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a b s t r a c t 

Combustion of ammonia (NH 3 ) blended fuels under elevated pressure conditions is critical for adopt- 

ing this non-carbon fuel in the energy system for decarbonization. In the present work, laminar burning 

velocities of ammonia/methane(CH 4 )/air mixtures were measured using the heat-flux method at the pres- 

sure from 1 to 5 atm with the mixture equivalence ratios ranging from 0.6 to 1.6 and the mole fraction 

of NH 3 ranging from 0 to 1.0. The relatively completed results obtained at elevated pressures were then 

used for validating and modifying the kinetic mechanisms (CEU-NH 3 -Mech 1.0) leading to a new version 

(CEU-NH 3 -Mech-1.1). Experimental results of NH 3 /H 2 /air in the present work, NH 3 /H 2 /CO/air mixtures 

measured on the same setup and reported in our previous works were also considered in the develop- 

ment of the kinetic mechanism. It was found that the CEU-NH 3 −Mech-1.1 can predict well the laminar 

flame speed, ignition delay time and species concentration in the ammonia oxidation at high tempera- 

tures for both NH 3 /CH 4 /air and NH 3 /H 2 /CO/air mixtures in a wide range of equivalence ratios and ele- 

vated pressures, including oxygen-enriched combustion conditions. The present experimental results also 

show that the value of pressure exponent ( β) varies with the mole fraction of ammonia and behaves 

differently for the mixtures of ammonia blending into CH 4 and H 2 . The kinetic and sensitivity analyses 

show that the sensitive reactions for β are weakly correlated to those for the laminar burning velocity, 

indicating that β can also work as a potential parameter for validating kinetic mechanisms. Ammonia 

content in the NH 3 /CH 4 /air mixtures determines the pressure exponent variation at over-rich equivalence 

ratios and reaction pathway variation in the post-flame zone. This work also clarifies the utilization of 

ammonia containing fuels in rich-lean combustion strategies. 

© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

The increasing need to reduce greenhouse gases (GHC) emis- 

ions has been accompanied by significant growth in the use of 

enewable energy sources, e.g. , according to the latest International 

nergy Agency (IEA) report, the share of renewables in global elec- 

ricity generation jumped to 29% in 2020 [1] . As a carbon-free 

uel, ammonia (NH 3 ) has the advantage of lower cost for energy 

torage and transportation, higher volumetric energy density, eas- 

er synthetization from hydrogen, and better commercial viability 

2] , making it attractive as a potential for future fuel [2 , 3] , e.g., in

as turbines, internal combustion engines and industrial furnaces 

4 , 5] and for power generation. However, the combustion of pure 
∗ Corresponding authors. 

E-mail addresses: shixing.wang@kaust.edu.sa (S. Wang), wangzh@zju.edu.cn (Z. 

ang). 

k

m

w

fl

ttps://doi.org/10.1016/j.combustflame.2021.111788 

010-2180/© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved
H 3 includes serious challenges related to its low laminar burn- 

ng velocities [6] , long ignition delay times [7] , and potential high 

O x emission levels [8 , 9] . In this sense, it is imperative to develop

ew combustion technologies to overcome the drawbacks of com- 

ustion in this carbon-free fuel, e.g., co-burning with other fuels 

uch as hydrogen and natural gas, and reliable chemical kinetic 

echanisms are required for these processes. Ammonia/methane 

ual fuels have also been successfully applied in two-stage rich- 

ean combustors to reduce NO x emissions and increase thermal ef- 

ciency [10 , 11] ; they are also promising for utilization in ammonia 

o-burning. 

Laminar burning velocity ( S L ) is one of the important com- 

ustion characteristics for developing and validating chemical 

inetic mechanisms and combustion models. Several experimental 

ethods have been developed for S L measurement, such as an out- 

ardly spherical propagating flame method, a stagnation/counter- 

ow flame method, a heat flux method, an annular stepwise 
. 

https://doi.org/10.1016/j.combustflame.2021.111788
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2021.111788&domain=pdf
mailto:shixing.wang@kaust.edu.sa
mailto:wangzh@zju.edu.cn
https://doi.org/10.1016/j.combustflame.2021.111788
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Fig. 1. Measured values of C as a function of gas flow rate with a line for C ( v g ) = 0 

to derive the value of for S L for NH 3 /CH 4 /air and NH 3 /H 2 /air flames with X NH3 = 0.6 

at 1 and 5 atm. 
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iverging tube, an externally heated diverging channel method 

nd a conical flame method [12] . Several results were reported 

or NH 3 /air flames [13–16] , mostly under atmospheric pressure. 

he relative scarcity of S L data, and its dispersion among different 

easurements, limit the validation of kinetic mechanisms. Blends 

f ammonia with hydrogen [17–22] , methane [22 , 23] and syngas 

24 , 25] have also been studied under atmospheric and elevated 

ressures. At the same time, laminar burning velocity data for high 

H 3 content flames are still rare, particularly under high-pressure 

onditions. Hayakawa et al. [6] reported S L data for NH 3 /air flames 

p to 5 atm, which showed high buoyancy instabilities; they 

ound that S L decreased with increasing pressure. Okafor et al. 

26] investigated NH 3 /CH 4 /air flames at pressures up to 5 atm and 

ound that the OH radical affected both laminar burning velocity 

nd NO formation. Ichikawa et al. [19] also studied stoichiometric 

H 3 /H 2 /air flames up to 5 atm and found that S L decreased 

on-linearly with increased ammonia content in the fuel mixture, 

nd that detailed mechanisms–like those of Lindstedt et al . [27] , 

iller et al. [28] and the GRI-Mech [29] –could not quantitively 

redict most of the data. Previously reported results of elevated 

ressures are valuable for developing and validating the chemical 

inetic mechanism of ammonia combustion, but some limitations 

emain. For example, the mole fraction of ammonia was usually 

ept to low values to stabilize ammonia-blending flames; the 

quivalence ratio of flames was only slightly varied around the 

toichiometric conditions. Therefore, new experimental results 

or broader combustion conditions at elevated pressures are still 

equired. A recently established high pressure heat flux burner 

ould provide a series of reliable experimental laminar burn- 

ng velocities for hydrocarbons/syngas/ammonia mixtures etc. 

