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Abstract: Unsaturated hydrocarbons are major components of transportation fuels, combustion
intermediates, and unburnt exhaust emissions. Conversely, NOy species are minor species present
in the residual and exhaust gases of gasoline-fueled engines and gas turbines. Their co-existence in
transportation engines is quite common, particularly with exhaust gas recirculation, which can greatly
influence engine combustion characteristics. Therefore, this paper presents a review on the combus-
tion chemistry of unsaturated hydrocarbons and NOy mixtures, with a focus on their chemical kinetic
interactions. First, a comprehensive overview of fundamental combustion experiments is provided,
covering mixtures of C,—Cs unsaturated/oxygenated species (namely alkenes, alkynes, dienes, alco-
hols, ethers, ketones, and furans) and three major NOy species (namely NO, NO,, and N,0), as well
as reactors including jet-stirred reactors, flow reactors, burners, shock tubes, and rapid compression
machines. Then, two widely adopted nitrogen chemistry models are evaluated in conjunction with a
core chemistry model (i.e., NUIGMech1.1) via detailed chemical kinetic modeling, and the model
similarities and differences across broad temperature ranges are highlighted. Thereafter, the unique
interconversions between the three major NOy species are presented. In particular, the controversy
regarding the pathways governing NO and NO, conversion is discussed. Following this, the key
direct interaction reactions between unsaturated species and NOy species are overviewed. Finally, the
distinguishing features of the combustion chemistry for unsaturated hydrocarbon and NOx mixtures
are summarized, and recommendations for future research on this topic are highlighted.

Keywords: combustion chemistry; unsaturated hydrocarbon/NOy mixture; fundamental combustion
experiments; chemical kinetic modeling; interaction chemistry

1. Introduction

Unsaturated hydrocarbons are organic compounds composed of carbon and hydrogen
atoms, consisting of double or triple bonds between two adjacent carbon atoms. They
are classified as olefins, alkynes, aromatics, etc., depending on the type of bond and
molecular structure. These types of hydrocarbons are highly reactive and tend to undergo
addition reactions with elemental halogens, hydrogen halides, alcohols, and many other
compounds [1-3]. Unsaturated hydrocarbons usually form during the refining of crude oil
to gasoline by cracking the heavier fractions, making up 15-20% of gasoline, which affects
the octane number and the pollutant emissions of gasoline [4]. They also serve as potential
fuels or propellants for novel propulsion systems. For instance, ethylene has been adopted
as a scramjet fuel [5]. Furthermore, unsaturated hydrocarbons are the main intermediate
products of alkane oxidation through H-atom abstraction reactions or cleavages of 3 C-H
bonds in alkyl radicals [6,7] and a major component of unburnt exhaust hydrocarbons [8].

Conversely, nitrogen oxides are poisonous [9], highly reactive gases that are commonly
produced during combustion processes. The primary mechanisms for the combustion-
based production of NOy include thermal NOy, prompt NOy, and fuel NOy
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production [10,11]. All three mechanisms of NOy formation involve combustion-generated
radicals or require a high temperature, producing NO, N,O, and NO, as the main compo-
nents. NO is a heteronuclear diatomic molecule (often considered a radical) possessing an
unpaired electron, which contributes to its high reactivity and makes it easy to oxidize to
produce NO,. NO; also contains an unpaired electron, making it behave like a free radical.
Due to this, hydrogen extraction reactions occur between NO, and saturated hydrocarbons,
and addition reactions occur between NO, and unsaturated hydrocarbons or aromatic
hydrocarbons. N,O is a strong oxidant that can sustain combustion without the presence
of oxygen under certain conditions [12]. It easily decomposes into nitrogen and oxygen at
high temperatures, making it popular as a propellant component and in motor racing to
increase engine power output [13].

The abundant co-existence of unsaturated hydrocarbons (e.g., from fuel constituents,
combustion intermediates, and residual unburnt hydrocarbons) and NOx species (e.g., from
residue gas, recirculated exhaust gas, and combustion intermediates of nitrogen-containing
fuels) in internal combustion engines has made it necessary to study their chemical kinetic
interactions. These interactions can be influential, given the prominent impact of NOy,
particularly NO, on fuel autoignition and other combustion properties, as observed in both
fundamental reactors [14,15] and practical engines [16,17]. However, past studies have
almost all focused on the effects of blending NOy species with saturated hydrocarbons,
whereas blending with unsaturated hydrocarbons remains almost unexplored. On the
other hand, it is also of particular interest to understand the chemical kinetics governing
the unique interactions between NOjy species and unsaturated hydrocarbons. For instance,
N,O has been reported to bond directly to double carbon—carbon bonds, forming either
a three-membered epoxide (C-O-C) or a five-membered heterocycle (C-N=N-O-C) that
subsequently decomposes into ketones [18-20]. These unique and direct interactions have
yet to be discussed consistently, let alone implemented in chemical kinetic models.

Therefore, this work aimed to review the existing studies on the combustion chemistry
of oxygenated and unsaturated hydrocarbons mixed with NOy species, with a focus on
their chemical kinetic interactions. Firstly, we review fundamental combustion experiments
conducted in rapid compression machines (RCMs), shock tubes, jet-stirred reactors (JSRs),
flow reactors, and burners. Secondly, two widely recognized kinetic models, developed by
Konnov et al. [21-23] and Glarborg et al. [24], are introduced and evaluated in conjunction
with NUIGMechl.1 [25]. Thirdly, the conversion pathways between NOy species are
summarized. In particular, the conversions between NO and NO; are discussed in detail.
Finally, the direct interaction reactions between unsaturated hydrocarbons and NOy are
highlighted and discussed.

2. Fundamental Combustion Experiments

Fundamental combustion experiments are highly valuable for understanding the fuel
behavior and governing chemistry across wide ranges of thermodynamic and fuel-loading
conditions that have been tailored to represent specific types of practical engines. Compared
to data collected directly from practical engines, fundamental combustion experiments are
more beneficial for establishing consistent comparisons across various research groups,
owning to the small facility-to-facility differences associated with fundamental reactors.
The experiments reviewed herein include speciation in flow reactors and JSRs, ignition
delay time (IDT) measurements in shock tubes and RCMs, and laminar burning velocity
(LBV) measurements in fundamental burners. Several kinds of species are considered, in
the following order: alkenes, alkynes, oxygenates, and mixtures, arranged from lower to
higher carbon numbers, i.e., C; to Cs. Figure 1 shows the number of papers published every
decade related to fundamental combustion experiments on unsaturated and oxygenated
hydrocarbon and NOx mixtures, as reviewed in this work. It can be observed that this topic
has received widespread attention since 1990, with more attention paid to N,O.
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Figure 1. The number of papers related to experiments on unsaturated and oxygenated hydrocarbon
and NOy mixtures.

2.1. Unsaturated Hydrocarbons Mixed with NO

To date, most studies on the effects of blending NOx with unsaturated hydrocarbons
have focused on NO rather than NO; or N,O. Among these studies, speciation in flow
reactors is the most popular topic. All these studies are summarized in Table 1 and
discussed briefly below.

The fundamental combustion of ethylene/NO mixtures has been studied by several
researchers. Doughty et al. [26] first investigated the influence of NO addition on C;Hy
oxidation at 650-1000 K in an atmospheric flow reactor. It was found that NO promoted
the oxidation of C;Hy and the formation of formaldehyde under oxygen-rich conditions.
The authors attributed this to CoH4 oxidation via OH addition as the initial step, with the
production of OH radicals being promoted by NO addition. Dagaut et al. [27] studied
the reduction of NO (1000 ppm) by C;Hj in a JSR at atmospheric pressure and temper-
atures ranging from 900 to 1400 K under fuel-lean to fuel-rich conditions (¢ = 0.75-2.0)
to reproduce a reburn situation, and additional fuel and oxidants were added at later
stages to reduce the NOy produced in the previous stage. The NO concentration profile
showed that NO was easier to reduce at higher temperatures and under slightly fuel-rich
conditions. A kinetic analysis was also performed, which showed that HCCO radicals
played an important role in the reduction of NO by C,Hy. Following this, Dagaut et al. [28]
revisited the mutual sensitization between C,Hy and NO and between C,Hg and NO in
a JSR at 700 to 1150 K and atmospheric pressure, and a detailed kinetic model was also
developed. The authors emphasized the importance of NO conversion to NO; by HO»,
i.e., NO + HO; = NO,+ OH, with NO to NO, conversion enhanced and fuel oxidation
also promoted due to the generation of OH radicals. Gimenez-Lopez et al. [29] studied
the interaction between C;Hs and NO (500 ppm) in another flow reactor under a high
pressure of 60 bar and low-to-intermediate temperatures (600-900 K). It was observed
that the presence of NO shifted the onset of the oxidation of C;H, to lower temperatures,
indicating the promoting effect of NO on C,H,4 oxidation.

Propene has attracted wide attention in the past few decades, as it is considered a
key soot precursor. As such, there have also been several studies on the fundamental
combustion properties of propene/NO mixtures. Atakan and Hartlieb [30] measured the
NO concentration in fuel-rich (¢ = 1.5, 1.8, 2.3) C3Hg flames with 0.2-1% NO seeded into
premixed gas to study the reburning of NO with C3Hg. They attributed NO consumption
to the different radicals and reactions in the flame zone, among which HCCO radicals
were the most significant compared to CH and C radicals. Dagaut et al. [31] investigated
the reduction of NO by C3Hg in a JSR at 1 atm and 1100-1450 K. As shown in Figure 2,
NO reduction was favored at higher temperatures and under fuel-rich conditions, which
was consistent with the trends observed for CoHy [27]. The reduction of NO resulted in
the simultaneous production of HCN, which increased and then decreased as the tem-
perature increased. Yuan et al. [32] investigated CsHg oxidation with NO/NO; doping
under fuel-lean to fuel-rich conditions in a flow reactor coupled with synchrotron vacuum
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ultraviolet photoionization mass spectrometry. Though only NO was added initially, part
of the NO was believed to have been converted to NO,. Therefore, the change in C3Hg oxi-
dation was attributed to the combined effect of NO and NO,. It was found that NO/NO,
addition enhanced the reactivity of C3Hg, which could be attributed to the reaction of
allyl radicals with NO,, promoting the production of C3HsO. This then decomposed to
acrolein and H atoms, forming a reactive chain sequence and hence leading to remarkable
low-temperature reactivity.

