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a b s t r a c t 

Nitrous oxide (N 2 O) is often used as an oxidizer in rocket technology with plenty of potential advantages. 

However, the N 2 O/hydrocarbon combustion results in the staggering increase of NO x emission. To scruti- 

nize the role of N 2 O and equivalence ratio on NO formation characteristics of N 2 O/CH 4 premixed flame, 

mixtures of N 2 O/CH 4 and N 2 /O 2 /CH 4 were investigated by employing one-dimensional opposed-jet model 

with detailed reaction mechanism. The flame structures, NO reaction pathways, and NO formation routes 

were discussed. In the heat release rate analysis, the heat release is dominated by N 2 O route, resulting 

in high flame temperature in N 2 O/CH 4 premixed flame. Regarding the mechanism of NO formation, NO 

is mainly produced from N 2 through the thermal routes and from HNO through the HNO-intermediate 

routes for the N 2 /O 2 /CH 4 flame but mainly comes from N 2 O through the N 2 O and HNO-intermediate 

routes in the N 2 O/CH 4 flame. The thermal routes alter to the primary chemical mechanism of NO con- 

sumption. The NO production in fuel-lean N 2 O/CH 4 flames is enhanced through the N 2 O route due to the 

increase of the mole fraction of O atom. The thermal route becomes forward reactions to produce NO for 

the extreme fuel-rich N 2 O/CH 4 flame. Regarding the reaction pathways of the prompt route, it can be ap- 

proximately divided into three categories: (1) N 2 → CN → NCN, NO (in terminal) → N 2 ; (2) CN → NCN, 

NO (in terminal) → NO, CN; (3) N 2 → CN → NCN, NO (in terminal) → N → N 2 . In NO production rate 

analysis, the main NO formation comes from the N 2 O and HNO-intermediate routes, while NO consump- 

tion associates with the thermal and NNH-intermediate routes. In addition, the prompt-NO formation is 

dominated by species of N 2 O instead of CH radical in the extreme fuel-rich N 2 O/CH 4 flames. 

© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

With the proliferation of space industry privatization, rocket

propulsion technology is anticipated to have applications to avi-

ation for curtailing long-haul flight time and reducing fossil fuel

consumption. Nitrous oxide (N 2 O) is often used as an oxidizer

in rocket technology because of its advantages of relatively high

density-specific impulse, low toxicity, and relative high liquefaction

temperature, leading to benefits in mobility and inventory [1 –3] .

N 2 O decomposes either thermally or catalytically to 33% oxygen

and 67% nitrogen (2N 2 O → 2N 2 + O 2 , �H = −163 kJ/mol). Obvi-

ously, N 2 O decomposition is an exothermic reaction, and the oxy-

gen content is higher than the normal air condition (oxygen-rich

condition) [4] . Oxygen-rich conditions and high thermal exother-

micity can effectively improve combustion efficiency and energy

conversion [5 , 6] . However, N O is regarded as a greenhouse gas
2 
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nd doubles as the main source of NO formation in the strato-

phere; the presence of NO gases leads to ozone layer depletion

7] . To diminish the environmental impact, the correlation between

ombustion characteristics and gas emission in hydrocarbon/N 2 O

ames must be elucidated. 

Studies on hydrocarbon combustion in the presence of

itrogen-containing oxidizers are of interest in discussing lami-

ar burning velocity [8 , 9] , ignition delay [10 , 11] , and flame ex-

inction [12 , 13] . There is a fair amount of literature focused on

he combustion characteristics of nitrous oxides/hydrocarbon mix-

ures in the past. Powell et al. [14 –16] examined experimentally

nd numerically the laminar burning velocities of N 2 O flames with

arious hydrocarbon fuels (H 2 , CH 4 , C 2 H 2 , and C 3 H 8 ) at near at-

ospheric pressure (0.8 atm). PPD mechanism, which was com-

osed of the optimized C 1 –C 3 hydrocarbon mechanism [17] and

he N x O y /CO/H 2 /O 2 chemical mechanism [18] , was adopted in

he numerical simulation, but the calculated laminar burning ve-

ocities from the PPD mechanism was not in agreement with

he experimental data. The modified PPD mechanism, which was
. 
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ased on considering the most sensitive reactions with the high-

st rate constant uncertainty, was proposed. Pfahl et al. [19]

tudied the flammability limits in H 2 –CH 4 –NH 3 –N 2 O–O 2 –N 2 mix-

ures. The lower and upper flammability limits for methane/nitrous

xides mixtures are 2.5 ~3.0% and 43 ~50%. In addition, the

ffect of small amounts of oxygen on the flammability of

ethane/nitrous oxides mixtures has been studied and showed

hat it is weak dependence on small amounts of oxygen ( < 5%).

ang and Zhang [20] experimentally and numerically investigated

he laminar burning velocities of C 2 H 4 /N 2 O flames, and the USM

echanism was proposed. This mechanism consists of two sub-

echanisms, which were hydrocarbon chemistry from USC Mech

I-2 [21] and nitrogen chemistry from San Diego Mech [22] , re-

pectively. They modified the reaction rate constants of some crit-

cal elementary reactions, associating with N 2 O and CO reaction.

evertheless, the USM mechanism showed that it agreed well

ith the experimental laminar burning velocity of CH 4 /N 2 O/N 2 

ame. Mével and Shepherd [23] reported the auto-ignition delay-

ime of hydrocarbon / N 2 O mixtures by using the shock-tube

echnique. The ignition was driven by two reaction steps, which

ere N 2 O ( + M) = N 2 + O ( + M) and N 2 O + H = N 2 + OH, for

ydrocarbon/N 2 O mixtures. Newman-Lehman et al. [24] performed

xperimental and numerical works to elucidate the combustion be-

avior of CH 4 /N 2 O/air and C 2 H 6 /N 2 O/air flames; in particular, they

erified the influence of N 2 O in premixed flames. The results re-

ealed that the flame suppression effect is contingent on an in-

rease in N 2 O mass fraction in the premixed flames. Linteris et al.