25 , 30 , 31] , making it worthwhile to advance the high-pressure 

 L database of ammonia-blends fuels for kinetic mechanism 

evelopment. 

Except for laminar burning velocity, many other parameters are 

mportant for mechanism validation. Xiao et al. [32] investigated 

gnition delay times (IDT) in ammonia/methane mixtures using a 

hock tube at five atm; they found that the IDT decreased as pres- 

ure and temperature increased, but not sensitive to the change 

n equivalence ratio with a 10% methane addition—the most ef- 

ective for decreasing IDT. Oxygen-enriched combustion (OEC) can 

ignificantly enhance flame propagation speed and is beneficial 

n increasing the low reactivity of ammonia; however, the re- 

ated ammonia oxidation mechanisms have not been fully vali- 

ated under OEC conditions. Mei et al. [33] measured S L of the 

xygen-enriched NH 3 /O 2 /N 2 flames up to 5 atm using a constant 

olume chamber. The authors found that oxygen enrichment in- 

reased the adiabatic flame temperature and the S L . An ammo- 

ia combustion kinetic mechanism, termed CEU-NH 3 −Mech 1.0 

as recently developed and released in [34] , which can reason- 

bly predict the combustion of ammonia blending mixture with 

ethane, syngas, methanol and ethanol at atmospheric pressure. 

till, its performance for ammonia/methane is not as good as the 

onnov mechanism [35] . To explore the interpretation and fur- 

her validate the CEU-NH 3 −Mech at elevated pressures, more ex- 

erimental results of S L for ammonia/methane mixtures are also 

eeded. 

Therefore, the present work aims to apply the heat flux method 

o measure the laminar burning velocities of NH 3 /CH 4 /air pre- 

ixed flames with varying the mole fraction of NH 3 , equivalence 

atio and pressure. Second, evaluate the prediction accuracy of var- 

ous available kinetic mechanisms and further develop the CEU- 

H 3 mechanism to predict the combustion of NH 3 /CH 4 /air and 

H 3 /H 2 /air accurately at elevated pressures. Third, understand the 

hemical roles of methane and ammonia in the oxidation of their 

ixture at different pressures by conducting kinetic and sensitivity 

nalysis. 
2 
. Experiments 

A pressurized chamber, installed with a heat flux burner was 

sed to measure S L at elevated pressures. Details of the set-up 

nd measurement uncertainties can be found in previous publica- 

ions [25 , 30] . Briefly, the chamber has a volume of 35 L, with a

aximum sustained pressure of 5 MPa. Pressure in the chamber 

s controlled by a manually operated valve and an electrical pro- 

ortional integral derivative (PID) controlled valve, installed in the 

xhaust gas pipe. A corrosion-resistant mass flow controller (MFC) 

as used for the NH 3 stream. An adiabatic condition was accom- 

lished in the heat flux method because the heat loss from the 

ame to the burner was compensated by the heat gain from the 

nburnt mixture with an external circular heater [36] . This method 

as already been applied separately to the measurement at ele- 

ated pressures for hydrocarbons, syngas and ammonia [25 , 30 , 31] . 

he heat flux burner chamber temperature was constant at 298 K, 

sing a thermostatic water bath. A thermostatic oil bath was also 

sed to maintain the burner plate temperature at around 413 K, to 

tabilize flat flames under elevated pressures. The radial distribu- 

ion of the temperature over the burner plate can be expressed by 

osschaart and de Goey [37 , 38] : 

 P ( r ) = T center + C · r 2 (1) 

here r is the radial distance from the center of the burner plate 

nd C is the parabolic coefficient for a given cold gas velocity of 

 g . When the gas feeding velocity, v g was adjusted to maintain 

onstant burner plate temperature ( i.e., T p (r) = T center ), the adi- 

batic condition with C = 0 and S L = v g was achieved [37 , 38] .

igure 1 illustrates representative results for determining S L from 

 ( v g ) = 0 for NH 3 /CH 4 /air and NH 3 /H 2 /air flames with X NH3 = 0.6

or 1 and 5 atm. For most flames studied in the present work, at 

east five points, containing both super-adiabatic and sub-adiabatic 

onditions were used for the S L determination by linear interpola- 

ion, as shown in Fig. 1 . The tilting edge of the ammonia/air flames 

ere alleviated as pressure increased, while flame flicker was ag- 

ravated. Both of these two cases were within the intrinsic fluctu- 

tions of the temperature measurements by thermocouples. 
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. Kinetic mechanism and simulations 

The first version of CEU-NH 3 mechanism, termed CEU-NH 3 - 

ech 1.0 was developed and validated against laminar burning ve- 

ocity, ignition delay time, and the NO x emission characteristics in 

he NH 3 , NH 3 /CH 4 , NH 3 /H 2 , and NH 3 /syngas, NH 3 /methanol and

thanol systems [34] . It adopts H 2 /CO chemistries from the ELTE- 

echanism [39] , which was successfully validated under high- 

ressure syngas S L conditions. It extracted the C1-C4 species from 

he San Diego mechanism [40] and updated the C/N interaction re- 

ctions from the Konnov mechanism [35] ; it was also tuned for 

ethanol/ethanol oxidation. 

Based on the sensitivity and reaction pathway analyses, the 

hree reactions below were updated to predict better flame speed 

nd NO x formation during ammonia/methane co-oxidation. The 

rst reaction is NH 2 + O = H + HNO with adopting the rate

onstants of Inomata and Washida [41] , which were also used in 

he Konnov mechanism [35] . Shrestha et al. [42] observed that 

H 3 /H 2 flame speed was highly sensitive to this reaction with 

ncreasing H 2 in the blend. Our sensitivity analyses also showed 

hat this reaction played a key role in changing the flame speed 

f ammonia/methane blends with medium ammonia content. 

his reaction is also important in predicting high temperature NO 

ormation, as pointed out by Glarborg et al. [43] . The other two 

eaction are branching reactions, i.e. , that NH + NO = N 2 O + H

nd NH + NO = N 2 + OH with adopting the rate constants and

ranching ratio of Baulch et al. [44] to improve N 2 O prediction 

erformance. These rate coefficients agree well the theoretical 

nd experimental work (within the uncertainty), as suggested by 

larborg et al. [43] . 