Table 1. Literature studies on fundamental combustion experiments involving unsaturated hydrocar-
bons mixed with NO.

Author Mixture Experimental Device Properties Conditions
T = 650-1000 K
Ethylene . P=1atm
Doughty et al. [26] (CoH4)/NO/Oy /N, Flow reactor Speciation 22355
NO: 0-200 ppm
T =900-1400 K
P=1atm
Dagaut et al. [27] /Egl y/li? e (C2Hy)/NO Jet-stirred reactor Speciation ¢ =0.75-2
2/IN2 7=012-0.16s
NO: 1000 ppm
Ethylene (C,Hy) g - 202;150 K
Dagaut et al. [28] /Ethane Jet-stirred reactor Speciation --a
(CyHg)/NO/Oy /N 7=0.12-0.24s
276 2/ NO: 0-1200 ppm
T = 600-900 K
. Ethylene . P = 60 bar
Gimenez-Lopez et al. [29] (CyH,)/NO/Oy /N, Flow reactor Speciation T (s) =8892/T

NO: 500 ppm
Propene T=313K
Atakan and Hartlieb [30] Burner Speciation $=15,18,23
(CaHe)/NO/Oy/ Arx NO: 0.2-1%
T =1100-1450 K
Propene P=1atm
Dagaut et al. [31] Jet-stirred reactor Speciation ¢ =0.75-2
(C3He)/NO/O2/N, 7=0.12-0.16 5
NO: 750-1000 ppm
T =725-1250 K
Propene P =1 bar
Yuan et al. [32] ( C3IF—)16) /NO/NO,/O, Flow reactor Speciation ]cb_z 0.23,1.35
7=03-05s
NOy: 0.3%
T = 600-1200 K
i-Butene (i-C4Hg)/ P=1atm
Gossler et al. [33] 1-butene (1-C4Hg)/ Flow reactor Speciation d=2
NO/O,/Ar 7=0.6-14s
NO: 1000 ppm
T = 600-800 K
1-Pentene (1- P=6atm
Prabhu et al. [34] Flow reactor Speciation $=04
CsHi)/NO/O, /N, = 30-220 ms
NO: 0-500 ppm
Acetvlen T=297K
Quang and Vanpee [35] (C(;eH};)e /130 Circular flat burner Speciation P =80 torr

NO: 73.1%, 83.3%
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Table 1. Cont.

Author Mixture Experimental Device Properties Conditions
Acetylene . . T'=2800-3100 K
Quang and Vanpee [36] (CyH,)/NO Circular flat burner Speciation P =80 torr
22 NO: 73.1%, 83.3%
T =1050-1300 K
Dagaut et al. [37] Acetylene Jet-stirred reactor Speciation ld)) := %)E;tSITZ
(C2H)/NO/O2 /N, 7=0.12-0.16 5
NO: 1000 ppm
T =1210-1950 K
P =12.4-15.3 atm
Furan
Guarneri et al. [38] Shock tube Speciation $=24-5.0
(C4H40)/NO/O,/ Ar T = 570-1140 us
NO: 300-380 ppm
T = 800-1400 K
2,5-Dimethylfuran P=1atm
Alexandrino et al. [39] (2,5- Flow reactor Speciation |$ =0.03-3.3
DMF)/NO/O, /N, T(s)=195/T
NO: 900 ppm
T =800-1400 K
. 2-methylfuran . P=1atm
Alexandrino et al. [40] (2-MF)/NO/O, /N Flow reactor Speciation $ =0.02-3.3
2072 T (s)=195/T
NO: 900 ppm
T =700-1500 K
Alzueta et al. [41] Acetone ngav actor Speciation g::%)aﬁ?z 9
(CH3COCH3)/NO/02/ 2 / 2 T (S) — 400/T
NO: 290 ppm, 300 ppm
Methane T (peak) = 1800 K
(CHy)/acetylene McKenna flat flame P =10 torr
Williams and Pasternack [42]  (C;Hj)/ethylene Speciation B
(CoH,)/ethan, burner d=1
2 )/ eiane NO: 1%
(C2Hg)/NO/O2 /N,
T = 800-1500 K
P =1.05atm
Acetylene f (:s )1;31 62/T
Garborg et al. [43] (CoHy)/ethylene Flow reactor Speciation NO: g35 m
(C2H4)/NO/Oy/N; o5 "
T(s)=165/T
NO: 790 ppm
Ethylene T=298K
(CyHy)/ethane LBY, P=1atm
Konnov etal. [44] (CoHg)/propane Burner speciation l$=0.6-1.8
(C3Hg)/NO/O3 /N, NO: 100 ppm
Methane
(CH,y)/ethylene T = 600-1100 K
(CoHy)/ethane P=1atm
Hori et al. [45] ;(1;(2)11:—)1;)12 Flow reactor Speciation = 0.16-1.46
(CsHg)/propane NO: 20 ppm

(C3Hg)/NO/0O3 /N,
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Table 1. Cont.

Author Mixture Experimental Device Properties Conditions
T=775-1375K
Acetylene P=1atm
Abian et al. [46] (CyH;)/ethanol Flow reactor Speciation ¢ =0.5-5
(C2H5OH)/NO/02/N2/H20 T (S) =195/T
NO: 100, 500, 1200 ppm
Dimethyl ether T'=>575-1475K
(DME)/ P=1atm
Marrodan et al. [47] Flow reactor Speciation ¢ =0.05-5
acetylene T (s) = 195/T
(CoH)/NO/O, /Ny /Hy,O NO: 500 ppm
(Sér;(l)g)a/tle) I{cl)EpGeIr{lé ethylene T = 680-950 K
2Hy . . -
Cheng et al. [48] (CsHg)/ Rapid compression DT P =20, 40 bar
. . machine d=1
i-butene (i- NO: 70 pom
C4Hg)/NO/O, /N - /Upp
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Figure 2. Comparison between experimental data (symbols) and modeling results (lines) with
regard to the reduction of NO (1000 ppm) by C3Hg in a flow reactor at 1 atm and (a) ¢ = 1.0 or
(b) $ =1.5[31].

Many studies have also focused on larger alkenes, though these are much scarcer
than studies on ethylene and propene, as shown in Table 1. The oxidation of 1-butene and
i-butene with NO (1000 ppm) in a flow reactor under fuel-rich conditions (¢ = 2.0) was
investigated by Gossler et al. [33] at a temperature range of 600-1200 K and atmospheric
pressure using both experimental and modeling frameworks. The results are presented
in Figure 3, showing that NO promoted fuel consumption due to the contribution of NO
to the radical pool; for example, NO + HO, = NO; + OH and CH3 + NO; = CH30 + NO.
Furthermore, NO addition also enhanced the negative temperature coefficient (NTC) behav-
ior of i-butene. These trends were attributed to the competition between chain propagation
and chain termination reactions among the i-C4Hy; + NO, — products. Prabhu et al. [34]
measured species profiles during the oxidation of 1-CsH;y with 0-500 ppm NO doped
in a flow reactor at 600-800 K and under a higher pressure and lean conditions, namely
6 atm and ¢ = 0.4, respectively. A small amount of NO altered the 1-CsH;jy oxidation
reactivity at all temperatures. Whether the influence of NO caused promotion or inhi-
bition depended on the competition between the promoting reaction with HO; radicals
(NO + HO; = NO; + OH) and the inhibiting reaction with OH radicals (NO + OH + M =
HONO + M, where M represents a third body).
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Figure 3. Experimental (symbols) and modeled (lines) mole fraction profiles during the oxidation of
1-C4Hg and i-C4Hg with and without NO (1000 ppm) in a JSR at ¢ =2 and P = 1 atm: (a) 1-C4Hg,
i-C4Hg; (b) CO; () NO; (d) NO; [33].

Studies of alkynes have mainly focused on CoH;. Quang and Vanpee [35] detected the
free radicals, e.g., CN, NH, CH, C,, and OH, in fuel-rich (C;Hj: 26.9%, NO: 73.1%) and
stoichiometric (CoHj: 16.7%, NO: 83.3%) CoH; /NO flames at 80 torr by spectrography.
The results suggested that CH and C, were excited thermally with CN and NH as the
chemiluminescent origins. Later, these researchers [36] measured the concentration of
radicals and stable products in a C;H, /NO flame under both fuel-rich (C;Hj: 26.9%, NO:
73.1%) and stoichiometric (CoHp: 16.7%, NO: 83.3%) conditions in the temperature range
of 2800-3100 K. It was observed that NO was mainly consumed by the previously detected
free radicals, e.g., C;, CH, CN, and NH, and the consumption process was rather fast.
Dagaut et al. [37] also explored the reduction of NO by C;H; in a JSR operating at 1 atm
and temperatures from 1050 to 1300 K under equivalence ratios of 0.75-2.0 to simulate the
reburning zone. The reduction of NO by acetylene corroborated the results observed for
CyHy [27] and C3Hg [31], indicating that there might be a universal interaction mechanism
between unsaturated hydrocarbons and NO.

In addition, efforts have been made to explore the effect of NO on the oxidation
of oxygenated species. Guarneri et al. [38] investigated NO reduction with furan in a
shock tube under pyrolytic and oxidative conditions covering the temperature range of
1210-1950 K, pressures from 12.4 to 15.3 atm, residence times of 570-1140 us, and initial
NO concentrations of 300-380 ppm. It was found that the starting points of the reduc-
tion of NO by furan shifted to lower temperatures when the equivalence ratio decreased.
Alexandrino et al. [39] studied the oxidation of 2,5-dimethylfuran (2,5-DMF) with NO (900
ppm) addition in an isothermal quartz flow reactor at atmospheric pressure in the tempera-
ture range of 800-1400 K. Temperature, stoichiometry, and 2,5-DMF concentration were
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found to influence the NO conversion rate considerably. Only under fuel-lean conditions
did the presence of NO lower the onset temperature of 2,5-DMF oxidation. Given that
2-methylfuran (2-MF) is an important intermediate during 2,5-DMF oxidation, Alexandrino
et al. [40] further carried out experiments in the same flow reactor to investigate the oxida-
tion of 2-MF in the absence and presence of NO at temperatures of 800-1400 K and equiva-
lence ratios of 0.02-3.3, and the NO concentration (900 ppm) was much higher than the 2-MF
concentration (100 ppm). Due to the higher amount of OH radicals produced by NO via
reaction with HO,, the onset temperature of 2-MF oxidation shifted to lower temperatures
when NO was added. Alzueta et al. [41] explored acetone oxidation with and without NO
(290 ppm, 300 ppm) in a flow reactor for a temperature range of 700-1500 K and equivalence
ratios of 0.14-2.9. The experiments indicated that NO did not exhibit significant impacts
on the oxidation of acetone while interacting with the acetone derivatives, primarily CHz
and HCCO.

