole fractions (in PPM) of total electronic states of N 2 species ( N 2 (e)) plot- 

ted using a (a) linear scale and (b) logarithmic scale at pressures of 1 atm (CP1, 

solid pink line) and 3 atm (CP2, dashed black line) in a constant pressure 0D reac- 

tor. 
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Fig. 25. Number densities of (a) NO and (b) NO 2 for nanosecond plasma energy 

deposition (CV1, solid indigo lines), nanosecond thermal energy deposition (CV6, 

dashed red lines), and continuous thermal energy deposition (CV7, dotted green 

lines) in a constant volume 0D reactor. (For interpretation of the references to color 

in this figure legend, the reader is referred to the web version of this article.) 
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ndothermic as it requires breaking the N 2 triple bond. In tradi- 

ional hydrocarbon combustion, the reverse reaction is known to 

e favored due to the limited availability of N radicals and the rel- 

tively lower values of NO produced during ignition. 

.2.3. Effect of pressure 

The effect of pressure on the production of NO is discussed in 

his section. Since the case CP2 (3 atm constant pressure) has 3x 

ncreased densities of NH 3 , N 2 and O 2 to begin with as compared 

o the case CP1 (1 atm constant pressure), this section utilizes the 

pecies mole fractions instead of number densities to compare the 

O emission between CP1 and CP2. 

Figure 23 (a) shows the NO profiles for CP1 (1 atm) and CP2 

3 atm). At the end of the plasma pulses, the NO mole fraction for 

P1 is observed to be about ∼4,0 0 0 PPM higher than that of CP2.

oreover, this difference in NO between CP1 and CP2 is found to 

e almost the same post-ignition ( ∼4,0 0 0 PPM), indicating similar 

ise in NO levels for CP1 and CP2 during ignition. This was ob- 

erved despite depositing twice the total energy in case CP2 (20 

ulses) for it to successfully ignite. Thus, the overall higher NO in 

ase of CP1 can be attributed to the enhanced production of NO 

y plasma chemistry at lower pressures. To ascertain the role of 

lasma chemistry in the production of NO, a production and con- 

umption flux analysis for NO has been performed during the third 

ulse ( ∼ 2 ×10 −5 s) and during the inter-pulse gap between the 

hird and fourth pulses respectively, for both CP1 and CP2, and is 
15 
hown in Fig. 23 (b). It can be observed that almost all of the NO

for both CP1 and CP2) is produced by the reactions N 2 (e ) + O →
O + N ( 2 D ) and N 2 O + O ( 1 D ) → NO + NO , where, N 2 (e ) represents

he electronically excited states of N 2 ( N 2 (a 
′ ) , N 2 (B), and N 2 (C) ). 

hese electronically excited species are produced by the electron- 

mpact reaction E + N 2 → E + N 2 (e ) and E + O 2 → E + O ( 1 D ) + O .

rom Fig. 23 N 2 → N 2 (e ) → NO is the major channel of NO pro-

uction. 

Figure 24 (a) and (b) depicts the mole fraction of all electroni- 

ally excited states of N 2 (represented by N 2 (e)) both using a linear 

nd logarithmic scale on the y-axis. The linearly scaled plot shows 

he overall higher mole fraction of N 2 (e) during the pulses for CP1 

1 atm). And the logarithmic scaled plot shows the difference in 

oth overall mole fractions and the rates of quenching of N 2 (e) 

uring the inter-pulse gaps. Clearly, the higher rate of quenching 

f the electronically excited states of N 2 at higher pressures (CP2) 

esult in a mole fraction that is almost 4–5 orders of magnitude 

ower than those at lower pressures (CP1). It should also be noted 

hat the quantity of N 2 (e) produced during the pulses is actually 

igher for CP2, but since they get quenched to a much greater ex- 

ent during the inter-pulse gaps, the overall mole fractions of N 2 (e) 

re higher for CP1. This is because higher pressure increases the 

umber of collisions, resulting in higher rates of electron impact 

eactions during the pulse as well as quenching reactions of ex- 

ited states and ions during the gaps. Similar explanation holds 
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Fig. 26. Production pathways of NO during ignition for nanosecond plasma en- 

ergy deposition (CV1, indigo), nanosecond thermal energy deposition (CV6, red), 

and continuous thermal energy deposition (CV7, green) in a constant volume 0D 

reactor. The flux percentages are calculated relative to the produced species and 

the colors used for flux percentages are in accordance with Fig. 25 . (For interpre- 

tation of the references to color in this figure legend, the reader is referred to the 

web version of this article.) 
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Fig. 27. Number densities of (a) NH 3 and (b) NH 2 for nanosecond plasma energy 

deposition (CV1, solid indigo lines), nanosecond thermal energy deposition (CV6, 

dashed red lines), and continuous thermal energy deposition (CV7, dotted green 

lines) in a constant volume 0D reactor. (For interpretation of the references to color 