25] experimentally and numerically investigated the burning ve-

ocity of CO/ N 2 O premixed flames with H 2 addition. The results

ndicated that a direct reaction between CO and N 2 O is the pri-

ary method for the consumption of these two species when the

ole fraction of H 2 is less than 0.14%. 

Fundamental works on the characteristics of NO x emission for

ydrocarbon fuel combustion have been investigated for several

ears. Sze et al. [26] studied NO x emissions for different burner

esigns; Choy et al. [27] studied the pollutant emissions of opened

nd impinging inverse diffusion flames (IDFs) in coaxial burners.

he results showed that NO x emissions of impinging IDFs were

arger than the opened IDFs one. In general, the resulting NO

ould be re-burnt in the post flame zone. Nonetheless, the com-

ustion products in the post-flame zone were quenched, and the

ame temperature was decreased due to the presence of the im-

inging wall. Therefore, the re-burned NO in the post flame zone

as inhibited in impinging IDFs. Kotb and Saad [28] discussed

he influence of the swirl direction on pollutant emissions and

ointed out that co-swirl had higher CO 2 emissions than counter-

wirl. On the other hand, counter-swirl can achieve lower NO x 

missions. In addition, Yamamoto et al. [29] explored the influ-

nce of liftoff flames on pollutant emissions. The experimental re-

ults indicated that the NO x content decreased when the exter-

al flame was lifted. There are a certain amount of studies on

he effects of dilution gas addition on pollutant emissions. Rørtveit

t al. [30] investigated the influence of diluent addition on NO for-

ation in hydrogen opposed flame. The addition of He and CO 2 

an effectively reduce the NO content. On the other hand, the ad-

ition of N 2 resulted in higher NO content. Regarding the char-

cteristics of NO x emission for fuel/N 2 O combustion, the litera-

ure is scarce. Konnov and Dyakov [31] reported the NO emission

haracteristics in CH 4 /O 2 / Ar flames doped with small amounts of

 2 O. Calculated concentrations of NO significantly depends on the

ate constant of reaction N 2 O + O = NO + NO in the fuel-lean

ondition. 

As mentioned, few researches had examined the NO x formation

echanism of hydrocarbon/N 2 O flames. In this study, five chem-

cal routes associated with the NO formation mechanism [32 , 33]

ere used for numerical simulation, the thermal route, the N 2 O
oute, the NNH-intermediate route, the HNO-intermediate route,

nd the prompt route, respectively. Glarborg et al. [32] reviewed

he detailed kinetic and chemical mechanism of NO formation,

ncorporating thermodynamic properties, reaction mechanism, 

nd in-situ reduction of NO. Shih and Hsu [33] investigated NO x 

haracteristics of H 2 /CO syngas counterflow diffusion flames and

emonstrated the detailed reaction pathway of NO formation. As

he high concentration of H 2 in syngas, most of NO was produced

hrough the thermal route instead of the NNH-intermediate route

nd the N 2 O route. N 2 O decomposition is characterized by large

xothermicity. The NO formation mechanism can thus be intu-

tively associated with the thermal route. However, results showed

hat NO converted back to N 2 through the thermal route. Never-

heless, the presence of N 2 O facilitates NO formation through the

NO-intermediate route. Although the primary chemical mecha-

isms involved in hydrocarbon/N 2 O combustion are established,

he chemical pathway of NO formation in hydrocarbon/N 2 O flames

s still incomplete. Accordingly, this study conducted a detailed

umerical analysis to elucidate the NO formation mechanism un-

er the variation of CH 4 /N 2 O equivalence ratios. Additionally, the

ffect of N 2 O decom position on NO formation in a stoichiometric

H 4 /N 2 O flame was examined through comparison with that in a

H 4 /N 2 /O 2 flame (with the same N–O ratio as N 2 O). 

. Numerical model and chemical mechanism 

This study used CHEMKIN PRO for numerical calculation, and

he OPPDIF-code [34] was employed to calculate several essen-

ial properties, including the distributions of temperature, velocity,

ressure, and concentration along with the axial distribution; the

ates of reaction, production, and net heat release were also cal-

ulated. Furthermore, the flame configuration was analyzed using

ata obtained from the CHEMKIN database, such as chemical kinet-

cs, thermodynamics, and transport properties. The physical model

sed in this study was a one-dimensional, counterflow premixed

ame (see in [33] ). The N 2 /O 2 /CH 4 and N 2 O/CH 4 mixtures were re-

pectively applied in upper and lower nozzles. The separation dis-

ance and flow rate of two nozzles were set to 2 cm and 50 cm/s,

espectively. The comparisons for both mixtures were conducted at

n identical strain rate of 100 s −1 and under ambient conditions of

00 K and 1 atm. Regarding the chemical mechanism, the chemical

echanism proposed by Glarborg et al. [32] was selected in this

tudy. This mechanism consists of 153 spices and 1397 elementary

eactions, which were based on the chemistry of C 1 –C 2 hydrocar-

ons, amines, cyanides, and interactions of hydrocarbon/nitrogen.