Unsaturated hydrocarbons have also been studied as components of fuel blends.
Williams and Pasternack [42] studied NO (1%) reactivity in CHy, C;Hg, CoHy, and CoH;
flames by comparing the radical profiles, i.e., CH, OH, NO, CN, NCO, NH, and metastable-
state 3C,, using a McKenna flat flame burner at 10 torr and under stoichiometric conditions.
The profiles indicated that the concentrations of nitrogen-containing radicals were quite
similar in the CHy, Co;Hg, and CpH, flames and reached the highest values in the C,H,
flame, indicating that more NO was converted to nitrogen-containing radicals and the
reactivity of NO was the highest in the C;H, flame. Glarborg et al. [43] studied the reduction
of NO by C,Hy4 and CyHj in a flow reactor at 800-1500 K and 1.05 atm, adopting the same
flow reactor for CH4 and CpHjg as in [49] for comparison. HCCO + NO — products and
CHj3 + NO — products were identified as the most important interaction pathways for NO
reduction. Konnov et al. [44] measured the LBV and NO concentrations in the post-flame
zone of C;Hy, CoHg, and C3Hg flames with NO addition (100 ppm in N») at equivalence
ratios of 0.6-1.8 and atmospheric pressure. NO conversion was reported in all three flames.
However, NO addition did not lead to any noticeable change in LBV. Hori et al. [45] studied
the influence of several hydrocarbons (50 ppm), including CHy4, C,Hy4, CoHg, C3Hg, and
C3Hg, on NO (20 ppm) conversion in a flow reactor at residence times ranging from 0.16 to
1.46 s and temperatures ranging from 600 to 1100 K. The experimental results indicated
that CoHy and C3Hg effectively converted NO to NO,, while CH4 showed the poorest
ability to convert NO. The authors concluded that HO,, instead of RO,, was the most
dominant radical in converting NO to NO,. Abian et al. [46] carried out flow reactor
experiments at atmospheric pressure and 775-1375 K to study the influence of C;H; and
C,H50H mixtures on NO reduction. It was found that the addition of Co,H5OH shifted
the onset of NO reduction to higher temperatures, while the highest NO conversion ratio
remained constant. The authors reported that the initial concentrations of NO and oxygen
were key factors in the NO reduction. Marrodan et al. [47] investigated the oxidation of
dimethyl ether (DME) and acetylene mixtures doped with NO (500 ppm) in a flow reactor.
Greater NO conversion occurred with the absence of DME in fuel-rich and stoichiometric
conditions. Cheng et al. [48] studied the influence of olefins, including C,Hy4, C3Hg, and
i-C4Hg, on gasoline surrogate autoignition with the presence of NO (70 ppm) at pressures of
20 and 40 bar and temperatures ranging from 680 to 950 K in an RCM. The results, as shown
in Figure 4, indicated that the addition of NO promoted the autoignition reactivity of the
surrogate at all temperatures and pressures, while olefin additions seemingly diminished
the promoting effect of NO, making the mixture less reactive. Through sensitivity and
rate-of-production analyses, the authors found that olefins and their derivatives could
interact with NO species directly, which was particularly pronounced with propene and
i-butene addition. This led to increased ignition reactivity by facilitating NO production,
which subsequently caused increased OH production.
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Figure 4. Experimental (lines) and simulated (symbols) IDTs of surrogate with 20% EGR; 70 ppm
NO; and different olefin concentrations (0, 100, 200, 800, and 3200 ppm) at 40 bar and ¢ = 1: (a) CoHy,
(b) C3He, (c) i-C4Hsg [48].

In general, NO addition improves the reactivity of unsaturated hydrocarbons at low
temperatures, which manifests in the shortening of the IDT and a reduction in the onset
temperature of oxidation.

2.2. Unsaturated Hydrocarbons Mixed with NO,

Compared with NO, experimental studies on unsaturated hydrocarbons with NO,
have been scarcer, with most focusing on ethylene for alkenes and acetylene for alkynes.
These studies are summarized in Table 2.

Abian et al. [50] studied the effect of NOy addition on soot formation by carrying
out CoHy pyrolysis experiments with NO, NO,, and N,O addition in a flow reactor at
atmospheric pressure and in the 975-1475 K temperature range. The measurements indi-
cated that NO, had the strongest impact in reducing the production of soot, while N,O
displayed the smallest impact. The authors attributed the inhibiting effect of NO, to the
ability of NO, to form NO and OH through the reaction NO, + H = OH + NO, which in
turn were involved in reburn and oxidation reactions, leading to the consumption of soot
precursors, e.g., C;Hy and Co;Hy. Menon et al. [51] studied a laminar premixed CoHy /air
flame with and without NO, addition (5% by volume) at equivalence ratios of 2.34 and 2.64
to investigate the influence of NO; on soot formation. NO, was observed to be effective at
reducing the soot volume fraction and delaying the onset of soot formation as a function
of the height above the burner. This was attributed to the fast reaction between H atoms
and NO; and the reduction in the carbon flux to the soot precursor by radicals, e.g., OH
and O, produced by the aforementioned reaction. Deng et al. [52] measured the IDT of
CyH4/NO, /Oy / Ar mixtures in a shock tube at pressures of 1.2-10 atm, temperatures of
920-1780 K, and equivalence ratios of 0.5-2.0. The addition of NO, (0.5%) promoted the
reactivity of CoHy, leading to shortened IDTs, particularly at higher pressures and lower
temperatures and under fuel-rich conditions.
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Table 2. Literature studies on fundamental combustion experiments involving unsaturated hydrocar-
bons with NO,.

Experimental

Author Mixture Device Properties Conditions
T =975-1475K
P=1atm
. Ethylene - T (s) =4550/T
Abian et al. [50] (CyH,)/NO/NO, /N,O/N, Flow reactor Speciation NO: 590-12,200 ppm
NO;: 500-11,800 ppm
N>O: 480-11,900 ppm
P=1atm
Ethylene Speciation, soot
Menon et al. [51] . Burner T $=2.34,2.64
(CoHy4)/NO, /air /Ny volume fraction NO,: 5% by volume
T =920-1780 K
Ethylene P=1.2-10 atm
Deng et al. [52] (CyHy)/NO, /O, / Ar Shock tube IDT b = 05-2.0
NOzi 0.5%
Volponi and Branch [53] é:czelfl};l)e /HIEOZ O,/ Ar Flat flame burner Speciation P =25 torr
T = 600-900 K
Acetylene .. P = 50-60 bar
Marshall et al. [54] (CoHy)/O,/NO, /NO Flow reactor Speciation & =005,1.0,5.6
NO/NO,: 500 ppm
T = 1050-1650 K
. Ethanol P=0.2MPa
Jin et al. [55] (CoH5OH)/NO, /Oy / Ar Shock tube IDT J§ = 0.5-15
NOzZ 0.20/0, 1%
T =987-1517 K
Dimethyl ether P=4,10 atm
Ye et al. [56] (DME)/NO, /O, / Ar Shock tube IDT $=05,1.0,2.0
NO,: 0.201%, 1.722%
T = 600-1500 K
P=1atm
¢ =0.013-2.04
Dimethyl ether .. T (s) ~ 188/T
Alzueta et al. [57] (DME)/NO, /O, /H,0/N, Flow reactor Speciation NO: 493 ppm, 502 ppm,
508 ppm
NO;: 43 ppm, 44 ppm,
72 ppm

Volponi and Branch [53] studied the structure of laminar premixed flames for
CyoH,/0,/Ar and CoH, /NO, / Ar mixtures. The LBV of the CoH, /N>O/ Ar mixture was
found to be much lower than that of the C;H, /O, / Ar mixture. The addition of NO, was
also found to change the CO to CO, conversion rate. Marshall et al. [54] investigated C,H,
oxidation with NO, and NO addition at high pressures (5060 bar) in a flow reactor. The
CyH; mole fraction profiles at three equivalence ratios (namely 0.05, 1.0, and 5.6) were
recorded. The results indicated that NOy addition had promotion and inhibition effects
at low (e.g., <750 K) and high (e.g., >750 K) temperatures, respectively, with the opposite
effects being the most prominent under fuel-rich conditions, as illustrated in Figure 5. It
was confirmed that the direct interaction between C,H; and NO; forming CHOCHON
was responsible for the promoting effect of NO, at low temperatures, which subsequently
decomposed to form triplet carbene CHCHO (:C(H)CHO) and NO.
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Figure 5. Comparison of measured concentration profiles for acetylene under different stoichiometry
conditions (¢ =5.6/59.6 bar; ¢ =1/59.6 bar; and ¢ = 0.05/49.6 bar) with (open symbols) and without
(solid symbols) NOy [54].

Jin et al. [55] investigated the impact of NO, on C,HsOH autoignition in a shock tube
at a pressure of 0.20 MPa; a temperature range of 1050-1650 K; equivalence ratios of 0.5, 1.0,
and 1.5; and C;H50H/NO; mixing ratios of 100/0, 90/10, and 50/50. The IDT of C;H;OH
decreased with the addition of NO, under all equivalence ratios studied, indicating the
promoting effect of NO; on the ethanol autoignition reactivity. The authors attributed
this to the enrichment of the OH radical pool by NO,. Ye et al. [56] measured the IDTs
of DME/NO;/Ar/O, mixtures in a shock tube at 4 and 10 atm and equivalence ratios of
0.5-2.0. Seeding NO; shortened the IDT of DME, and the effect was enhanced with an
increased NO; concentration. Alzueta et al. [57] also studied the impact of NO (493 ppm,
502 ppm, and 508 ppm) and NO; (43 ppm, 44 ppm, and 72 ppm) on DME oxidation in a
flow reactor at atmospheric pressure, a temperature range of 600-1500 K, and equivalence
ratios of 0.013-2.04. It was observed that both NO and NO, shifted the start of DME
oxidation to lower temperatures by promoting H atom production through the following
reactions: CH3 + NO, = CH30 + NO and CH30 = CH,O + H.