Other detailed mechanisms were also used for the NH 3 /CH 4 /air 

remixed flames, including the GRI-Mech 3.0 [29] , mechanisms 

eveloped individually by Okafor et al. [23] , San Diego [45] , Mendi- 

ra and Glarborg [46] , Glarborg et al. [43] and Capriolo et al. [35] .

wo more recently established mechanisms were also used here. 

he one developed by Shrestha et al. [42] which compiled kinetic 

odel for predicting the oxidation of ammonia oxygen-enriched 

ombustion and ammonia-hydrogen blends. Arunthanayothin et al. 

47] developed ammonia/methane co-oxidation mechanisms that 

ere based on the ammonia oxidation mechanism of CRECK [48] , 

nd combined with C0-C3 mechanisms. This mechanism was 

alidated against the low temperature (below 1200 K) jet-stirred 

eactor (JSR) data and high temperature flow reactor data. In the 

ollowing sections, these kinetic mechanisms mentioned above 

re termed GRI-Mech 3.0, Okafor-Mech, UCSD-Mech, Mendiara-Mech, 

larborg-Mech, Konnov-Mech, Shrestha-Mech and CRECK-Mech . 

S L predictions, and species concentrations were conducted us- 

ng the PREMIX module of the CHEMKIN 2019 [49] . The simu- 

ated flue gas emissions were conducted with the burner stabi- 

ized flame (BSF) module and plug flow reactor (PFR). Ignition de- 

ay time was simulated in a closed homogenous reactor, while the 

gnition delay times were derived from criteria in the literature 

ith corresponding experiments. For S L simulation, an adaptive re- 

ridding method, with convergence conditions of GRAD and CURV 

alues setting at 0.02 (ensuring at least 500 grid points), was used 

or both flame speed calculation and emissions simulation. Ther- 

al diffusion (the Soret effect) and mixture-averaged transport for- 

ulation were included in the computations. 

The following contents of the paper is structured as below: 

n the Section 4 , we test the different mechanisms against the 

resent flame speed data at different mole fractions ( Section 4.1 ), 

ifferent equivalence ratios (4.2) and different pressures (4.3), spe- 

ially, we introduced the pressure exponent, β , to validate differ- 

nt mechanisms ′ accuracy and analyzed the pressure dependence 

f different fuel mixture types; The CEU-NH 3 -Mech 1.1 is validated 

n a wider range of literature data in Section 4.4 ; Section 4.5 is the
3 
ensitivity and kinetic analyses followed by the Section 4.6 over- 

ich behavior of NH 3 /CH 4 /air flames. 

. Results and discussion 

.1. Effect of ammonia mole fraction on laminar burning velocity 

Figure 2 shows the laminar burning velocities of stoichiometric 

H 3 /CH 4 /air flames as a function of X NH3 measured at the different 

ressures of 1, 3 and 5 atm. The figure also presents other experi- 

ental data available in literature and the results predicted by the 

ight ammonia oxidation mechanisms (mentioned above), as well 

s the CEU-NH 3 -Mech 1.1. The data revealed that the measured S L 
or the NH 3 /CH 4 /air flames decreased almost linearly as X NH3 in- 

reased. The eight kinetic mechanisms predicted the experimen- 

al data for the NH 3 /CH 4 /air flames well, especially for those with 

ow and high NH 3 content, except Glarborg-Mech. It was found 

hat at one atm, the Okafor-Mech, UCSD-Mech and CEU-NH 3 -Mech 

.1 performed better than the other mechanisms. While at elevated 

ressures of three and five atm, the Okafor-Mech and UCSD-Mech 

nderpredicted the flame speed near the side of neat methane, 

or which the CRECK-Mech, Konnov-Mech and CEU-NH 3 -Mech 1.1 

echanisms showed better agreement with our present experi- 

ental data. Near the side of neat ammonia, Okafor-Mech and 

onnov-Mech overpredicted the flame speed of high ammonia- 

ontent mixtures, while the UCSD-Mech, CRECK-Mech and CEU- 

H 3 -Mech 1.1 mechanisms displayed better agreement with the 

xperimental results. It was noted that these three mechanisms 

CSD-Mech, CRECK-Mech and CEU-NH 3 -Mech 1.1 under-predicted 

he pure ammonia flame speed of the present work, but due to the 

igher experimental uncertainty in the S L measurement for pure 

mmonia, the data reported by Hayakawa et al. [6] offered accept- 

ble agreement with these three mechanisms. The CEU-NH 3 -Mech 

.1 predicted better at medium ammonia content than the CRECK- 

ech and better than the other mechanisms. 

The previous study has shown that the performance of mecha- 

isms predicting ammonia/methane and ammonia/hydrogen may 

iffer substantially because NH 3 /H 2 /air flames have higher dif- 

usivity and reactivity than NH 3 /CH 4 /air flames. It is helpful to 

alidate mechanisms by targeting ammonia/methane and ammo- 

ia/hydrogen together under elevated pressures, which has been 

arely reported. Therefore, ammonia/hydrogen data are also in- 

luded in Fig. 3 (a–c) to assure that the mechanisms which 

erformed well on ammonia/methane can also work for ammo- 

ia/hydrogen. Measurements have not conducted for NH 3 /H 2 /air 

ames with X NH3 ≤ 0.4 due to the limitations of the heat flux 

ethod and the cellular flame instability effects. The heat flux 

ethod has an upper measuring limit of 60–80 cm/s due to the 

urner plate ′ s small scale curvature and inhomogeneous transport 

ffects [50] . Thus, it is unsuitable for high-hydrogen-content mix- 

ures. 

However, flames with high hydrogen content mixtures at el- 

vated pressures are assumed to have thermal-diffusive instabil- 

ty (Lewis number less than one) and hydrodynamic instability 

 i.e. , density jumps across the flame front due to thermal expan- 

ion), thinner flame thickness aggravates this effect. Thus, the lam- 

nar flame speed of hydrogen-air flames at very high pressures is 

arely reported, while hydrogen flames diluted with helium oc- 

ur more often. Figure 3 (a–c) shows that the measured S L val- 

es (in log scale) for the NH 3 /H 2 /air flames features an exponen- 

ial decrease, with X NH3 at both 1, 3 and 5 atm. H 2 -air flame speed

ata are also provided first to validate the mechanism’s accuracy 

ith neat hydrogen at elevated pressures. Almost all the present 

echanisms predicted the hydrogen flame speed well, except 

larborg-Mech. Although the eight kinetic mechanisms predicted 
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Fig. 2. Measured and predicted laminar burning velocities of stoichiometric 

NH 3 /CH 4 /air flames as a function of X NH3 at one, three and five atm and 298 K. 