omprehensive mechanisms of NO formation, including the ther-

al NO, the prompt NO, mechanism of N 2 O and NNH, oxidation of

CN, oxidation of HNCO, and oxidation of NH 3 , were also involved

n this mechanism. The reaction rate constant was determined by

he modified Arrhenius expression, 

 = A T βexp 

(−E a 

RT 

)
(1) 

here A is the pre-exponential factor, β is the temperature

xponent, and E a is the activation energy. In the simulation,

o obtain converged solutions, adaptive mesh parameters were

et as follows: adaptive grid control based on solution gradient

GRAD) = 0.1 and adaptive grid control based on solution curva-

ure (CURV) = 0.1. Allowed maximum number of grid points was

et as 10 0 0, and the number of adaptive grid points was set as

0. All the simulations were considered using thermal diffusion

nd multicomponent transport. The discrepancy of the calculated

emperature distributions in the two conditions of NTOT (allowed

aximum number of grid points), that is, 10 0 0 and 15,0 0 0, is

ertainly low. Therefore, the numerical results were verified to be

rid-independent. 
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Fig. 1. Distributions of temperature and species mole fraction of (a) N 2 O/CH 4 and (b) N 2 /O 2 /CH 4 flames under stoichiometric conditions. 
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3. Results and discussion 

3.1. Effects of N 2 O decomposition 

N 2 O decomposes to 33% O 2 and 67% N 2 at high temperatures.

Therefore, to assess the role of N 2 O on NO formation, two different

oxidizers were prepared and compared. One of the oxidizers was

pure N 2 O, whilst the other comprised 33% O 2 and 67% N 2 . 

Figure 1 shows the flame structures, including the distributions

of temperature, and major and minor species for both N 2 O/CH 4 

and N 2 /O 2 /CH 4 flames under stoichiometric conditions. Because a

premixed flame was applied in the opposed-jet model, the dis-

tribution was symmetrical; hence, only the left domain was dis-

played in Fig. 1 . The dashed line represents the flame sheet de-

noted at locations with a maximum flame temperature gradient.

The region ahead of the flame sheet defined as a preheat zone,

while the region behind the flame sheet defined as a reaction zone.

The results revealed that the flame temperature and mole frac-

tions of OH were higher for the N 2 O/CH 4 flame. The maximum

flame temperature of the N 2 O/CH 4 flame reached 2798 K, which

was much higher than 2430 K for the N 2 /O 2 /CH 4 flame. For fuel

consumption, CH 4 was primarily consumed through the reaction of

CH 4 + H = H 2 + CH 3 . Meanwhile, the dominant reaction of N 2 O

consumption was N 2 O + H = N 2 + OH [24] . Both N 2 O and CH 4

reacted with H atom. Therefore, the mole fraction of H was low in

the N 2 O/CH 4 flame. In the N 2 /O 2 /CH 4 flame, the mole fraction of

H was dominant in the preheat zone and the beginning portion of

the reaction zone, ensuing OH mole fraction overriding after CH 4 

fully completed. On the contrary, the mole fraction of OH for the

N 2 O/CH 4 flame was dominant in both preheat and reaction zones.

It is noted that the ratio of H/OH for the N 2 O/CH 4 flame was 0.40,

which is certainly larger than that for the N 2 /O 2 /CH 4 flame (0.25).

Moreover, the mole fractions of NO and CO were higher for the

N 2 O/CH 4 flame, whereas the mole fraction of CO 2 was lower. In the

preheat zone, the process of N 2 O consumption for its decomposi-

tion was initiated; O 2 resulting from N 2 O decomposition started to

react with CH . After the mole fraction of CH decreased to zero,
4 4 
he mole fraction of CO began to decline, and the mole fraction of

 2 started to increase. It implied that fuels reacted with oxygen

erived from N 2 O decomposition instead of N 2 O. Moreover, the

ole fraction of NO increased until N 2 O was consumed completely.

O formation was dominated by N 2 O in the N 2 O/CH 4 flame. 

In order to illustrate the influence of N 2 O decomposition on

ame temperature, the dominant reactions of the heat release rate

n both flames were shown in Fig. 2 . Unlike the flame structure,

s shown in Fig. 1 , the distance in Fig. 2 is an absolute location,

nd the origin represents the nozzle exit, and the vertical dashed

ine represents the flame front. In the N 2 /O 2 /CH 4 premixed flame,

eat release mostly comes from hydrocarbon combustion. The

xothermic reaction is dominated by R78 (O + CH 3 = H + CH 2 O),

nd co-dominated by R65 (H + CH 3 ( + M) = CH 4 ( + M)) and

4 (OH + H 2 = H + H 2 O); the endothermic reaction is dom-

nated by R1 (H + O 2 = O + OH). On the other hand, in the

 2 O/CH 4 premixed flame, the heat release is dominated by R761

N 2 O + H = N 2 + OH), followed by R760 (N 2 O ( + M) = N 2 + O ( +
)). Both two reactions are associated with N 2 O species, and, in

he meantime, these two reactions are important for NO formation

n the N 2 O route. The endothermic reaction was dominated by

760, whereas the exothermic reaction was dominated by the

hain-propagating reaction R761. The exothermic reaction caused

y R761 is much more intense than the endothermic reaction

aused by R760. In order to interpret the exothermic contribution

f N 2 O decomposition on the resulting flame temperature, it is

nformative to integrate the heat release rate of specific chemical

eactions along with the distance and compare the magnitudes

f heat release rate for two cases. Targeted on the hydrocarbon-

ombustion-relevant chemical reaction, R78 is an essential reaction

o contribute primary exothermicity during the combustion for

wo cases. Accordingly, the magnitudes of the heat release rate

ased on R78 are 4.03 ×10 –2 kJ/cm 

2 -s for the N 2 O/CH 4 premixed

ame and 6.15 ×10 –2 kJ/cm 

2 -s for the N 2 /O 2 /CH 4 premixed flame.