Several researchers have also studied the reaction of NO, with other organics, e.g.,
dialkenes and conjugated alkenes. Atkinson et al. [58] determined the rate coefficients of
reactions of NO, with several organic species at 295 K, including 2-methyl-2-butene, 2,3-
dimethyl-2-butene, 1,3-butadiene, 2-methyl-1,3-butadiene, cyclohexene, 1,3-cyclohexadiene,
1,4-cyclohexadiene, 1,3-cycloheptadiene, a-pinene, 3-pinene, A3-carene, d-limonene, -
terpinene, y-terpinene, x-phellandrene, toluene, and crotonaldehyde. Bernard et al. [59]
investigated the reaction between conjugated alkenes (isoprene, myrcene, ocimene, and
1,3-cyclohexadiene) and NO, at 298 K and atmospheric pressure. The rate coefficients
of these reactions were determined, and the main products were also identified. Ohta
et al. [60] also determined the rate coefficients for 16 kinds of conjugated alkenes reacting
with NOy, e.g., cis-1,3-pentadiene, trans-1,3-pentadiene, 2-methyl-1,3-butadiene. It was
found that due to the difference in the activation energy, the rate coefficients for conjugated
alkenes were much larger than the rate coefficients for mono-alkenes. It is worth noting that
several studies have proposed that dialkenes promote the conversion of NO to NO, [61,62].
The dialkene first reacts with NO; to form a free radical. Then, a peroxy species forms
via Oy addition, which further reacts with NO to form NO,. In this way, NO is converted
to NO; easily and quickly. This is a notable channel for not only the interaction between
dialkenes and NOy but also NOy conversion.

Similarly to NO addition, the presence of NO, usually shortens the IDT and shifts
the start of oxidation to lower temperatures, promoting the reactivity of oxygenated and
unsaturated hydrocarbons at a low temperature range.
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2.3. Unsaturated Hydrocarbons Mixed with N,O

Most works on the combustion characteristics of unsaturated hydrocarbons and N,O
mixtures have been carried out to explore the performance of nitrous oxide fuel blend
propellants. The unsaturated hydrocarbons investigated so far are light hydrocarbons, e.g.,
CyH; and CyHy, whereas studies on their heavier counterparts are seriously lacking. These
studies are summarized in Table 3.

Table 3. Literature studies on fundamental combustion experiments involving unsaturated hydrocar-

bons with N,O.

Author Mixture Experimental Device Properties Conditions
Trenwith [63] Ethylene (CoH4)/N,O  Cylindrical silica vessel =~ Speciation E z ggfzggilfm
Ethylene McKenna flat flame . _
Howard et al. [64] (CoHy)/N,O/ Ar burner Speciation P =20 torr
Werling et al. [65] Ethylene (CoH4)/N,O  Ignition chamber flir;faiogzﬁ&%? g z i??I;S bar
T =1050-2000 K
Ethylene P=1,4,16 bar
(CaHy)/N,O/N, Shock tube DT N,O: 17.14%
Naumann et al. [66] ¢$=1.0
T=473K
Ethylene P =1-10 bar
(C2Hy)/N2O/N; Burner HY $=10
N,O: 42.86%
T =1050-2000 K
Ethylene P=1,4,16 bar
(CoHy)/N,O/N,/Ar/CO Shock tube IDT b =10
N,O: 17.14%, 42.86%
Kick et al. [67] T-a5K
Ethylene P=1,3,6bar
(CoHy)/N,O/N, Burner LBV =10
N,O: 42.86%
T =1090-1760 K
Ethylene P=1.2-10 atm
Deng et al. [68] (CoH,)/N,O/Ny/Ar Shock tube IDT J$ = 05-2.0
NzOI 3-12%
T =885-940 K
Ethylene Rapid compression P =25-4.3 MPa
Zhang etal. [69] (C2Hy4)/N,O/ Ar machine DT ¢ =1.05-1.35
N,O: 40.8%, 42.5%
T =1170-1290 K
Ethylene Rapid compression P = 15-45 bar
Yang etal. [70] (CoH,)/NoO/ Ar machine DT & =052
NzOZ 1.50/0, 3%
Ethylene T=280K
Wang and Zhang [71] (CoHy)/N,O/ Ar Steel cube chamber LBV ld’):z (())52—_22(1)1 atm
T =400/500/600 K
Aldous et al. [72] Acetylene (C;H)/N,O  Bunsen burner LBV P=1atm
¢ =0.35-2.0
Acetylene Oxygen atom T'=1688-3179 K
Alekseev et al. [73] (CoHy)/N,O/ Ar Shock tube profiles P =1.8-3.0 bar

N,O: 10 ppm
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Author Mixture Experimental Device Properties Conditions
Hydrogen
Egg /)1;1: thta IIen McKenna flat flam T=295K

Powell et al. [74] 4)/acetylene che ¢ LBV P =0.8atm
(CoHy)/propane burner & = 0.56-1.6
(CsHg)/ R
N,O/N,
methane P =0.81 atm
(CHjy)/acetylene . $=1.0

Powell and Papas [75] (CyHy)/propane 3/1[1 (;izma flat flame Nrgﬁclzzcentratlon N,O: 31.34% (CHy)
(CsHg)/ P N,O: 24.71% (CoHy)
N,O/Njp N,O: 32.88% (C3Hg)
Methane (CH,)/ethane T = 1269-1945 K
(CoHe)/ethylene P = 222397 kPa

Mevel and Shepherd [76] (CoHy)/ Shock tube IDT B
acetylene ¢ =0.78-1.80

N,O: 1.133-3.598%

(C2Hz)/02/NoO/ Ar 2

Unlike the situation for hydrocarbons with NO and NO,, where O; is always the
oxidizer, NoO can be regarded as the oxidizer when O, is absent. Trenwith [63] measured
the primary products from C,Hy oxidation by N,O at low pressures of 20-100 mmHg
and temperatures between 828 and 875 K. Nitrogen, carbon monoxide, methane, ethane,
a small amount of acetaldehyde, hydrogen, and hydrocarbons of high molecular weight
were detected. Howard et al. [64] applied molecular beam mass spectrometry with a triple
quadrupole mass spectrometer to determine the species concentration of free radicals in a
CyHs/NyO/ Ar flame. Radicals, e.g., H, O, and OH, and stable species, e.g., N, CO, NO,
CO,, Oy, and H,O, were detected.

The German Aerospace Center (DLR) has made great efforts to further the understand-
ing of the combustion characteristics of nitrous oxide fuel blend propellants.
Werling et al. [65] conducted CoHy/N>O ignition experiments in a cylindrical, optically
accessible ignition chamber and characterized the LBV and flame flashback behavior. Nau-
mann et al. [66] measured the IDT of a C,Hy /N,O mixture with 80% dilution by N in a
shock tube and the LBV of a CoHy /N7 O mixture with 50% dilution by Ny in a high-pressure
burner system. In a subsequent study, they further measured the IDT of a C;H4/N,O
mixture with different dilution gases, including N, CO;, and Ar, at different dilution
ratios [67]. It was observed that the IDT of the mixture was shorter under a higher pressure,
and the LBV was the highest at 1 bar. To establish a comparison between unsaturated and
saturated hydrocarbons, the IDTs of C;Hg/N2O/Nj mixtures and C;Hg /O, /Nj mixtures
were further measured behind reflected shock waves by Naumann et al. [77]. Comparisons
across three different pressure values are shown in Figure 6, indicating that CoHy became
more reactive than C;Hg with the presence of N,O, particularly at lower temperatures and
higher pressures.

Deng et al. [68] performed shock tube experiments to measure the IDTs of
CoHy /N>O/O, / Ar mixtures with different ratios of N,O/(N,O + O;) (0, 50, 80, and
100%) at pressures ranging from 1.2 to 10 atm and temperatures ranging from 1090 to
1760 K. The results indicated that the IDT increased obviously with an increase in the
N>O/(NO + O,) ratio. N;O unimolecular decomposition, forming Ny and O, and reac-
tions between N,O and H, forming N, and OH, were proved to be more important than
the interaction between N,O and C;Hy. Zhang et al. [69] measured the IDTs of N,O/CyHy
propellants at 885-940 K, pressures of 2.5-4.3 MPa, and equivalence ratios of 1.05 and 1.35
in an RCM. A linearly fitted correlation was proposed to predict the IDTs of the N,O/CyHy
propellants. It was also revealed that N,O unimolecular decomposition was dominant
at high temperatures, while N,O and hydrocarbon interactions were dominant at low
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temperatures. The autoignition boundary temperatures of Ar-diluted CoH4/NoO mixtures
were determined by Yang et al. [70] in an RCM at pressures of 1545 bar and equivalence
ratios of 0.5-2.0. The results showed that the boundary temperature became lower when
the pressure, Ar dilution level, and fuel/oxidizer ratio increased. Wang and Zhang [71]
determined the LBVs of C,H4/N>O mixtures using spherical expansion flames at 0.5-2.0
atm. As shown in Figure 7, the LBVs of C;H4/N>O/N; mixtures were found to be much
smaller than those of C;Hs/O; /N, mixtures, particularly under near-stoichiometric con-
ditions. Furthermore, the addition of N> O to the C,H,4/air mixture slightly increased the
LBV. It was also found that the LBV of the C;H4/N,O mixture was insensitive to pressure.
The N,O unimolecular decomposition reaction was also determined to be crucial in the
C2H4 /NzO flame.
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Figure 6. Measured IDTs of stoichiometric CoHs/N>O/Nj and C,Hg/N,;O/N;, mixtures diluted
with nitrogen ((fuel + N,O):N; = 1:5) at initial pressures of 1, 4, and 16 bar [63].
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Figure 7. (a) The LBV of different mixtures at 1 atm and 280 K, (b) the effect of pressure on the LBV
of a CoHy /N, O mixture at 280 K [71].

There have only been a few studies on the fundamental combustion characteristics of
CyH, /NyO mixtures. As early as 1972, Aldous et al. [72] measured the LBVs of C;H, /N, O
mixtures in a Bunsen burner to provide suggestions for burner design. It was only recently
that Alekseev et al. [73] recorded the oxygen atom concentration profile for an Ar-diluted
CyHj /NO mixture based on shock waves at high temperatures from 1688 K to 3179 K.
The O atom concentration increased with an increasing temperature, due to earlier N,O
decomposition at higher temperatures.