Data in the literature from Okafor et al. [26] and Hayakawa et al. [6] . 

Fig. 3. Measured and predicted laminar burning velocities of stoichiometric 

NH 3 /H 2 /air flames as a function of X NH3 at one, three and five atm and 298 K. Data 

in the literature from Ichikawa et al. [19] , Kumar and Meyer [17] , Lee et al. [20] , Li 

et al. [18] and Kitagawa et al. [53] . 
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ell against experimental data for the NH 3 /CH 4 /air flames rela- 

ively well–especially for those with low and high NH 3 content–

ome discrepancies were observed for medium fuel blend ratios 

n both NH 3 /CH 4 /air and NH 3 /H 2 /air flames, and predictions varied 

idely among the different mechanisms, especially for NH 3 /H 2 /air 

ames. It was found that the Okafor and the GRI-Mech 3.0 per- 

ormed well with the NH 3 /CH 4 /air flames, but they underpre- 

icted the values of S L in NH 3 /H 2 /air flames. This is because the

kafor-Mech initially adopted the H 2 /CO sub-mechanism from the 

RI-Mech 3.0, which has shown not an accurate prediction of 

 2 /CO mixtures for flame speed under high pressures up to 20 bar 

51 , 52] . The CEU-NH 3 -Mech 1.1 adopted updated H 2 /CO chemistry 

nd the same hydrocarbon chemistry as UCSD-Mech and differ- 

nt ammonia chemistry. Still, they both perform better than GRI- 

ech and predict similar flame speeds for NH 3 /H 2 /air shown in 

ig. 3 , which implies the overall prediction accuracy for stoichio- 

etric cases lies more on hydrocarbon chemistry than on ammonia 

hemistry. 

Although the CRECK-Mech gave better agreement with exper- 

mental results of NH 3 /H 2 /air conditions at elevated pressures, it 

verpredicted the atmospheric NH 3 /H 2 /air, and all NH 3 /CH 4 /air 

ame speeds. It was found that the Konnov-Mech and CEU- 

H 3 -Mech 1.1 offered better predictions for the flame speed of 

H 3 /H 2 /air at medium-ammonia content, where the UCSD-Mech 

lightly underpredicted the results. Thus, the modification of hy- 

rogen and ammonia chemistries in CEU-NH 3 -Mech 1.1 resulted 

n improved S L prediction in comparison with the original UCSD- 

ech at elevated pressures. 

.2. Effect of equivalence ratio on laminar burning velocities 

Figure 4 (a–c) shows the measured and predicted laminar burn- 

ng velocities of NH 3 /CH 4 /air as a function of equivalence ratio φ
or different X NH3 at 1, 3 and 5 atm. Figure 4 (d) shows the pre-

ious NH 3 /syngas/air flames data with molar fraction of NH 3 : H 2 : 

O = 0.6: 0.2: 0.2. The predictions based on the modified CEU- 

H 3 -Mech 1.1 and the original version are presented and com- 

ared to validate the mechanism’s accuracy for both NH 3 /CH 4 and 

H 3 /syngas at elevated pressures. It was found that adding CH 4 

reatly enhanced the fuel mixture flame speed under lean and 

toichiometric conditions, while measured and simulated laminar 

urning velocities agree well for different ammonia content un- 

er rich conditions. The CEU-NH 3 -Mech 1.1 and Konnov-Mech pre- 

ented a better agreement for stoichiometric flame speed pre- 

ictions at elevated pressures. Previous work showed that the 

onnov-Mech gave better predictions than CEU-NH 3 -Mech 1.1 for 

H 3 /CH 4 /air flames in a wide range of equivalence ratios under 

tmospheric pressures. It can be seen in Fig. 4 (a–c) that the modi- 

ed CEU-NH 3 -Mech 1.1 predicted flame speed better than the pre- 

ious version with various ammonia content from X NH3 = 0.2 to 

.6–especially under atmospheric pressure–and the difference be- 

ween these two mechanisms decreased with increasing pressure, 

ue to the decrease in the overall magnitude of S L . The modified 

echanism also responded better at rich equivalence ratios than 

he Konnov-Mech. 

In Fig. 4 (d), it was found that both the two CEU-NH 3 mecha- 

isms better predicted the S L of the NH 3 /CH 4 /air flames than those 

f the NH 3 /syngas/air flames, for all the pressure and equivalence 

atios studied. Both of the two CEU-NH 3 mechanisms underpre- 

icted the laminar burning velocity of the NH 3 /syngas/air at lean 

nd stoichiometric sides, while the Konnov overpredicted the re- 

ults at the rich side. Back to the NH 3 /CH 4 /air mixtures, it was

bserved that the over prediction of S L for rich mixtures is aggra- 

ated with the increase of X NH3 or the pressure. Considering the 

ully validated hydrocarbon chemistry will not induce such large 

iscrepancies in flame speed prediction at rich equivalence ratios, 
5 
nd this discrepancy only happens at high ammonia contents; This 

ote, together with previous work [25] and the current sensitiv- 

ty analysis in Section 4.5 , showed that the NH 2 related chain- 

ropagating reactions NH 2 + O/H/OH → HNO/NH and recombination 

eactions NH 2 + NH → N 2 H i become more critical as X NH3 increases 

r φ increases. The rate constants of these reactions play the dom- 

nant role in affecting the prediction accuracy of flame speed of 

mmonia/hydrocarbon mixtures. 

Thus, the modified CEU-NH 3 -Mech 1.1 improved prediction 

ccuracy–especially at the rich side–at elevated pressure by ad- 

usting the ammonia chemistry. This also means that discrep- 

ncies between measurements and predictions were controlled 

y the hydrocarbon and hydrogen chemistries in flames with 

ow ammonia content, and dominated by ammonia chemistry in 

ames with high ammonia content. Overall, the present CEU-NH 3 - 

ech 1.1 displayed a noticeable improvement in laminar flame 

peed predictions of NH 3 /CH 4 /air and NH 3 /syngas/air at elevated 

ressures. 