he corresponding values are comparable. Nevertheless, in the

 2 O/CH 4 premixed flame, the magnitude of the primary heat re-

ease rate based on R761 is 4.65 ×10 –1 kJ/cm 

2 -s, which is an order
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Fig. 2. The dominant reactions of heat release rate in (a) N 2 /O 2 /CH 4 and 

(b) N 2 O/CH 4 flames under stoichiometric conditions: (R1) H + O 2 = O + OH; 

(R4) OH + H 2 = H + H 2 O; (R29) CO + OH = CO 2 + H; (R61) HCO + OH = CO + H 2 O; (R65) 

CH 3 + H( + M) = CH 4 ( + M); (R68) CH 4 + OH = CH 3 + H 2 O; (R78) CH 3 + O = CH 2 O + H; (R105) 

CH 2 + OH = CH 2 O + H; (R760) N 2 O( + M) = N 2 + O( + M); (R761) N 2 O + H = N 2 + OH; (R943) 

CH 2 (S) + N 2 O = CH 2 O + N 2 ; (R946) CH + NH 3 = H 2 CN + H + H. 
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Fig. 3. Net reaction rates comparisons of NO formation reaction in the thermal 

route for (a) the stoichiometric N 2 /O 2 /CH 4 and (b) the stoichiometric N 2 O/CH 4 

flame : (R672) N + OH = NO + H; (R673) N + O 2 = NO + O; (R674) N + NO = O + N 2 . 

Fig. 4. Net reaction rates comparisons of NO formation reaction in the N 2 O route 

for (a) the stoichiometric N 2 /O 2 /CH 4 and (b) the stoichiometric N 2 O/CH 4 flame: 

(R760) N 2 O( + M) = N 2 + O( + M); (R761) N 2 O + H = N 2 + OH; (R667) NH + NO = N 2 O + H; 

(R762) N 2 O + O = 2NO; (R763) N 2 O + O = N 2 + O 2 . 
f magnitude greater than that of R78. Consequently, the fact

f the flame temperature of the N 2 O/CH 4 premixed flame much

igher than that in the N 2 /O 2 /CH 4 premixed flame is attributed

o the exothermicity of N 2 O decomposition. It is noted that the

nit of magnitudes are kJ/cm 

2 -s instead of kJ/cm 

3 -s, because these

ere obtained by integrating the heat release rate along with the

istance. 

To study the NO formation mechanism, the net reaction rates of

ome major NO formation reactions for N 2 O/CH 4 and N 2 /O 2 /CH 4 

ames were compared under stoichiometric conditions; the results

re presented in Figs. 3 –6 . The selected elementary reactions for

O formation are listed in Table 1 . Several elementary reactions

ere selected from Glarborg et al. [32] , namely the thermal route,

he N 2 O route, the NNH-intermediate route, and the prompt

oute, respectively. The reburning chemistry, namely the HNO-

ntermediate route, was also taken into consideration in the

resent study. The elementary reactions of the HNO-intermediate

oute were selected from Park and Kim [35] , but those reactions

an also be found from the Glarborg’s mechanism. Consequently,

ll the reaction constants, thermodynamic, and transport data of

he selected elementary reactions, including the HNO-intermediate

oute, were based on the mechanism proposed by Glarborg et al.

32] . The complete set of elementary reactions, including rate con-

tants, transport data, and thermodynamic data, can be found in

he Supplementary Materials. Each part of Figs. 3 –6 is divided into

pper and lower portions; the net reaction rates for the N 2 /O 2 /CH 4 

ame are presented in the upper portions, as shown in Figs. 3 (a),

 (a), 5 (a) and 6 (a). Those for the N 2 O/CH 4 flame are presented

n the lower portions, as shown in Figs. 3 (b), 4 (b), 5 (b) and 6 (b).

he coordinate distances in Figs. 3 –6 are absolute location. The

arentheses in all of the figures represent the overall tendency of
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Table 1 

Selected elementary reactions for NO formation. 

Reaction number Reaction step A β E a 

Thermal route 

R672 N + OH = NO + H 3.8E13 0.000 0 

R673 N + O 2 = NO + O 5.9E09 1.000 6280 

R674 N + NO = O + N 2 9.4E12 0.140 0 

N 2 O route 

R760 N 2 O ( + M) = N 2 + O ( + M) 9.9E10 0.000 57,901 

Low pewssure limit: 6.0E14 0.000 57,444 

R761 N 2 O + H = N 2 + OH 6.4E07 1.835 13,492 

R667 NH + NO = N 2 O + H 2.7E15 −0.780 20 

R762 N 2 O + O = 2NO 9.2E13 0.000 27,679 

R763 N 2 O + O = N 2 + O 2 9.2E13 0.000 27,679 

NNH-intermediate route 

R675 NNH = N 2 + H 1.0E09 0.000 0 

R677 NNH + O = N 2 O + H 1.9E14 −0.274 −22 

R678 NNH + O = N 2 + OH 1.2E13 0.145 −217 

R679 NNH + O = NH + NO 5.2E11 0.381 −409 

R681 NNH + O 2 = N 2 + HO 2 5.6E14 −0.385 −13 

HNO-intermediate route 

R720 NO + H ( + M) = HNO ( + M) 1.5E15 −0.400 0 

Low pressure limit: 2.4E14 0.206 −1550 

R721 HNO + H = NO + H 2 6.6E10 0.9 495 

R723 HNO + OH = NO + H 2 O 1.2E09 1.200 334 

Prompt route 

R944 CH + N 2 = H + NCN 5.3E09 0.790 16,770 

R954 CN + N = C + N 2 5.9E14 −0.400 0 

R988 C 2 + N 2 = 2CN 1.5E13 0.000 41,730 

R1002 NCN + M = C + N 2 + M 8.9E14 0.000 62,100 

R1004 NCN + H = HCN + N 2.2E11 0.710 5321 

R1005 NCN + H = HNC + N 4.3E-4 4.690 2434 

R1006 NCN + O = CN + NO 2.5E13 0.170 −34 

R1008 NCN + OH = NCO + NH 1.7E18 −1.830 4143 

R1009 NCN + OH = HCN + NO 2.6E08 1.220 3593 

R1010 NCN + O 2 = NCO + NO 1.3E12 0.000 23,167 

R1011 NCN + NO = CN + N 2 O 1.9E12 0.000 6280 

Fig. 5. Net reaction rates comparisons of NO formation reaction in the NNH- 

intermediate route for (a) the stoichiometric N 2 /O 2 /CH 4 and (b) the stoichio- 

metric N 2 O/CH 4 flame: (R675) NNH = N 2 + H; (R677) NNH + O = N 2 O + H; (R678) 