In addition to the work on C,H, and C,Hy, there have also been a few studies on the
effects of N»O addition on hydrocarbon mixtures containing C;Hj or/and C,Hy. The LBVs
of Hy, CHy, CoHj, and C3Hg blended with N, O were determined by Powell et al. [74] in a
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McKenna flat flame burner at 0.8 atm and equivalence ratios of 0.58-1.6. The authors re-
ported that the most sensitive reactions occurred within the hydrogen/N,O sub-chemistry,
and N>O + H = OH + N, was proved to be critical in LBV determination. Later, Powell and
Papas [75] measured the NO profiles in premixed CHy/N,O, C,H,/N,O, and C3Hg/N,O
flames with N dilution under stoichiometric conditions at 0.81 atm. They found that the
maximum NO concentrations in the three flames were quite similar. Mevel and Shep-
herd [76] conducted shock tube experiments for mixtures of N,O and small hydrocarbons,
including CHy, CoHg, CoHy, CoHjy, and their blends, both with and without O; at tempera-
tures of 1269-1945 K, pressures of 222-397 kPa, and equivalence ratios of 0.78-1.80. The
results indicated that the absence of O, dramatically reduced the IDTs. The ignition was
found to be driven by NoO(+M) = Ny + O(+M) and N>O + H = Ny + OH with only N,O as
an oxidizer, while it was driven by N,O(+M) = N, + O(+M) and H + O, = OH + O with
both O, and N;O present.

It has been found that when only N,O is the oxidant, the reactivity of mixtures
is much lower than in the presence of O,, as indicated by the much longer IDT and
lower LBV.

3. Chemical Kinetics
3.1. Widely Adopted Kinetic Models for Nitrogen Chemistry

The combustion research community has witnessed dramatic advances in chemi-
cal kinetic modeling over the past few decades, thanks to the development of chemical
kinetic models and multi-scale chemical kinetic solvers. To date, several chemical ki-
netic models have already been developed, validated, and improved to a large extent for
both unsaturated hydrocarbon and nitrogen chemistry. Kinetic models for unsaturated
hydrocarbons have already been reviewed by Zhou et al. [6]; hence, these will not be dis-
cussed in this study. Among the kinetic models for nitrogen chemistry, the models of
Konnov et al. [21-23] and Glarborg et al. [24] have been widely adopted. These models are
therefore reviewed in this section.

The first version of Konnov’s model [21] was released in 2000 and referred to as “Re-
lease 0.5”. This was a detailed C/N/H/O model for C;—C¢ hydrocarbons, consisting of
1200 reactions and 127 species. Since the release of this model, it has been widely validated
against fundamental combustion experiments (including the LBV, IDT, and species profiles)
for various hydrocarbons, including hydrogen, carbon monoxide, formaldehyde, methanol,
methane, ethane, and propane. For instance, Konnov et al. [44] compared simulation
results acquired using Release 0.5 with measured LBV and NO concentration profiles in a
C,yH, flame with and without NO seeded at 1 atm and 298 K. The model reproduced the
trends of the experiments, including the quantitative dependence of the LBV on the equiva-
lence ratio and the minor impact of NO addition on the LBV, as shown in Figure 8. The
model was also able to capture the qualitative trends in the post-flame NO concentration
both with and without NO doping, as shown in Figure 9. Similarly to the model perfor-
mance for CHy, as reported in [22], the model showed divergence from the experimental
results in Figure 9, consistently overpredicting and underpredicting the post-flame NO
concentrations, respectively.

Although Release 0.5 performed reasonably well, an inadequacy in NO prediction still
existed. Therefore, a modified version, named Release 0.6, was proposed by Konnov [23].
The modified model aimed to improve the performance of the original model in prompt
NO formation. Thus, most reactions and thermodynamic data related to hydrocarbon
oxidation and hydrogen sub-mechanisms remained unchanged. To achieve this goal, two
new species (NCN and HNCN) were added, and three reactions (CH + N, = HCN + N, CN
+ N0 =CNN + NO, and CN + NCO = CNN + CO) were removed and replaced by CH + N
=NCN + H, CN + N;O =NCN + NO, and CN + NCO = NCN + CO respectively, since NCN
instead of CNN was proved to be crucial in the prompt NO route [78,79]. Furthermore,
several reactions related to NCN and HNCN were added, and their rate coefficients were
mainly adopted from the work of Lin et al. [80,81]. A comparison between the Release
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0.5 model and the Release 0.6 model was performed, with both models used to simulate the
NO concentration at 10 mm downstream from the flame front in C;Hy /O, /N> mixtures.
Though there were nearly no changes in model performance under fuel-lean conditions,
the performance of Release 0.6 improved greatly, particularly in predicting NO formation
under fuel-rich conditions and all dilution ratios for premixed C,H, flames, as can be
seen from Figure 10. These improvements highlighted the important role of NCN and the
related reactions in NO formation.
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Figure 8. Adiabatic burning velocities of CoHy+ O, + N, flames doped with NO and without NO at
1 atm and a temperature of 298 K, D = O, /(O + Nj) [44]. Empty symbols: measurements without
NO; filled symbols: measurements with NO. Solid lines: modeling results with NO; dashed lines:
modeling results without NO.
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Figure 9. Concentration of NO at different distances from the burner in the post-flame zone of
CoHy/Oy/Ny flames with and without NO, D = O,/(0, + Nj) [44]. Lines: modeling; symbols:
experiment. Solid lines and diamonds: [NO] at 10 mm from the burner surface; dashed lines and
circles: [NO] at 15 mm; short-dashed lines and triangles: [NO] at 20 mm.

Many groups have used Konnov’s model as an individual kinetic model or a sub-
chemistry model (e.g., nitrogen sub-chemistry) to understand the combustion character-
istics of hydrocarbon/NOy mixtures. Powell and Papas [75] compared modeling results
obtained using the Release 0.6 model with experimental results in the form of NO concen-
tration profiles measured in premixed C;H; /N,O flames. The comparison indicated that
the model showed good performance in capturing NO profiles in a premixed C,H;,/N,O
flame, as shown in Figure 11.
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Figure 10. Concentration of NO produced by CyHy/Op/N;  mixtures
under different dilution ratios [23]. Crosses: experimental results for

¢ = 0.8; diamonds: experimental results for ¢ = 1.3. Dashed lines with small symbols:
simulation using Release 0.6; solid line: simulation using Release 0.5.
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Figure 11. Experimental and modeled normalized NO profiles in premixed C,H; /N,O flame [75].
o: experimental LIF data using Q1 (26:5) transition; A: experimental LIF data using Q1 (22:5)
transition; dashed lines: predictions using the Release 0.6 model [23]; solid lines: predictions using the

PPD mechanism.

The model developed by Glarborg et al. (referred to as the Glarborg model in the
following) [24] included the sub-chemistries for hydrocarbons and nitrogen-containing
species and the interacting chemistry between small hydrocarbons (e.g., CHy) and nitrogen-
containing species. It was developed based on previous studies on C;—Cp
hydrocarbons [82-84], amines [85], cyanides [86], and hydrocarbon/nitrogen
interactions [43,87,88]. Since its release, the model has been widely adopted to simu-
late ammonia combustion and NOy formation in different combustion processes, and it has
been demonstrated to have good predictive ability.

For instance, the Glarborg model was validated against the flow reactor experiments
conducted by Alzueta et al. [43,49] for C;H, /NO and C,H4 /NO mixtures. It was found
that the production and consumption of HCN could be well predicted by the model. The
NO reduction profiles were also reproduced by the model for C;H; /NO, and C,H4/NO
mixtures, as shown in Figure 12.
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Figure 12. Comparison between experimental data and modeling predictions for the reduction of
NO by hydrocarbons under reburning conditions in a quartz flow reactor [24]. Inlet concentrations:
CyHj =890 ppm, O, = 1700 ppm, NO = 835 ppm (t = 162[K]/T); C;H4 = 1020 ppm, O, = 2015 ppm,
NO = 790 ppm (t = 165[K]/T). All experiments were conducted with 2% H,O, balanced N, and
1.05 atm. Symbols denote experimental data, while solid lines denote modeling predictions.

The Glarborg model has been widely adopted by other researchers for its nitrogen-
related components to study the hydrocarbon interactions with nitrogen-containing species.
Yuan et al. [32] considered the NOy reactions and the interactions of NOy with Cy—C, species
provided by the Glarborg model and the CzHg chemistry provided by the AramcoMech
3.0 model [89] to simulate measured species profiles during C3Hg oxidation with and
without NOy at atmospheric pressure in the temperature range of 725-1250 K, with excellent
agreement observed (c.f., Figure 13).
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Figure 13. Experimental (symbols) and simulated (lines) mole fraction profiles of reactants and major
products during the oxidation of C3Hy at 1 bar and ¢ = 0.23 (GM1, C3Hg /O, mixture); ¢ = 0.23
(GM2, C3Hg /0, /NOx mixture); and ¢ = 1.35 (GM3, C3Hg /O, /NOx mixture). (a) C3Hg, (b) Oy,
(c) NO (upper panel) and NO, (lower panel), (d) CO, (e) CO,, (f) H,O [32].

To compare the performance of the Konnov model with that of the Glarborg model in
predicting the combustion characteristics of unsaturated hydrocarbons and NOx mixtures,
they were merged with the NUIGMech1.1 model [25] developed by Curran et al., which
included detailed C1-C7 hydrocarbon chemistry. The two merged models are marked as
“Glarbog” and “Konnov”, respectively, in Figures 14-18. The fundamental combustion
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experiments at low to high temperatures for unsaturated hydrocarbons mixed with NO,
NOy, and N;O, as reviewed in Section 2.1, were adopted for model comparison.
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Figure 14. Comparison between experimental data (symbols) and modeling (lines) of NO (1000 ppm)
reduction by C3Hg (2930 ppm) at an equivalence ratio of 1 and 1 atm [31].
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Figure 15. Comparison of experimental (symbols) and predicted (lines) concentration profiles for
a CoHy /0O, /NO/N; mixture under fuel-lean conditions, t = 120 ms. Inlet composition: 1400 ppm
CyHy, 37,500 ppm O,, 240 ppm NO [28].
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Figure 16. Ignition delay time comparison between the measurements (symbols) and simulations
(lines) at an equivalence ratio of 1 and pressure of 10 atm. NO, N5, N15, and N50 represent an NO,
concentration of 0%, 5%, 15%, and 50%, respectively, as a mole fraction of the C,Hy [52].
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mixture [54]. The reactor temperature profile was obtained from [29].
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Figure 18. The experimental (symbols) and simulated (lines) IDTs for 20% (CyHs/N,O) + 80% N at
an equivalence ratio of 1 and a pressure of 1 bar [77].