.3. Pressure power exponent analysis 

Figure 5 shows the measured and predicted laminar burning 

elocity S L of stoichiometric NH 3 /CH 4 /air as a function of pressure 

or different X NH3 . S L values of all fuel mixtures decreased grad- 

ally as the pressure increased; the decrease of the values of S L 
f CH 4 /air were more obvious than those of NH 3 /air flames. The 

resent mechanism predicted the values of S L more accurately than 

he original CEU-NH 3 -Mech 1.0, especially at high ammonia con- 

ent. As the pressure increased, discrepancies among the different 

echanisms were reduced for NH 3 /CH 4 /air flames. Furthermore, 

s the ammonia content in the fuel mixture increased, discrep- 

ncies among the different mechanisms also increased and were 

aximized at medium ammonia content, X NH3 = 0.4 ∼0.6. The 

onnov-Mech predicted better with high-methane-content mix- 

ures and the CEU-NH 3 -Mech 1.1 predicted better with high- 

mmonia-content mixtures, especially at elevated pressures. For 

edium-ammonia-content mixtures, the modified CEU-NH 3 -Mech 

.1 and the Konnov-Mech predicted similarly, so the interaction be- 

ween ammonia chemistry and hydrocarbon chemistry was accu- 

ately described at elevated pressures. 

The exponents β are defined in equation S L / S L0 = ( P / P 0 ) 
β ,

here P 0 and S L0 represent the initial pressure and S L at one atm. 

he pressure power exponent β was related to the overall reac- 

ion order n in S L 0 ∝ P 
n 
2 

−1 exp ( − E a 
2 R 0 T ad 

) through β = n/2–1. There- 

ore, the pressure effect on the chain mechanism could be iden- 

ified and quantified through β . For a given flame condition, the 

ecrease in the laminar burning velocity with pressure as indi- 

ated by the current data or from the literature are highlighting 

he importance of the pressure sensitive chain mechanisms in the 

rocess of the flame propagation. For example, the chain branch- 

ng reaction, H + O 2 = OH + O, is a two-body reaction with

igh sensitivity to temperature, while the three body-body reac- 

ion H + O 2 + M = HO 2 + M showed less sensitivity to tempera-

ure but a high sensitivity to pressure (inhibiting reaction). Increas- 

ng the pressure enhanced the three-body reaction relative to the 

wo-body branching reaction; thus, a retarding impact is imposed 

n the overall reaction. It is worth noting that, considering the in- 

reased mixture density with pressure the decrease in the laminar 

urning velocity with pressure is not due to the chain-termination 

eactions but also the high density with pressure has a critical rule. 

iven that the overall reaction order n should approach close to 2 

s pressure decreases due to the dominant effect of the two-body 

eactions compared to the three-body termination reactions. How- 

ver, as the pressure increases, due to the existence of three-body 

ermination reactions, n should be smaller than 2. This is because 

hile the order of the termination reaction can be 3, its effect on 
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Fig. 4. Measured and predicted laminar burning velocities of (a)(b)(c) NH 3 /CH 4 /air as a function of φ for different X NH3 at one, three and five atm and 298 K, and (d) 

NH 3 /syngas/air flames [25] . 
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he overall reaction order is negative, and thus β is less than zero 

as will be shown in Figs. 6 , 7 ). The detailed uncertainties calcula-

ion for flame speed measurements at different pressures are ex- 

anded in our previous work [25] . The uncertainty of the pressure 

xponents is also shown in the figure as the error bar. Briefly, the 

was calculated as the slope of the linear regression of ln( S Li / S L0 )

ersus ln( P i / P 0 ) [12] based on the least squares method, and thus β

s a function of individual burning velocities at each pressure, S 
P i 
L 

, 

nd β = f ( S 
P 1 
L 

, S 
P 2 
L 

, . . . , S P n 
L 

) . According to this expression of β and 

he obtained uncertainty in flame speed, �S 
P i 
L 

, the uncertainty of 

was calculated following the error propagation formula: 

β = 

(∑ 

i 

[ (
l n 

P i 
P 0 

− l n 

P i 
P 0 

)
· �S 

P i 
L 

S 
P i 
L 

] 2 )0 . 5 

∑ 

i l n 

2 P i 
P 0 

− n ·
(

ln 

P i 
P 0 

)2 
(2) 

here P 0 is the initial pressure one atm, and P i is the i th pres-

ure value used to derive β over total pressures and flame speeds. 

igure 6 illustrates variation of the pressure power exponent, β , of 
6 
toichiometric mixtures for NH 3 /CH 4 /air mixture ( Fig. 6 a) and for 

H 3 /H 2 /air mixtures ( Fig. 6 b) with X NH3 . It can be seen that β first

ecreased and then increased as X NH3 increased for NH 3 /H 2 /air 

hile it varies very slightly before X NH3 = 0.5 for NH 3 /CH 4 /air. It

as also found that the present values of β agreed well with those 

rom Okafor et al. [26] for NH 3 /CH 4 /air flames, but large discrep- 

ncies were observed against the data of Ichikawa et al. [19] for 

H 3 /H 2 /air flames. Figure 6 also includes β values, calculated us- 

ng different kinetic mechanisms. It was noted that the value of 

for pure ammonia was located between those for pure hydro- 

en and pure methane. The non-linear relationship of β with X NH3 

as also confirmed numerically, and the minimum pressure expo- 

ents occurred at conditions with medium ammonia content for 

H 3 /H 2 /air; meaning that the flame speed here was more sen- 

itive to pressure change than in low and high ammonia con- 

ent. For NH 3 /CH 4 /air, both the current and previous CEU-NH 3 - 

ech gave the most accurate predictions with the experimental 

esults for low ammonia content conditions with X NH3 ≤ 0.5; the 

ther mechanisms all underpredicted the pressure exponents near 

he methane side. However, uncertainty in β grew in X NH3 ≥ 0.5 
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Fig. 5. Measured and predicted laminar burning velocities of stoichiometric 