in this figure legend, the reader is referred to the web version of this article.) 
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or the production and consumption of O ( 1 D ) as well. Hence, even 

hough the major pathways for the production and consumption of 

hese excited states remain the same, the rates of these pathways 

re faster for CP2 as compared to CP1 (overall consumption rates 

f O ( 1 D ) , N 2 (B) and N 2 (a 
′ ) are 1mole/m 

3 s, 25 moles/m 
3 s and 5

oles/m 
3 s for CP1 as compared to 5mole/m 

3 s, 69 moles/m 
3 s and 

3 moles/m 
3 s for CP2, respectively. These values are obtained at 

 certain point during the inter-pulse where their respective den- 

ities are reduced by an order of magnitude as compared to the 

aximum value produced during the pulse. However, the over- 

ll trend of faster quenching remains applicable during the first 

0 0–50 0 nanoseconds of the inter-pulse gaps, where these excited 

tates are expected to quench the fastest.) 

.2.4. Effect of nanosecond pulsed non-equilibrium plasma 

When non-equilibrium plasma was used (CV1), peak NO and 

O 2 number densities are reduced by almost 25% and 75% imme- 

iately after ignition, and the final post-ignition NO and NO 2 num- 

er densities are reduced by approximately 33% as compared to 

he nanosecond thermal (CV6) and continuous thermal (CV7) dis- 

harges, as shown in Fig. 25 . It is worth noting that case CV1 pro-

uces the highest NO x during the plasma pulses, but least levels 

fter ignition. However, in combustion systems such as gas tur- 

ines and internal combustion engines, it makes sense to com- 

are the NO x production after the ignition process. Thus, to un- 

erstand the reduced NO x production in CV1 immediately after 

gnition, path flux analyses have been performed to compare the 

roduction pathways of NO in cases of CV1, CV6, and CV7 at the 

nstance of ignition. 

Figure 26 shows the path flux analysis for the production of NO 

or CV1 (nanosecond plasma), CV6 (nanosecond thermal), and CV7 

continuous thermal). The analysis points out the major pathway 

n the production of NO to be NH 2 → H 2 NO → HNO → NO , indi- 

ating the importance of NH 2 radicals for the production of NO at 

he instance of ignition. Figure 27 shows the number densities of 

H 3 and NH 2 for the cases CV1, CV6 and CV7. Figure 27 (a) por- 

rays a quicker consumption of NH 3 during the pulses of CV1 ( ∼
5% drop), and Fig. 27 (b) shows a higher production of NH 2 dur- 

ng pulses of CV1, when compared to CV6 and CV7. To unravel 

he effect of this increased consumption of NH (or alternatively, 
3 

16 
he increased production of NH 2 ) during the plasma discharge on 

he production of NO immediately after ignition, path flux analyses 

re performed to understand the consumption of NH 3 during the 

lasma discharge and ignition and are presented in Fig. 28 . 

During the plasma discharge (CV1), the NH 2 radicals produced 

rom NH 3 is predominantly consumed to form N 2 through NH 2 → 

H → N → N 2 , NH 2 → N 2 , and NH 2 → NNH → N 2 (see Fig. 28 (a)). 

his reforming of NH 3 by plasma at low temperatures reduces the 

mount of NH 3 available at the instance of ignition, as depicted 

y Fig. 27 (a). However,in the absence of plasma discharge (CV6), 

lmost all of the initial NH 3 is available at ignition. The NH 3 avail- 

ble at the instance of ignition mostly ends up producing NH 2 , NH, 

nd N (see Fig. 28 (b)). Unlike the consumption of NH 2 , NH, and N

o mostly produce N 2 during plasma, a significant portion of these 

pecies are converted to various oxygenated species (NO, NO 2 , and 

NO) during ignition as seen in Fig. 28 (b). Since the plasma re- 

orms about 25% of NH 3 to N 2 , lesser NH 3 is available during the 

gnition to produce NO in the case of CV1 when compared to CV6. 

t is interesting to note that radicals such as NH and NH 2 can help 

n reducing NO after ignition, when the NO consumption rate sur- 

asses the NO production rate (as was discussed in Section 3.2.2 ), 

ut can also aid in increasing NO production at the instance of ig- 

ition, as is the case for thermal ignition. 