Figure 14 summarizes the simulated species profiles, along with the experimental
results reported in [31], during C3Hg oxidation at 1150-1450 K in a JSR with 750-1000 ppm
NO addition. Overall, the Konnov model agreed better with the experiments in terms of the
NO profile, while the Glarborg model performed better in capturing the concentration pro-
files for C3Hg, CoHy, CoHy, CH,O, CHy, CO,, and CO. It is also obvious that the two models
exhibited different reactivity levels, with the Konnov model predicting earlier fuel oxida-
tion. The simulated and measured species profiles (adopted from [28]) during the oxidation
of a CoH4/0,/NO/N, mixture at lower temperatures (700-950 K) are shown in Figure 15.
Similar simulation results were observed for the two models, which both underpredicted
fuel consumption and NO formation. The poor model performance in replicating NO
and NO, profiles is concerning, indicating that further investigations are needed. Further
analysis indicated that NO + HO; = NO, + OH and ROO + NO = RO + NO; are important
interactions between hydrocarbons and NOy, as elaborated by other studies [27,28,32,34].
The former converts fewer reactive HO, radicals into highly reactive OH radicals at low to
intermediate temperatures, thereby promoting the mixture reactivity. The latter represents
a direct interaction between hydrocarbons and NOy, which converts ROO radicals into RO
radicals, thereby shifting the reaction pathways away from OH branching. These reactions
will be discussed in detail in Section 3.3.

Figure 16 shows the simulated IDTs using the Konnov and Glarborg models for a
CyH4 /0, /NO, /N; mixture, along with the experimental measurements obtained from
a shock tube at 920-1780 K and 10 atm [52]. As can be seen from Figure 16, both models
captured the promotion effect of NO, only at low addition levels. When the NO, concen-
tration was above 15%, both models showed large discrepancies with the experiments and
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failed to replicate the qualitative trends in the NO; addition effect. Although the simulation
results using these two models were very similar, the Glarborg model showed better per-
formance when the NO, addition was 50%. Figure 17 shows the comparison between the
experimental results [54] and simulation results for a CoH, /O, /NO/NO, /N, mixture in a
flow reactor at lower temperatures (600-900 K). It is obvious that both models performed
unsatisfactorily in replicating the experiments, with better performance observed for the
Glarborg model. In addition, at lower temperatures, the two models differed greatly from
each other, in contrast to the trends observed in Figure 16.

Figure 18 shows the simulated and measured IDTs of a CoH4/N,O mixture in a shock
tube [77] within a high temperature regime and at three different pressures. In general,
the Konnov model performed better than the Glarborg model, though the difference
between the two models was small and could be complicated by experimental measurement
uncertainties. Additionally, both models captured the pressure dependence commendably.

3.2. Conversion between NOy Species

It has so far been established that NOy species can easily convert between each other.
This is most prominent between NO and NO, when O; is present, which has been observed
in many studies. For instance, Yuan et al. [32] initially introduced C3Hg/O,/NO gas
mixtures into a flow reactor. However, part of the NO converted to NO, in the premixed
pipeline (at room temperature) before entering the reactor. Thus, the NO/NO, ratio was
determined at the inlet of the flow reactor using mass spectrometry. Similarly, in a shock
tube study [90], NO was injected into the mixing tank to ensure fast mixing, and the final
mixture of n-CyH;4/0,/Ar/NO was allowed to equilibrate for 10 min before being injected
into the shock tube driven section. After equilibrium, over half of the NO was converted
to NO,. These conversions have made interpreting NOy blending effects particularly
challenging. Therefore, this section aims to review the conversion pathways between
NOy species.

In most nitrogen chemistry models, the one-step conversion pathways between the
three NOy species can be summarized as shown in Figure 19. Specifically, N, O reacts with
H and O to form NO, via N;O + O = NO + NO and N,O + H = NO + NH, respectively.
Early in 1956, Kaufman et al. [91] measured the rate of decomposition of N,O and the rate
of formation of NO and then determined the rate of N,O + O = NO + NO theoretically.
Baber and Dean [92] conducted shock tube experiments for the dissociation of N,O/ Ar
mixtures over a temperature range of 1850-2540 K and proposed the rate coefficient of
N>O + O = NO + NO by fitting the experimental results using a complex mechanism.
Recently, Buczko et al. [93] re-evaluated the rate coefficient of NoO + O = NO + NO
based on direct rate coefficient measurements and theoretical calculations. With the re-
evaluated rate, thermal NO formation was accurately predicted. The rate coefficients
mentioned above are plotted in Figure 20; it was found that the rate coefficient provided by
Buczko et al. [93] was about an order of magnitude larger than that of Baber and Dean [92].

NO

x
%
X
%
+NO A
NO,
+NCO

Figure 19. One-step conversion pathways between the three major NOy species.
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Figure 20. The rate coefficients of N,O + O = NO + NO proposed by Kaufman et al. [91], Baber and
Dean [92], and Buczko et al. [93].

As for the second N,O to NO conversion reaction (N,O + H = NO + NH), Baldwin
et al. [94] first recommended a rate coefficient at 863 K by studying the reaction between Hy
and N,O. Then, Marshall et al. [95] measured the rate coefficient for N,O + H — products
using high-temperature photochemistry. They also proposed a maximum rate coefficient
for the N,O + H = NO + NH channel at temperatures up to 2000 K. Bozzelli et al. [96] re-
evaluated both the forward and reverse reaction rate coefficients of N,O + H=NO + NH
using experimental and theoretical data from the literature. As shown in Figure 21, the rate
coefficients provided by Marshall et al. [95] and Bozzelli et al. [96] were quite similar. How-
ever, the rate coefficient offered by Baldwin et al. [94] at 837 K was much higher than that
of both the abovementioned studies. The NO + NH = N,O + H channel is responsible for
the one-step conversion from NO to N,O, as shown in Figure 19, which is also the reverse
reaction of NoO + H = NO + NH. Several studies have made further efforts to determine the
rate coefficient of NO + NH = N,O + H. For instance, Roose et al. [97] determined the rate
coefficient for this reaction in a shock tube by measuring species concentrations, e.g., NO,
NH;, and NH, over the temperature range of 1780-2850 K. Kovacs et al. [98] optimized
the Arrhenius parameters of NO + NH = N,O + H by fitting the reaction rate against
direct and indirect experiments with lower uncertainty. The rate coefficients provided
by Bozzelli et al. [96], Roose et al. [97], and Kovacs et al. [98] are compared and presented
in Figure 22. It is shown that the rate coefficients proposed by Bozzelli et al. [96] and
Kovacs et al. [98] increased with the temperature increase, while the rate coefficient pro-
posed by Roose et al. [97] demonstrated a contrary trend, decreasing with the temperature

increase.
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Figure 21. The rate coefficients of N;O + H = NO + NH proposed by Baldwin et al. [94],
Marshall et al. [95], and Bozzelli et al. [96].
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Figure 22. The rate coefficients of NO + NH = N,O + H proposed by Bozzelli et al. [96],
Roose et al. [97], and Kovacs et al. [98].

The one-step conversion pathways between N,O and NOy, i.e., NO; + NCO = N,O +
CO; and N,O + NO = NO; + Ny, have been included in most nitrogen chemistries. The
isocyanate radical, NCO, involved in the first pathway is a key intermediate during the
rapid reduction of nitrogen oxides. Park and Hershberger [99] experimentally determined
the rate coefficient of NO, + NCO — product channels using infrared diode laser absorp-
tion spectroscopy and found that N,O and CO; accounted for over 90% of the products.
Zhao et al. [100] conducted ab initio calculations for NO, + NCO = N,O + CO, and de-
termined the rate coefficients for the temperature range of 3004000 K using transition
state theory with correction for anharmonicity effects. As shown in Figure 23, the rate
coefficient proposed by Park and Hershberger [99] was much larger than the rate coefficient
calculated by Zhao et al. [100] at 296 K. The reaction rate of the second pathway (i.e., NoO +
NO = NO; + Ny) has always been determined during N,O decomposition investigations.
Kuafman and Kelso [101] determined the expression rate for N;O + NO = NO, + N, over a
low temperature range of 924-1030 K from concentration profiles measured after mixing
NO and N,O in a spherical quartz vessel. Later, Fishburne and Edse [102] extended the un-
derstanding of this reaction to a higher temperature range, i.e., 1500-2200 K, by measuring
the rate of the thermal decomposition of N,O in a shock tube. Mebel et al. [103] performed
ab initio calculations, and the calculated rate coefficients were in close agreement with
the earlier estimates of Hanson and Salimian [104]. These rate coefficients are plotted in
Figure 24, appearing very similar.
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Figure 23. The rate coefficients of NO + NCO = N,O + CO, proposed by Park and Hershberger [99]
and Zhao et al. [100].
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Figure 24. The rate coefficients of N,O + NO = NO; + N, proposed by Kuafman and Kelso [101],
Fishburne and Edse [102], and Mebel et al. [103].

NO converts to NO, easily when O, is present, even at room temperature. There
are several mechanisms to describe the conversion between NO and NO,, among which
NO + NO + Oy = NO; + NO; has been widely adopted in chemistry models. The rate
coefficient of this pathway has been reported in several studies, presented in the form of
either NO + NO + O, = NO; + NO; [105-107] or NO; + NO, = NO + NO + O, [108-110],
and the commonly used values are summarized in Table 4. The rate coefficient of NO,
+ NO,; = NO + NO + O; in the Glarborg model was adopted from the work of Park
et al. [108]. Park et al. [108] first measured the rate coefficient of NO, + NO, = NO + NO
+ O; in a shock tube in the temperature range of 602-954 K. Then, they updated the rate
parameters with data obtained by Rohrig et al. [109] in a shock tube at a temperature
range of 1388-1460 K. The Konnov model adopted the rate coefficients from their previous
work [111], which were evaluated based on the experimental data from Ashmore et al. [105],
Zimet [110], and Rohrig et al. [109]. The CRECK modeling group [112] adopted the rate co-
efficients from Tsang and Herron [113], which were modified from the recommendations of
Baulch et al. [114] in order to be compatible with the thermodynamics and the rate expres-
sion recommended by Baulch et al. [114] for the reverse reaction. As can be seen from
Table 4, these rates differed by a factor of ~3, which could lead to significant uncertainties
in predicting NO/NO, conversion.