NH 3 /CH 4 /air flames as a function of pressure for different X NH3 . 
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Fig. 6. Pressure power exponent of stoichiometric (a) NH 3 /CH 4 /air and (b) 

NH 3 /H 2 /air flames as a function of X NH3 . Literature data from Okafor et al. [26] , 

Ichikawa et al. [19] and Kitagawa et al . [53] . 
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onditions as X NH3 increased, due to the increasing measurement 

ncertainty of S L . The CEU-NH 3 -Mech 1.0 slightly underpredicted 

he pressure exponents, but the modified CEU-NH 3 -Mech 1.1 im- 

roved the prediction capacity to within the error bar range. For 

H 3 /H 2 /air flames, most of the mechanisms failed to capture the 

inimum β , but the Konnov, CRECK, and even the Shrestha mech- 

nisms described better the β variation for the conditions of X NH3 

0.5. Although the variation trend of experimental β values be- 

ave largely different from the simulated results in the range of 

 NH3 = 0.4–0.6, the fitting curve of experimental results of present 

ork and data from Ichikawa et al. [19] and Kitagawa et al. [53] in

ig. 6 (b) agreed well with the numerical results. However, there 

ere still some under-prediction of the pressure dependence of S L 
t X NH3 ≤ 0.5 and over-prediction at X NH3 ≥ 0.5, which needs fur- 

her improvement. The current CEU-NH 3 -Mech 1.1 shows the most 

eliable predictions for both S L and β . Most of the mechanisms 

ave the biggest prediction divergence for S L and β at X NH3 = 0.2–

.6 for NH 3 /H 2 /air and X NH3 = 0.6–1.0 for NH 3 /CH 4 /air as shown in

igs. 2 , 3 and 7 because the net ammonia mass burning rate, f NH3 

ets maximum at this range ( f NH3 ∝ S L • X NH3 ). At the same time, the

xperimental uncertainty is not changed too much over all X NH3 

nd thus this range is beneficial for the mechanism validation and 

mprovement. 

Figure 7 presents experimental and numerical pressure ex- 

onents of NH 3 /CH 4 /air with different X NH3 content as a func- 

ion of the equivalence ratio; the previous NH 3 /syngas/air 

NH 3 /H 2 /CO = 60/20/20) data is also included for comparison. It 

as found that both the CEU-NH 3 -Mech 1.0 and 1.1, as well as 

he Konnov-Mech predicted the values of the pressure exponents 

ell at wide range of equivalence ratios; all their predictions were 

ithin the experimental uncertainty. Among these, the present 

echanism displayed the most satisfactory prediction accuracy, es- 

ecially at lean and stoichiometric sides. It can be seen in Fig. 7 (a)

hat β had a maximum around φ = 1.0, both experimentally and 

umerically, which means that improved reactivity with increas- 

ng pressure was less significant for slightly rich mixtures than for 

toichiometric, or very rich mixtures. The non-monotonic behavior 
7 
f pressure exponents β of hydrocarbon fuels has been explained 

n previous work [30 , 54] . However, it can be seen in Fig. 7 (a) (b),

hat when X NH3 increased, non-monotonic behavior ceased, which 

eans that at rich equivalence ratios ammonia chemistry changed 

he pressure dependence of S L of NH 3 /CH 4 mixtures. This can be 

xplained by the role of CH 3 recombination reactions, which were 

ore retardant than NH 2 in the rich flames (discussed in detail in 

ection 4.5 : Sensitivity and kinetic analysis). With the same am- 

onia content, and because of their similar flame temperature, the 

alue of the pressure exponents of NH 3 /CH 4 and NH 3 /H 2 /CO were 

imilar over the wide range of equivalence ratios, and their diver- 

ence began at rich conditions. All three mechanisms gave simi- 

ar prediction results within the experimental uncertainty range; 

f these, the present mechanism was most accurate, especially at 

toichiometric and rich conditions. 
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Fig. 7. Pressure power exponent of NH 3 /CH 4 /air and NH 3 /syngas/air flames as a 

function of φ. Data from Wang et al. [25] . 
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Fig. 8. Data from the literature re laminar burning velocity of NH 3 /O 2 /He at one 

atm and 373 K (a) X O2 = 0.3, (b) X O2 = 0.27 (Shrestha et al. [42] ); (c) NH 3 /O 2 /N 2 at 

one and five atm with X O2 = 0.35 (Mei et al. [33] ). 
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.4. Validating the CEU-NH 3 1.1 mechanism 

The present model was not thoroughly validated against 

mmonia-oxidation measurements under elevated pressures. To 

emonstrate that the modified model predicted validation exper- 

ments from previous work, its performance against the flame 

peed of oxygen-enriched combustion, OEC, of ammonia, reported 

n the literature, is presented here. Oxygen-enrichment can sig- 

ificantly accelerate flame propagation in ammonia/air mixtures 

nd reduce buoyancy flame instability in low reactivity fuels [33] . 

his makes it useful for practical ammonia combustion, and ki- 

etic model validation at elevated pressures; this can help in 

losing the gap caused by uncertainties in ammonia chemistry. 

igure 8 (a) and (b) shows that the Shrestha-Mech and CEU-NH 3 - 

ech 1.0 always predicted rich flame speeds better, while over- 

redicting lean and stoichiometric conditions. After modification, 

he CEU-NH 3 -Mech 1.1 agreed with the Konnov-Mech and CRECK- 

ech, and agreed better with the experiments in the literature at 

ean and stoichiometric conditions. The maximum difference be- 

ween the various mechanisms at φ = 1.0 could reach ten cm/s, 

ndicating the high uncertainty of ammonia chemistry. Regard- 
8 
ng OEC conditions at elevated pressures ( Fig. 8 (c)), it was dis- 

overed that the Shrestha and Konnov mechanisms now overpre- 

icted all the flame speeds, as reported in the literature. The pre- 

ious CEU-NH 3 -Mech 1.0 predicted well at five atm, but overpre- 

icted at one atm; the present model significantly improved the 

rediction accuracy at one atm, losing little in the five atm pre- 

ictions. The CRECK-Mech presented better predictions for both 

onditions. 