NNH + O = N 2 + OH; (R679) NNH + O = NH + NO; (R681) NNH + O 2 = N 2 + HO 2 . 

Fig. 6. Net reaction rates comparisons of NO formation reaction in the HNO- 

intermediate route for (a) the stoichiometric N 2 /O 2 /CH 4 and (b) the stoichiomet- 

ric N 2 O/CH 4 flame: (R720) NO + H( + M) = HNO( + M); (R721) HNO + H = NO + H 2 ; (R723) 

HNO + OH = NO + H 2 O. 
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Fig. 7. The reaction pathway diagram of NO formation for the stoichiometric N 2 /O 2 /CH 4 flame. (For interpretation of the references to color in this figure, the reader is 

referred to the web version of this article.) 
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ach elementary reaction, which was obtained by integrating the

et reaction rate of elementary reactions along with the distance. 

In Fig. 3 (a) and (b), the reactions are associated with the ther-

al route, including R672 (N + OH = NO + H), R673 (N + O 2 = NO

 O), and R674 (N + NO = O + N 2 ). For the N 2 /O 2 /CH 4 premixed

ame, R672 and R674 were dominated. N 2 was converted to N

nd NO through reaction R674, whilst N atom became NO through

672 and R673. However, NO reacted with N to convert back to N 2 

hrough R674 for the N 2 O/CH 4 flame, as shown in Fig. 3 (b). Nev-

rtheless, at the beginning of the reaction zone, the net reaction

ate of R672 and R673 had positive values, but they had shifted

o negative values in the post-reaction zone ultimately, as shown

n Fig. 3 (b). Therefore, the overall reactions of R672 and R673

ere reverse reactions, and NO was converted to N atom through

hese two reactions. It is noted that the net reaction rate of R673

elatively became weak for the N 2 O/CH 4 flame compared to the

 2 /O 2 /CH 4 flame. It also implies that the NO formation through

he thermal route for the N 2 O/CH 4 flame is insignificant. 

Figure 4 (a) and (b) shows NO formation associated with N 2 O

pecies for both N 2 /O 2 /CH 4 and N 2 O/CH 4 flames, so-called the N 2 O

oute. For the N 2 /O 2 /CH 4 flame, N 2 became N 2 O through reverse

760 (N 2 + O ( + M) → N 2 O ( + M)), and a part of N 2 O may

e converted back to N 2 through R761 (N 2 O + H → N 2 + OH)

nd R763 (N 2 O + O → N 2 + O 2 ). Simultaneously, N 2 O was con-

erted to NO through R762 (N 2 O + O → 2NO) and reverse R667

N 2 O + H → NH + NO), and NO formation was dominated by re-

erse R667. By contrast, the overall tendency of R760 was a for-

ard reaction (N 2 O ( + M) → N 2 + O ( + M)) instead of a reverse

eaction in the N 2 O/CH 4 flame; hence N 2 O was converted to N 2 

hrough R760 and R761. Since the concentration of N 2 O was high

t the beginning of the N 2 O/CH 4 flame, this fact led R760 altering

o forward reaction. NO was also formed through R762 and reverse

667 and was dominated by reverse R667. The high concentration

f NO came from N 2 O due to significant R667 and R762 at the be-

inning of N 2 O/CH 4 flame, resulting in a positive net reaction rate
f R674 in the thermal route, as shown in Fig. 3 (b). Also, the sig-

ificant NO concentration led R672 and R673 to yield N atom in

he thermal route, even if N atom became NO through R672 and

673 in the beginning of N 2 O/CH 4 flame, as shown in Fig. 3 (b).

t is noted that R762 and R763 for both N 2 /O 2 /CH 4 and N 2 O/CH 4 

ames are overlapped. 

Figure 5 (a) and (b) illustrated NO formation through the

NH-intermediate route for both N 2 /O 2 /CH 4 and N 2 O/CH 4 flames.

or the N 2 /O 2 /CH 4 flame, N 2 was first converted to NNH

hrough reverse R675 (N 2 + H → NNH), which subsequently

eacted with O and O 2 to convert back to N 2 through R678

NNH + O → N 2 + OH), and R681 (NNH + O 2 → N 2 + HO 2 ),

s shown in Fig. 5 (a). In addition, NNH was also converted back

o N 2 O through R677 (NNH + O → N 2 O + H). For the N 2 O/CH 4 

ame, R675, R677, and R679 show the opposite tendency, as shown

n Fig. 5 (b). Since the mole fraction of N 2 in the beginning of

 2 /O 2 /CH 4 flame is larger than that of N 2 O/CH 4 flame, as shown

n Fig. 1 (b), it made NNH form N 2 through R675. On the other

and, a high concentration of N 2 O at the beginning of the N 2 O/CH 4 

ame, as shown in Fig. 1 (a), led N 2 O to produce NNH through re-

erse R677. As discussed previously, the significant NO concentra-

ion at the beginning of N 2 O/CH 4 flame made NO converting to

NH through reverse R679. 