In summary, the reforming of NH 3 to produce N 2 during the 

lasma pulses in CV1 results in the decreased production of NO 
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Fig. 28. Consumption pathways of NH 3 during (a) the 5th pulse and (b) at ignition 

for nanosecond plasma energy deposition (CV1) and nanosecond thermal energy 

deposition (CV6) in a constant volume 0D reactor. The flux percentages are calcu- 

lated relative to the consumed species and the color used for flux percentages is in 

accordance with Fig. 25 . 
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ost-ignition. For the cases of CV6 and CV7, almost all of the ini- 

ial NH 3 is available at the instance of ignition, thereby leading 

o increased production of NO immediately post-ignition through 

arious pathways. It is also evident that NO produced during the 

ulses in typically formed due to excitation and quenching reac- 

ions of N 2 and O 2 in the air, facilitated by the plasma. On the 

ther hand, plasma pulses also help to reform NH 3 to N 2 to even- 

ually limit the fuel-bound NO x - a pathway that is missing in the 

hermal energy deposition case. After all the NH 3 is consumed, the 

verall NO levels are determined by the thermal NO x pathways 

hat produce higher NO for CV6 / CV7 (thermal ignition) than CV1, 

imply due to the higher final temperatures (CV1: 2890 K, CV6 / 

V7: 3030 K) 

. Conclusion 

Computational analysis of constant volume and constant pres- 

ure ignition of ammonia-air mixtures using non-equilibrium 

lasma discharges have been performed. Ignition delay and NO x 

mission were chosen as the targets to assess the feasibility of con- 

idering NH 3 as a mainstream fuel for internal combustion engines 

nd gas turbines. Reduced electric field (E/N), equivalence ratio, 

ulse frequency, energy density per pulse and pressure were cho- 

en as the controllable parameters whose impact have been both 

ualitatively and quantitatively determined. Moreover, the role of 

on-equilibrium plasma chemistry to promote fast ignition and 

ower the post-ignition NO x levels have been emphasized by com- 
17 
aring it against equivalent nanosecond thermal and continuous 

hermal discharge cases. The salient findings of the present study 

re outlined as below: 

• While energy density per pulse and pulse frequency had a fairly 

proportionate and expected impact on the ignition delay, more 

probing was required to understand the dependence on the 

other parameters. 

• Given the higher electron energy loss fraction towards vibra- 

tional excitation at lower reduced electric fields (represented by 

a value of 150 Td in this work), vibrational-to-translational (VT) 

relaxation associated with N 2 was observed to be a predomi- 

nant factor in the decrease of ignition delay at lower reduced 

electric fields. Nevertheless, no significant effect was found in 

the production of NO x due to VT relaxation. 

• Lean mixtures were found to ignite faster owing to the lower 

rate of consumption of OH radicals via NH 3 + OH → NH 2 + H 2 O 

between pulses, compared to the stoichiometric and rich mix- 

tures. However, lean mixtures produce higher NO than stoi- 

chiometric and rich mixtures during the plasma discharge, pri- 

marily due to the presence of excess O radicals produced by 

the plasma on account of the higher O 2 content in lean mix- 

tures. At the point of maximum NO number densities, just af- 

ter ignition, fuel radicals such as NH 2 and NH were found to 

help in NO reduction for the rich and stoichiometric mixtures. 

The drop in post-ignition NO for stoichiometric and rich mix- 

tures is attributed to the de-oxygenation and reduction of NO 

through pathways NO + N → N 2 + O , H 2 + NO → H + HNO and 

H 2 + NO → NH + OH . 

• Within the pressure range of this study (i.e., 1–3 atm), at the 

higher pressure (i.e., 3 atm), the ignition delay was found to 

increase due to the reactivity-inhibiting pressure dependent re- 

combination reaction producing HO 2 ( H + O 2 + M → HO 2 + M ). 

Moreover, higher pressures resulted in lower production of NO, 

but produced higher levels of NO 2 due to the pressure depen- 

dent recombination reaction producing N 2 H 4 , and subsequently 

producing H 2 NN followed by NO 2 . Nevertheless, the total NO x 

was found to reduce at higher pressures, primarily due to in- 

creased rates of collisional quenching reactions of the electron- 

ically excited states of N 2 and O 2 during the inter-pulse gaps. 

• Most importantly, the incorporation of non-equilibrium plasma 

discharges were found to reduce the ignition delay as a con- 

sequence of the plasma kinetics producing significant reactive 

OH radicals. Non-equilibrium plasma was also found to reduce 

the production of NO x , on account of the faster consumption of 

NH 3 to produce N 2 during plasma discharges, thereby limiting 

the availability of NH 3 and NH 2 radicals at ignition to produce 

NO x . 

To summarize, the activation of plasma kinetics significantly 

mproves the reactivity of NH 3 /air mixtures along with the con- 

enience of lesser NO x production, thus suggesting the advantages 

n incorporating plasma assisted ammonia combustion systems in 

eal-world engines. However, it should be noted that while plasma 

an help in abating NO production, premixed ammonia combus- 

ion in air still produces a lot more NO than what is acceptable of 

eal-world engines, and thus, further upstream / downstream NO 

eduction or reforming techniques (plasma or non-plasma based) 

ould be helpful to adopt NH 3 as a carbon-free fuel alternative for 

ower generation and transportation. 
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