Figure 9 shows the validation of the ignition delay time 

ata of NH 3 /O 2 /Ar and bio-syngas/NH 3 at high pressures, re- 

orted in the literature, against the four recent mechanisms. Re- 

ults showed that the present CEU-NH −Mech 1.1 reproduced 
3 
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Fig. 9. Data from the literature re ignition delay time of NH 3 /O 2 /Ar flames (0.01143 

NH 3 /0.00857 O 2 /0.98 Ar) at around 1.4 atm and 28.6 atm [55] ; ignition delay times 

of bio-syngas (molar composition: 0.02%NH 3 , 0.089%CH 4 , 0.297%H 2 , 0.297%CO, 

0.21% H 2 O, 0.157%CO 2 , 0.95%O 2 , 97.98%Ar) in a shock tube at 1.76 and 31.3 atm [56] . 
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Fig. 10. (a) Comparison of experimental data of Vandooren et al. [57] and predic- 

tions for oxidation of NH 3 /NO/Ar in a burner stabilized flame; (b) comparison of 

experimental data of Mendiara and Glarborg [46] and predictions for oxidation of 

CH 4 /NH 3 /O 2 /N 2 in a alumina flow reactor. 
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gnition delay time data well at both normal and high pres- 

ures, except that all mechanisms over-predicted the bio-syngas 

ata at 1.76 atm. The Shrestha-Mech slightly underpredicted the 

tmospheric data of NH 3 /O 2 /Ar, while the Konnov-Mech over- 

redicted the bio-syngas/NH 3 data at low temperatures, from 

0 0 0 to 1400 K. Previous studies [34] found that the domi- 

ating reactions for ammonia ignition differed from the flame 

peed; the H 2 NO and NO 2 chemistries were important at low 

nd intermediate temperatures and the C/N interaction reactions 

CH 4 + NH 2 = CH 3 + NH 3 and H 2 NO + CH 3 = CH 3 O + NH 2 ), which were

lmost negligible in terms of affecting the laminar flame speed 

alculations. 

Figure 10 (a) shows the emission prediction capacity of the 

odified and other mechanisms against the experimental data 

rom the literature [57] for NH 3 /NO/Ar oxidation in a burner stabi- 

ized. The Shrestha-Mech gave the most accurate prediction of NO 

onsumption and N 2 formation, and of N 2 O concentration at the 

ail of the reaction zone. The CEU-NH 3 -Mech 1.1, and the CRECK- 

ech and Konnov-Mech, predicted the increasing trend of N 2 O 

ell, but only the CEU-NH 3 -Mech 1.1 gave a close prediction of 

he decreasing trend of N 2 O in comparison with the experimen- 

al data; some divergence remained, however, which may require 

urther development of the CEU-NH 3 -Mech 1.1. Figure 10 (b) shows 

he oxidation of CH 4 /NH 3 /O 2 /N 2 in a alumina flow reactor from 

he literature [46] . All the mechanisms predicted a similar NH 3 

onsumption trend for methane ammonia co-oxidation in a high- 

emperature flow reactor, while they all overpredicted CO forma- 

ion concentration. The NO starting point was captured well, and 

he NO concentrations were within the prediction range. Thus, 

he CEU-NH 3 -Mech 1.1 predicted the flame speed of ammonia- 

ethane well at elevated pressure, and also predicted key in- 

ermediate species of ammonia/nitric oxides/methane co-oxidation 

ell. 

.5. Sensitivity and kinetic analyses 

This part solves three issues: 1) the different effect of methane 

ddition on ignition and flame propagation stages; 2) sensitive re- 

ctions comparison for S L and pressure exponents; 3) the non- 

onotonic behavior of β of the NH /H /air flames. Previous stud- 
3 2 

9 
es have divided the interaction between methane and ammonia 

hemistries into low and high temperature oxidation. Figure 11 (a) 

resents the reaction pathway of homogeneous ignition simulation 

f NH 3 /CH 4 /air mixtures with X NH3 = 0.6 at 1500 K, one atm and

= 1.0, using the present CEU-NH 3 -Mech 1.1. Arunthanayothin 

t al. [47] found that at low temperatures, the ammonia addi- 

ion to methane oxidation depends mainly on the two reactions 

CH 3 + NO 2 = CH 3 O + NO and NO + HO 2 = NO 2 + OH) acting as a

atalytic cycle, enhancing the consumption of methane (confirmed 

n Fig. 11 (a)). The HO 2 radical is important for low-temperature 

xidation of ammonia via reactions: NH 2 + HO 2 = H 2 NO + OH, 

nd for the enrichment of the CH , HO radical was provided 
3 2 
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Fig. 11. Reaction pathway of NH 3 /CH 4 /air mixtures with X NH3 = 0.6 at one atm and φ = 1.0 for: (a) ignition delay time simulation at 1500 K in corresponding 1% ammonia 

conversion; (b) flame speed simulation at the maximum heat release rate in corresponding 1800 K of the reaction zone. 

Fig. 12. (a) Normalized sensitivity coefficients in predicting S L of NH 3 /CH 4 /air flames for X NH3 = 0.2 and 0.4 at one and five atm; (b) sensitivities of the power exponents β of 

NH 3 /CH 4 /air flames. 
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hrough CH 2 O/HCO + O 2 = HCO/CO + HO 2 . The H 2 NO chemistries

re important for both low-temperature oxidation and ignition de- 

ay time of NH 3 /CH 4 (noted by Glarborg et al. [43] and Stagni et al.

48] ), were very uncertain and detrimental to simulation accuracy. 

hile confirming the importance of H 2 NO chemistry by convert- 

ng NH 2 to HNO, Figure 11 (a) also displays the C/N interaction that 

ies in HNO + CH 3 = NO + CH 4 , CH 3 + NO 2 = CH 3 O + NO,

nd also the CH 4 + NH 2 = CH 3 + NH 3 (not shown here). So,

t low temperatures, chain propagating reactions of ammonia ox- 

dation and ignition were dominated by CH 3 through provid- 

ng OH: CH 3 + O 2 = CH 2 O + OH, CH 3 + O 2 = CH 3 O + O,

H 3 + HO 2 = OH + CH 3 O [32] . 