The NO formation mechanism through the HNO-intermediate

oute is illustrated in Fig. 6 (a) and (b) for both N 2 /O 2 /CH 4 

nd N 2 O/CH 4 flames. HNO was converted to NO through R721

HNO + H → NO + H 2 ), and R723 (HNO + OH → NO + H 2 O),

nd NO was consumed through converting back to HNO via R720

NO + H ( + M) → HNO ( + M)). For the N 2 O/CH 4 flame, R720 be-

ame a reverse reaction, indicating that NO was consumed through

he HNO-intermediate route for the N 2 O/CH 4 flame. 

Figures 7 and 8 illustrate the overall reaction pathway diagrams

f NO formation for the N 2 /O 2 /CH 4 and the N 2 O/CH 4 flames with

toichiometric conditions. The reaction values on the arrows in

igs. 7 and 8 represent overall net reaction rates, which were ob-
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Fig. 8. The reaction pathway diagram of NO formation for the stoichiometric N 2 O/CH 4 flame. (For interpretation of the references to color in this figure, the reader is referred 

to the web version of this article.) 
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tained from the integration of net reaction rate distribution over

the distance between two nozzles. The reaction values marked

in red denote the dominant reaction in those reactions, and the

thickness of the arrows means the magnitude of the overall net

reaction rate for the dominant reaction in Figs. 7 and 8 . These

overall reaction pathway diagrams consist of the thermal route,

the N 2 O route, the NNH-intermediate route, the HNO-intermediate

route, and the prompt route, which were listed in Table 1 . Only

the dominant reactions of the prompt route presented in the over-

all reaction pathway diagrams, detailed reaction pathway diagrams

of the prompt route are discussed in the next section. For the

N 2 /O 2 /CH 4 flame, the results demonstrated that NO was mainly

produced from N 2 through the thermal route (R672, R673, and re-

verse R674), as shown in Fig. 7 . Sequentially, NO was formed from

N 2 through the N 2 O routes (reverse R667 and R762). In addition,

the reaction pathway revealed that NH is an important species for

NO formation. The formation of NH is primarily from N 2 O (reverse

R667), NNH (R679), and reverse R668 (N 2 + OH → NH + NO),

and NH is regarded as an intermediate species for NO formation

through the N 2 O routes. In addition, N 2 was directly consumed and

formed NO through reverse R668. The species of HNO was mainly

produced from NH through R661 (NH + OH → HNO + H), R663

(NH + O 2 → HNO + O), and was dominated by R661. HNO was

then consumed through the HNO-intermediate route (R720 and

R721), resulting in NO formation. N 2 was reacted with CH radical

to form NCN, and sequentially NCN converted to NO through the

prompt route (R944 and R1006). 

Figure 8 presented the reaction pathway of NO formation in

the N 2 O/CH 4 flame with a stoichiometric condition. The magni-

tudes of overall net reaction rate for the N 2 O/CH 4 flame are larger

than those for the case of the N 2 /O 2 /CH 4 flame, and NO formation

mainly derives from N 2 O through the N 2 O route (reverse R667 and

R762) and the HNO-intermediate route (N 2 O to NH through re-

verse R667, NH to HNO through R661 and HNO to NO through re-
 c  
erse R720). However, the thermal (reverse R672, reverse R673 and

674), NNH-intermediate routes (reverse R679), and R668 played

he role of NO consumption in the N 2 O/CH 4 flame. Moreover, N 2 O

as converted back to N 2 through the reaction of R761, which

as the N 2 O route, and the main heat release source, as shown

n Fig. 2 . The prompt route was presented opposite tendency in

he N 2 O/CH 4 flame, N 2 O was consumed and formed NO and NCN

hrough reverse R1011. Sequentially, NCN was converted to N 2 

hrough reverse R944. 

.2. Effects of equivalence ratio 

To understand the effects of equivalence ratio ( φ) on NO for-

ation, the N 2 O/CH 4 flames were analyzed at three conditions of

quivalence ratio, namely φ = 0.8, 1 and 1.2, representing fuel-

ean, stoichiometric and fuel-rich conditions with a fixed flow ve-

ocity of 50 cm/s and strain rate of 100 s -1 . Figure 9 illustrated the

istributions of minor species (H, O, and OH) at various equiva-

ence ratios for the N 2 O/CH 4 flames. The distance in Fig. 9 is ab-

olute location, and the dash lines represent the location of the

ame front. Regarding the order of minor species mole fraction,

H mole fraction was large, H mole fraction was followed, and O

ole fraction was less in the stoichiometric N 2 O/CH 4 flame. In the

ase of the fuel-lean conditions, however, OH mole fraction was

till large, but O mole fraction placed second, and H mole fraction

as less. On the other hand, in the case of the fuel-rich N 2 O/CH 4 

ame, H mole fraction was increased, but OH and O mole frac-

ion were decreased. In the case of the stoichiometric N 2 O/CH 4 

ame, the numerical results indicated that the overall net reaction

ate of R761 was 1.62 ×10 –3 mol/cm 

2 -s (R760: 1.00 ×10 –3 mol/cm 

2 -

), leading to the consumption of N 2 O through H atom and the

ield of species N 2 and OH. While the N 2 O/CH 4 mixture shifted to

uel-lean condition, the overall net reaction rate of R760 was in-

reased to 1.15 ×10 –3 mol/cm 

2 -s (R761: 1.55 ×10 –3 mol/cm 

2 -s), re-
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Fig. 9. The distributions of minor species (H, O, and OH) mole fraction at various 

equivalence ratios for the N 2 O/CH 4 flame. 
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ulting into an increase of O atom concentration and meantime ex-

eeding the overall amount of H mole fraction. In the meantime, a

ack of N O in fuel-rich conditions contributed to further reduce
2 

Fig. 10. The reaction pathway diagram of NO formati
pecies N 2 O and O atom, resulting in reducing OH radical but in-

reasing H atom. 