Table 4. The rate coefficients of NO, + NO, = NO + NO + O, from different studies.

NO; + NO; =NO + NO + O,

A (cm3/mole-s) n Ea (kcal/mol)
Glarborg et al. [24] 4.50 x 1012 0.000 27.599
Konnov et al. [23] 3.95 x 1012 0.000 27.590
CRECK [112] 1.63 x 1012 0.000 26.030
Baulch et al. [114] 2.00 x 1012 0.000 26.825

In addition to the inconsistency in the rate coefficients of NO; + NO; = NO + NO
+ O,, there has also been an ongoing controversy regarding the conversion mechanisms
between NO and NO;. The single-step conversion pathway is a trimolecular reaction,
which requires three molecules to collide at the same time. This is less likely to happen
compared to bimolecular reactions, particularly at low temperatures. As such, mechanisms
involving more than one step of bimolecular reactions have also been proposed for con-
version between NO and NO; [106,115,116]. One of the proposed multi-step conversion
mechanisms (referred to as Mech 2 in the following) is

NO + Oz = N03 (1)
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NO; + NO = NO, + NO, @)

where the NO reacts with O, to form NOj3, then another NO to form two NO, molecules.
Another proposed multi-step mechanism (referred to as Mech 3 in the following) is

NO + NO = (NO), 3)

(NO)Z + Oz = NOZ + NOZ (4)

which involves the formation of a dimer from two NO molecules. The dimer further reacts
with O, to form two NO, molecules [117]. Although Mech 2 was included in the Konnov
model and the CRECK model, some preliminary kinetic analyses (whose results will be
included in a forthcoming publication from the authors’ group) have indicated that the NO
to NO, conversion around room temperature is still dominated by NO + NO + O, = NO, +
NO,. However, other studies have observed experimental trends that might support the
dominance of Mech 2 and Mech 3. For instance, Tipper and Williams [107] found that the
rate of NO oxidated to NO, was about the second order of NO and the first order of O, at
low temperatures. Both orders decreased when the partial pressure of NO was increased.
The authors were able to explain this phenomenon using Mech 2, instead of the single-step
conversion mechanism. Solc [118] observed that the NO to NO, conversion rate exhibited
a strong dependence on the ratio of the initial molar concentrations of O, and NO, i.e.,
[O2]/[NO]. Furthermore, the conversion rate decreased rapidly when [O;]/[NO] increased
from 0 to 10, then decreased gradually until [O,]/[NO] reached 20 and remained almost
constant until [O;]/[NO] reached 30. This unique trend could not be explained by the
single-step conversion mechanism alone, while it could be somewhat explained by Mech 3.
The actual mechanisms for NO to NO, conversion remain unclear but are expected to be
clarified in another forthcoming study from the author’s group.

Apart from the conversion pathways reviewed above, NO + HO, = NO, + OH is an-
other pathway that is important for not only NO and NO; conversion but also hydrocarbon
and NOy interaction. This reaction is therefore reviewed briefly below. The contribution of
this reaction to the promoting effect of NO on fuel reactivity has been highlighted by many
studies [31,33,34], as it is via this reaction that NO converts less reactive HO, radicals into
more reactive OH radicals. Chakraborty et al. [119] theoretically determined the rate of
HO; and NO production by NO; + OH via the HOONO transition state using high-level ab
initio calculations, and the results fit quite well with available experimental data in the form
of rate coefficient measurements. Howard [120] measured both the forward and reverse
rate coefficients of NO + HO, = NO, + OH in a flow reactor. After combining this with pre-
viously published rate coefficient data for the forward reaction [121] obtained at 232-403 K,
a refitted rate coefficient was proposed, which was applicable for the temperature range
of 232-1270 K. Badwell et al. [122] determined the rate coefficient of NO + HO, = NO, +
OH and its temperature and pressure dependence and found that the rate coefficient was
invariant with pressure.

3.3. Important Direct Interacting Reactions between NOy and Unsaturated Hydrocarbons
3.3.1. RH + NO; Pathways

The dehydrogenation of fuel molecules by oxygen molecules and free radicals plays an
important role in fuel oxidation at low temperatures, when it is challenging for unimolecular
decomposition to take place. When NOj is present, it can act as a free radical and participate
in the dehydrogenation of fuel molecules, forming HONO or HNO,. The importance
of H-atom abstraction by NO; from fuel molecules has already been highlighted, as it
can promote low-temperature OH branching [123] by forming OH and NO via HONO
decomposition [89]. The formed NO can further facilitate OH production via HO, + NO
= OH + NO, [48]. With unsaturated hydrocarbons, NO; can also lose an O atom to the
double or triple carbon—carbon bond, producing NO and an aldehyde or an R-oxyl species.
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Several works have attempted to determine the rate coefficients for interacting re-
actions between alkenes/alkynes and NO;, as summarized in Table 5. Gao et al. [124]
obtained the rate coefficients for C;Hs and NO; interaction reactions using ab initio cal-
culations. Four channels were identified, i.e., CoHy + NO, = CH3CHO + NO, CoHy +
NOZ = oxirane + NO, C2H4 + NOZ = C2H3 + HONO, and C2H4 + N02 = C2H3 + HNOz.
Chai and Goldsmith [125] adopted density functional theory (DFT) to calculate the rate
coefficients for C3-C4 alkenes + NO, — products, including C3Hg, 1-C4Hg, trans-2-C4Hg,
and iso-C4Hg. For each reaction, three types of products were considered, namely cis-
HONO, trans-HONO, and HNO,. The authors found that the interaction was dominated
by the channel that formed R and cis-HONO, followed by the channel that formed R and
HNO;. Thomas [126] experimentally measured the rate of C,H, oxidation by NO, and
determined the respective rate coefficient. However, they were not able to separate different
reaction channels. Marshall et al. [54] also calculated the rate coefficient of CoH, + NO, =
CHCHO + NO using transition state theory and found that the rate was pressure-dependent.
Sprung et al. [127] experimentally determined the rate coefficients for cis-trans isomeriza-
tions of 2-C4Hg and 2-CsH;jp with NO;, based on which they estimated the rate coefficients
for the addition of NO, to the double bond of 10 olefins, i.e., CoH,, CoHy, C3Hg, 1-C4Hg, i-
C4Hg, cis-2-C4Hg, trans-2-C4Hg, 1-Cs5Hj, cis-2-CsHy, and trans-2-CsHj, forming adducts,
e.g., CZHZNOZ, C2H4N02, and C3H6N02.

3.3.2. RH + N;O Pathways

As briefly mentioned in the introduction, the O atom from N,O tends to be added to
the double bond of the unsaturated hydrocarbon. The products depend on the position
of the double bond in the unsaturated hydrocarbon. For instance, as shown in Figure 25,
if the C=C is located at the terminal of the molecule, the reaction with N>O can lead to
the formation of ketones or aldehydes, depending on which carbon atom the O atom is
bonded to [128]. This was first discovered by Bridson-Jones et al. [129,130] in 1951. To
date, most studies related to such pathways have been conducted in the liquid phase. For
instance, Avdeev et al. [131] determined the reaction pathways for the direct oxidation
of cyclohexene and butene with N, O into carbonyl compounds using DFT. Two possible
reaction channels were proposed. Panov et al. [132] and Dubkov et al. [133] studied the
oxidation of cyclopentene and cyclohexene with nitrous oxide at high temperatures in the
liquid phase. The reaction of the O atom transferring from the N O to the C=C bond was
found to have a selectivity of nearly 100%. Ivanov et al. [18] used 3-heptene to study the
effect of cis/trans isomerism on the reactivity of olefins with N,O. The experimental results
revealed that cis- and trans-isomers of 3-heptene had similar reactivity and yielded the
same set of products.

|
R-CH=CH, + N,0 N,
2
[R_

g 9
CH-CH, | —— R-C-CHz + N,
Il
\— ﬁ
R*C\H + I:CHg]"‘ Nz

Figure 25. Formation of ketones and aldehydes via direct interacting pathways between N,O and an
unsaturated hydrocarbon with terminal C=C [128].



Energies 2023, 16, 4967

27 of 35

Table 5. Theoretical and experimental studies on alkene/alkyne +NO, reactions and the proposed

rate parameters.

. . A Ea
Author Species Reaction (em?/mole-s) " (kcal/mol)
C,H, + NO, = CH3CHO + NO 434 x 10 142 51.92
CoHy + NO, = Oxirane + NO 6.62 x10% —11.3 37.81
Gao et al. [124 CH
aoetal. [124] 2H4 CyH, + NO, = CyH; + HONO 213 x 100 3.9 30.19
C,H, + NO, = CoH; + HNO, 431 x10° 39 30.19
C3Hg + NO, = C3Hs + cis-HONO 447 x 107*  4.79 18.16
C3Hg + NO, = C3Hs + trans-HONO 2,63 x 1076 5.32 25.18
C3Hg + NO, = C3Hs + HNO, 254 x 1072 421 18.76
1-C4Hg + NO, = 1-C4Hy + cis-HONO  3.11 x 1073 4.4 15.75
1-C4H8 + N02 = 1-C4H7 + -3
trans-HHONO 1.35 x 10 4.47 24.46
1-C4Hg + NO, = 1-C4H; + HNO, 783 x 1072  3.93 15.25
Trans-2-C4Hg + NO, = trans-2-C4Hy _3
Chai and C3Hg, 1-C4Hg, + cis-HONO 131107 4.62 17.36
Goldsmith [125] trans-2-C4Hg, iso-C4Hg Trans-2-C4Hg + NO, = trans-2-C4Hy 186 x 10-6  5.29 29 58
+ trans-HONO
Trans-2-C4Hg + NO, = trans-2-C4Hy 5
+ HNO, 4.89 x 10 4.06 17.66
150-2—C4H8 + N02 = iSO—2—C4H7 + -3
cis HONO 1.67x 10 456 16.46
ISO-2-C4H8 + N02 = iSO-2-C4H7 + _6
trans-HONO 8.91 x 10 5.18 22.98
ISO-2-C4H8 + NOz = iso-2—C4H7+ 1
HNO, 1.51 x 10 3.95 17.76
Thomas [126] CyH, CyHjy + NO, = products + NO 1.26 x 1012 15.05
Marshall etal. [54] CyH, C,H, + NO, = CHCHO + NO 142 x 10> 2.79 16.76
CoH, + NO, = adduct 5.83 x 1012 - 14.40
CoH, + NO, = adduct 933 x 1012 - 14.00
C3Hg + NO, = adduct 248 x 1012 - 27.10
CoHy, CoHy, C3Hg, 1-C4Hg,  1-C4Hg + NO, = adduct 1.82 x 1012 - 25.00
i-C4Hg, cis-2-C4Hg, trans-2-  1-C,Hg + NO, = adduct 437 x 1012 - 28.70
Sprung et al. [127] 17alls 478 4718 2 : :
pring C4Hs, 1-CsHyo, cis-2-CsHyo,  Cis-2-C4Hg + NO, = adduct 441 x 1011 - 11.40
trans-2-CsHj Trans-2-C4Hg + NO, = adduct 747 x 1011 - 11.60
1-C5H;9 + NO, = adduct 1.70 x 1012 - 24.70
Cis-2-C5H1g + NO, = adduct 481 x 100 - 23.20
Trans-2-C5Hyg + NO, = adduct 9.70 x 1011 - 23.40