Figures 10 and 11 show the reaction pathway for the N 2 O/CH 4 

ame at fuel-lean ( φ = 0.8) and fuel-rich ( φ = 1.2) conditions, re-

pectively. The reaction pathway for the fuel-lean N 2 O/CH 4 flame

as similar to that for the stoichiometric N 2 O/CH 4 flame. The NO

roduction through R762 and reverse R667, which are the N 2 O

oute, was enhanced. Also, the NO formation through the HNO-

ntermediate route was enhanced. Comparing the mole fraction

f minor species for both fuel-lean and stoichiometric conditions,

s shown in Fig. 9 , the mole fraction of O for fuel-lean condi-

ion increased, but the mole fractions of H decreased. Therefore,

he increase of the mole fraction of O atom contributed to en-

ancing the reaction of R762. In addition, the consumption of NO

hrough reverse R672 (the thermal route) was enhanced, but re-

erse R679 (the NNH-intermediate route) and reverse R674 (the

hermal route) were reduced. For the fuel-rich N 2 O/CH 4 flame, as

hown in Fig. 11 , N 2 was converted to NNH through reverse R678

nd reverse R681, which are the NNH-intermediate route. For the

O formation through the N 2 O route, the reaction of R762 be-

ame weak due to the reduction of O atom mole fraction. In ad-

ition, the magnitude of reverse R672, which led NO convert back

o N 2 , was reduced. Figure 12 shows the reaction pathway diagram

f NO formation for the fuel-rich N 2 O/CH 4 flame at φ = 1.7 with

train rate = 80 s -1 . For high equivalence ratio, the reactions of

pecies N to species NO via R672 and R673, which are involved

n the thermal route, became forward reactions to produce NO. It

s indicated that the thermal route not only plays the role of NO

onsumption but also NO formation in extreme fuel-rich N 2 O/CH 4 

ames. Also, the formation of NO through the N 2 O route (reverse

667 and R762) and HNO-intermediate route (reverse R720) was

educed, compared with the N 2 O/CH 4 flame at φ = 1.2. Although

ome of the reactions in the thermal route played the vital role of

O formation, the N 2 O route was still predominant for NO forma-

ion. 
on for the fuel-lean N 2 O/CH 4 flame at φ = 0.8. 
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Fig. 11. The reaction pathway diagram of NO formation for the fuel-rich N 2 O/CH 4 flame at φ = 1.2. 

Fig. 12. The reaction pathway diagram of NO formation for the fuel-rich N 2 O/CH 4 flame at φ = 1.7 with strain rate = 80 s -1 . 
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Figures 13 and 14 show the reaction pathway diagram of the

prompt route for stoichiometric and fuel-rich ( φ = 1.7) conditions

with strain rate = 80 s -1 N 2 O/CH 4 flame. For the stoichiometric

N 2 O/CH 4 flame, reverse R1011 (CN + N 2 O → NCN + NO) was

the dominant reaction for NO formation. The reaction pathway

diagram of the prompt route can be approximately divided into

three categories: (1) N → CN → NCN, NO (in terminal) → N ; (2)
2 2 
N → NCN, NO (in terminal) → NO, CN; (3) N 2 → CN → NCN, NO

in terminal) → N → N 2 . First, N 2 was reacted with C 2 to form CN

hrough R988 (C 2 + N 2 → 2CN), then N 2 O was reacted with CN

o form NO and NCN through reverse R1011, NCN was sequentially

onverted back to N 2 through reverse R944 (H + NCN → CH + N 2 )

nd R1002 (NCN + M → C + N 2 + M). Second, CN was re-

cted to form NO and NCN through reverse R1011, then NCN
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Fig. 13. The reaction pathway diagram of the prompt route for the N 2 O/CH 4 flame at φ = 1. 

Fig. 14. The reaction pathway diagram of the prompt route for the N 2 O/CH 4 flame at φ = 1.7 with strain rate = 80 s -1 . 
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as reacted with O atom to form NO and CN through R1006

NCN + O → CN + NO). In addition, NCN was also reacted with OH

o form NO and HCN through R1009 (NCN + OH → HCN + NO).

hird, N 2 was reacted to form CN and then form NCN and NO,

hich was similar to category 1. Sequentially, NCN was reacted

ith H and OH through R1004 (NCN + H → HCN + N) and R1005
NCN + H → HNC + N), respectively. Ultimately, N atom was

onverted back to N 2 through R954 (CN + N → C + N 2 ). For high

quivalence ratio condition, as shown in Fig. 14 , the reaction path-

ay of the prompt route was similar to that for the stoichiometric

 2 O/CH 4 flame. Most of the reactions were reduced, while the

eaction of converting NCN to N 2 (reverse R944) was enhanced
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Fig. 15. Contributions of NO production rates at various equivalence ratios for N 2 O/CH 4 flames through (a) five NO formation route and (b) only prompt route. 
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due to the significant concentration of H atom in high equivalence

ratio conditions. In addition, the reaction of NCN to HNC and N

(R1005) became a reverse reaction (HNC + N → NCN + H). 

Figure 15 (a) shows the contributions of NO production rate

based on particular NO formation routes at various equivalence

ratios of the N 2 O/CH 4 flame. The positive value represents the

support of NO production, but negative value represents the

support of NO consumption. In general, the main NO formation

derives from the N 2 O and HNO-intermediate routes, while the NO

consumption came from the thermal route and NNH-intermediate

routes. For NO formation, the N 2 O route was predominant at

the fuel-lean condition. However, while the equivalence ratio of

N 2 O/CH 4 flame changed to fuel-rich condition, the dominance of

the N 2 O route was reduced due to a lack of N 2 O. For NO con-

sumption, the consumption of NO through the thermal route had a

similar tendency of the N 2 O route, while it decreased rapidly at an

extreme fuel-rich condition ( φ = 1.7). As discussed in Fig. 12 ,

the reactions of species N to species NO via R672 and R673

became forward reactions to produce NO. Figure 15 (b) shows

NO production through prompt route at various equivalence

ratios for N 2 O/CH 4 flame. It is known that the formation of

prompt-NO is significant in fuel-rich conditions due to abundant

CH radicals. Indeed, the production rate of NO was increased

with increasing equivalence ratio until it reached the fuel-rich

condition ( φ = 1.2). It had a significant decrease in the ex-

treme fuel-rich condition ( φ = 1.7), as shown in Fig. 15 (b). In

the reaction pathway diagram of the prompt route at the ex-

treme fuel-rich condition, as shown in Fig. 14 , the overall net

reaction rate of the dominant reaction of NO formation (R1006,
 f
1010, and reverse R1011) did not increase with increasing

quivalence ratio, even though reverse R944 was enhanced. It is

ndicated that the prompt-NO formation is dominated by species

f N 2 O instead of CH radical in the extreme fuel-rich N 2 O/CH 4 

ame. 

. Conclusion 

The role of N 2 O and equivalence ratio of N 2 O/CH 4 mixture

n NO formation characteristics were investigated by employing a

ne-dimensional OPPDIF program with a detailed reaction mecha-

ism. The flame structures, NO reaction pathways, and NO forma-

ion routes were discussed. Results showed that the flame temper-

ture and the mole fraction of OH and NO for the N 2 O/CH 4 flame

re higher than those for the N 2 /O 2 /CH 4 flame. The heat from

 2 O decomposition influenced the flame temperature in N 2 O/CH 4 

remixed flames, then resulted in high flame temperature. Re-

arding the mechanism of NO formation, the dominant routes of

O formation are distinct in both stoichiometric N 2 /O 2 /CH 4 and

 2 O/CH 4 flames. NO is mainly produced from N 2 through the ther-

al route and from HNO through the HNO-intermediate routes

or the N 2 /O 2 /CH 4 flame. On the contrary, NO formation mainly

omes from N 2 O through the N 2 O route and the HNO-intermediate

oute in the N 2 O/CH 4 flame, whereas the thermal routes alter

o the primary chemical mechanism of NO consumption. Even

hough N 2 O/CH 4 flames demonstrated higher temperatures than

 2 /O 2 /CH 4 flames due to N 2 O decomposition, the thermal route

id enhance and dominate in NO consumption instead of NO

ormation. 
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The effects of equivalence ratios of N 2 O/CH 4 flames on NO

ormation were analyzed at fuel-lean, stoichiometric, and fuel-

ich conditions. The overall net reaction rate of R761 was

.62 ×10 –3 mol/cm 

2 -s (R760: 1.00 ×10 –3 mol/cm 

2 -s), leading to the

onsumption of N 2 O through H atom and the yield of species N 2 

nd OH. While the overall net reaction rate of reaction of R760 was

ncreased to 1.15 ×10 –3 mol/cm 

2 -s in fuel-lean condition (R761:

.55 ×10 –3 mol/cm 

2 -s in stoichiometric condition), resulting into

he increase of O atom concentration and meantime exceeding the

verall amount of H mole fraction. The reaction pathway for the

uel-lean N 2 O/CH 4 flame is similar to that for the stoichiometric

 2 O/CH 4 flame. In comparing the reaction pathway of the fuel-lean

nd stoichiometric N 2 O/CH 4 flames, The NO production through

he reaction of R762, which is the N 2 O route, is enhanced due to

he increase of the mole fraction of O atom. Also, the NO formation

hrough the HNO-intermediate route was enhanced. On the other

and, the thermal route becomes forward reactions to produce NO

or the N 2 O/CH 4 flame at φ = 1.7 with strain rate = 80 s -1 . It is

ndicated that the thermal route not only plays the role of NO con-

umption but also NO formation in an extreme fuel-rich N 2 O/CH 4 

ame. Although some of the reactions in the thermal route play

he vital role of NO formation for the extreme fuel-rich condition,

he N 2 O route is still predominant for NO formation. Regarding

he reaction pathway of the prompt route, it can be approximately

ivided into three categories: (1) N 2 → CN → NCN, NO (in ter-

inal) → N 2 ; (2) CN → NCN, NO (in terminal) → NO, CN; (3)

 2 → CN → NCN, NO (in terminal) → N → N 2 . 

Results show that the main NO formation comes from the N 2 O

oute and the HNO-intermediate routes, while NO consumption as-

ociates with the thermal and the NNH-intermediate routes. For

O formation, the N 2 O route was predominant at the fuel-lean

ondition. However, while the equivalence ratio of N 2 O/CH 4 flame

hanged to fuel-rich condition, the dominance of the N 2 O route

as reduced due to a lack of N 2 O. For NO consumption, the con-

umption of NO through the thermal route has a similar tendency

f the N 2 O route, while it decreased rapidly in the extreme fuel-

ich condition ( φ = 1.7). The production rate of NO through the

rompt route was increased with increasing equivalence ratio un-

il it reached φ = 1.2. It had a significant decrease in the extreme

uel-rich condition ( φ = 1.7). It is indicated that the prompt-NO

ormation is dominated by species of N 2 O instead of CH radical in

he extreme fuel-rich N 2 O/CH 4 flame. 
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