In the gas phase, only a few studies have focused on this pathway, which are listed in
Table 6. Due to the lack of relevant studies, this pathway is absent from almost all existing
chemistry models. Nevertheless, it can be quite common for such interactions to occur
between unsaturated hydrocarbons and N»O, especially at low to moderate temperatures,
which are relevant for combustion applications. Trenwith [64] experimentally recorded
the partial pressure of reactants (i.e., C;Hs and N»O) and products (e.g., Np, CO, CHy,
H,, and C,H40) and determined the rate coefficient of CoHy + NoO = CH3CHO + N at
828-863 K. Karami and Vahedpour [134] investigated the reaction pathway of CoH, + N,O
— products using high-level ab initio calculations. The results revealed that CH,CO +
N, was the most favored adduct of CoH, + N>O. Furthermore, several studies have tried
to investigate the 1,3-dipolar cycloadditions of unsaturated hydrocarbons and N,O. Ess
and Houk [135] evaluated the activation barriers and reaction energetics for cycloaddition
reactions of C;Hy and CyH; by N,O using DFT, MP2, and CBS-QB3 methods. Grimme
et al. [136] also studied the cycloaddition reactions of dipolar molecules to C;H, and CoH.
N,O was one of the investigated dipolar molecules. The reaction potential energy surfaces
of CoH;, + N,O = (CH),ON; and C;Hy + N> O = (CH»),ON; were obtained by quantum
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chemical methods. Liu and Li [137] determined the accurate full-dimensional potential
energy surface of the C;H; + NoO = oxadiazole reaction in the gas phase, which was fitted
to about 64,000 high-level ab initio data using a machine learning approach. Li et al. [138]
calculated the reaction pathway of C;Hy + NoO — products using DFT methods. The
results indicated that the reaction preferred the mechanism that included the addition of
N> O to the double bond of CoHyj.

Table 6. Theoretical and experimental studies on Cy-alkene/alkyne +N,O reactions and the proposed
rate parameters.

. . A Ea
Author Species  Reaction (cm®/mole-s) n (kcal/mole)
Trenwith [64] C2H4 C2H4 + NZO = C2H4O + N 7.95 x 109 - 38.13

Karami and Vahedpour [134] *
Ess and Houk [135] *

Grimme et al. [136] *

Liu and Li [137] *
Lietal [138]*

C2H2 Csz + Nzo = CH2CO + N2 - - -
C2H2 C2H2 + Nzo = (CH)20N2 - - -
C2H4 C2H4 + Nzo = (CH2)20N2 - - -
C2H2 Csz + N20 = (CH)2ON2 - - -
C2H4 C2H4 + Nzo = (CHz)zONZ - - -
C2H2 C2H2 + Nzo = (CH)zoNz - - -
C2H4 C2H4 + Nzo = (CHz)zoNz - - -

* ab initio calculations without providing proposed rate parameters.

3.3.3. ROO + NO

After the dehydrogenation of RH, O; is added to R radicals to form ROO. NO can
abstract an O atom from ROO radicals to form RO and NO, or bond with ROO to form
RONO;. These two reaction channels are also important interactions between unsaturated
hydrocarbons and NOy during combustion. Many works have already emphasized the
importance of ROO + NO reactions for saturated hydrocarbons mixed with NOy [48].
Atkinson et al. [139] reviewed the studies on CH30, + NO = CH30 + NO, from 1981 to
2004 and proposed the rate coefficient of this reaction at 200-430 K. Maricq and Szente [140]
experimentally determined the rate coefficient of C;H50; + NO = C;H50 + NO; using
transient diode laser absorption and time-resolved UV spectroscopy. Chow et al. [141]
determined the total rate coefficient for C3H;O, + NO — products and for the minor
branching channel, which forms i-C3H;ONO; as a product, at temperatures of 298-213 K
using a turbulent flow tube. The rate coefficients of larger alkyl peroxides, e.g., C4HqO,
and CgH170,, reacting with NO are also available in the literature [142-144].

However, studies on the rate coefficient of ROO + NO — products, with ROO derived
from unsaturated hydrocarbons, are scarce, as summarized in Table 7. Eberhard and
Howard [145] determined the rate coefficient of C3HsO, (CH, = CHCH,OO) + NO in a
flow tube reactor at 297 K. Feng et al. [146] studied the potential energy surface of benzyl
peroxy radicals reacting with NO using ab initio calculations, considering channels leading
to the production of C¢H5CH,0O and NO,, and C¢H5CH;ONO;.

Table 7. Theoretical and experimental studies on ROO + NO reactions and their proposed
rate parameters.

Author Species Reaction A 3 Ea (kcal/mole)
(cm®/mole-s)
Eberhard and C3H50, C3H50, + NO = product 6.32 x 1012 - -

Howard [145]

Feng et al. [146] * C¢HsCH,0,

C6H5CH202 + NO = C6H5CH20+ N02 - - -
C6H5CH202 +NO = C6H5CH20N02 - - -

* ab initio calculations without providing proposed rate parameters.
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4. Conclusions and Recommendations

This paper presented a comprehensive review on the combustion chemistry of unsatu-
rated /oxygenated hydrocarbons mixed with NO, species (namely NO, NO,, and N,O).
The literature published since the early 1950s was surveyed to provide a comprehensive
summary of experimental and theoretical studies. Through these studies, NOx blending
effects were analyzed using fundamental combustion experiments (i.e., IDT, LBV, and
speciation) obtained from RCMs, shock tubes, flame burners, flow reactors, and JSRs;
the underlying chemistries, particularly the unsaturated hydrocarbon/NOjy interaction
chemistry and the NOy conversion chemistry, were highlighted using direct experiments
for reaction rate measurements, ab initio calculations, and chemical kinetic modeling. The
knowledge compiled in this study has enabled a better understanding of the combustion
features for this type of mixture and the governing chemistry, which is beneficial for future
applications in practical engines and the development of robust chemical kinetic models.

The key insights and prospects for future experimental and theoretical studies are
summarized as follows:

1.  There is an immense need for fundamental combustion experiments, with a spe-
cial emphasis on NO;, and N,O; heavier unsaturated hydrocarbons (i.e., carbon
number > 3); and high-pressure conditions (e.g., >40 bar). It is still obvious based
on the limited data that the effects of NOy blending on the reactivity of unsaturated
hydrocarbons are diverse. In general, NO and NO, promote fuel reactivity at low
temperatures. This promoting effect diminishes as the temperature increases and
can even be reversed at high temperatures, when NO and NO; start to inhibit fuel
reactivity. The blending effects of N,O are less clear, as it has mostly been used directly
as an oxidizer, quickly decomposing to produce O atoms via N,O(+M) = Ny + O(+M).
As such, fundamental combustion experiments over wider ranges of conditions are
highly recommended to re-evaluate the effects of NOy blending on unsaturated hy-
drocarbon combustion characteristics in a consistent manner, and to distinguish the
effects of NOy blending between unsaturated and saturated hydrocarbons.

2. The diverse effects of NOy blending are further complicated by the interconversion
between the NOx species, for which the available conversion mechanisms remain
controversial. This is most prominent for the conversion between NO and NO,, which
has been observed to exhibit both second and third reaction orders and both strong
and weak dependence on the O, concentration. Experimental and theoretical studies
on NOy interconversions are urgently needed to account for their impact on the effects
of NOy blending, as well as to guide future fundamental combustion experiments in
properly preparing fuel /NOy /oxidizer mixtures.

3. There is a unique interaction between NOy and unsaturated hydrocarbons, with
NO, and N;O able to bond directly to the carbon—carbon double and triple bonds.
These interacting pathways depend highly on pressure (due to the imbalance in
molar number across the reaction), which might substantially alter the effects of NOx
blending under the high-pressure conditions that are relevant to advanced combustion
engines. In addition, other types of direct interaction, such as RH + NO, = R + HONO
(or HNOjy) and ROO + NO = RO + NO,, have also been highlighted as holding
significance. Currently, the understanding of these interactions is seriously lacking,
let alone their impact on the effects of NOy blending. Further investigations into
these interactions are therefore highly recommended. In addition to fundamental
experiments, theoretical studies such as ab initio calculations could be quite valuable
to determine the specific reaction channels involved in these interactions and establish
the respective rate rules.

4.  The existing chemical kinetic models are inadequate and inconsistent in replicating the
combustion characteristics of unsaturated hydrocarbon/NOy mixtures. To date, the
pathways of NO; and N,O bonding to unsaturated carbon—carbon bonds have been
rarely addressed, and NOy interconversions are insufficiently represented in existing
chemical kinetic models. The situation has been made worse by the limitations of
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available fundamental combustion experiments and theoretical studies. Systematic
efforts, such as those pointed out in (1)—(3), are necessary to address the inconsistencies
and inadequacies of existing models for unsaturated hydrocarbon/NOy mixtures.
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