Figure 11 (b) shows flame speed simulation with X NH3 = 0.6 at 

he maximum heat release rate location, at high temperatures cor- 

esponding to 1800 K in the reaction zone. At this stage, the am- 

onia conversion ratio reached 90%; large molecules (CH 3 , CH 3 O, 

O 2 , H 2 NO and N 2 H 2 ), which played an active role in low to

ntermediate temperature ranges in the ignition stage, were all 

onsumed and produced more active small molecules, such as 

, O, and OH, dominating the chain propagating reactions. In 

oth the ignition and flame propagation stages, there were three 

ain N-elemental flux whose reaction rate was from fast to slow, 

uch as: 1) NH 2 → NH → N 2 ; 2) NH 2 → HNO → NO → N 2 ; 
10 
) NH 2 → N 2 H 2 → NNH → N 2 . Compared with Fig. 12 (a), the 

mall molecule-dominated N consumption pathway was enhanced, 

ncreasing the overall reaction rate, while H 2 NO chemistry was 

mitted and N 2 H i chemistry weakened slightly. This analysis fo- 

used on the N-elemental reaction pathway; C-elements were 

hought to be an additive, and their reaction pathway variations 

ere not developed here. According to the literature, CH 3 O chem- 

stry was omitted and the CH 3 reacted directly with O to CH 2 O 

48] . More detailed C/N interaction reactions were investigated 

y Mendiara and Glarborg [46] , Tian et al. [58] , and Glarborg 

t al. [43] ; the minor quantities in methane-ammonia co-oxidation 

ere studied experimentally and numerically, and the present re- 

uced C/N interaction from the Konnov mechanism [35] was suf- 

ciently accurate to provide some key species predictions, such as 

CN in methane/ammonia flames. For flame speed determination, 

ethane and ammonia chemistries interacted indirectly by sharing 

he common active radical pool of H, O and OH. 

Following is a discussion of the effects of methane content 

n flame speed and pressure dependence of ammonia/methane 

ixtures. Figure 12 (a) shows normalized sensitivity coefficients in 

he prediction of S L of NH 3 /CH 4 /air flames for X NH3 = 0.2 and

.6 at one and five atm. The top sensitive reactions with posi- 

ive signs were H + O 2 = O + OH, OH + H 2 = H 2 O + H and
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Fig. 13. Normalized sensitivity coefficients in prediction of S L of NH 3 /H 2 /air flames 

for X NH3 = 0 - 1 at 1 and 5 atm. 
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H 2 + NO = NNH + OH, and the top sensitive reaction with a 

egative sign was H + O 2 ( + M) = HO 2 ( + M). It was found that

 2 /CO chemistries still dominated the high-temperature oxidation 

f NH 3 /CH 4 ( i.e. , flame speed determination, at low ammonia con- 

ent). CH 3 , CH 2 OH, and HCO radicals significantly affected flame 

peeds; while at high ammonia content, the NH 2 + NO, NH 2 + O, 

nd NH 2 + H–as well as the NH 2 + NH–determined the flux direc- 

ion of N-elements and the flame speed. In addition to the most 

mportant chain-branching reactions of NH 2 + NO = NNH + OH/ 

 2 + H 2 O and NH 2 + HO 2 = H 2 NO + OH/ NH 3 + O 2 (important

or both NO formation and S L predicting), N 2 H i chemistries with 

igh uncertainty were thought to be key determinants of flame 

peed, especially in rich equivalence ratios and elevated pressures, 

hrough NH i recombination reactions [25] . They were similar to 

H 3 recombination reactions to form C 2 H i ; the formed N 2 H i fi- 

ally reacted to NNH and N 2 . The three-body termination reactions 

f CH 3 to CH 4 retarded flame propagation, even in high ammonia 

ontent flames. Almost all reactions’ sensitivities were enhanced as 

ressure increased from one to five atm, except several NH 2 reac- 

ions on the top of the chart. Some reactions were only important 

t elevated pressures, like NH 2 + HO 2 = NH 3 + O 2 , which slowed

he overall reaction rate because more HO 2 radicals were formed 

hrough the three body termination reactions H + O 2 ( + M) = HO 2 

 + M) at elevated pressures. Based on reaction pathway and sensi- 

ivity analyses, a more accurate estimation of NH 2 + O = HNO + H

ecame a critical milestone in the ammonia mechanism; it also 

oosted production of NO at intermediate and high temperatures 

n the flow reactor, as noted by Glarborg et al. [43] , Stagni et al.

48] . The only theoretical calculations of rate constants, by Bozzelli 

nd Dean [59] and Sumathi et al. [60] differed by 1.4 times at 

0 0 0–20 0 0 K. Thus, modification of the present mechanism im- 

roved its flame speed prediction performance, as well as its de- 

cription of the high temperature ammonia oxidation process. 

Like the sensitivity of laminar burning velocity, the sensitivity 

f coefficients with respect to the rate constant k, can be defined 

s [61] : 

ens ( β, k ) = 

∂β

∂k 

k 

β
= 

Sens ( S L , k ) − Sens ( S L 0 , k ) 

β · ln 

P 
P 0 

(3) 

here S L and S L0 are laminar burning velocities at P and P 0 . How-

ver, the sensitivity coefficients of pressure exponents β , shown in 

ig. 12 (b), differed from S L , even though some reactions which are 

mportant for burning velocity predictions, did not affect the cal- 

ulated β coefficients. For instance, reaction CO + OH = CO 2 + H, 

hich ranks in the top ten in all NH 3 /CH 4 /air flames, was not sen-

itive to pressure dependence. The same consideration was appli- 

able to reaction NH 2 + NO = NNH + OH, CH 4 + H = CH 3 + H 2 .

s a result, modification of the rate constants of these reactions in- 

uenced calculated burning velocities, without a noticeable change 

n calculated power exponents, β . However, β were more sensi- 

ive to reactions like the NH 2 + NH = N 2 H 3 , NH 2 + H = NH + H 2 ,

H 2 + O = HNO + H and NH 2 + HO 2 = NH 3 + O 2 than S L to these

eactions, so high-pressure ammonia flame speed was more diffi- 

ult to predict accurately than high-pressure methane flame, due 

o the uncertainties of these sensitive reactions, confirming that 

may serve as a useful target for model validation and improve- 

ent. 

To explain the unusual behavior of NH 3 /H 2 /air flames with a 

inimum of pressure exponents β for NH 3 mole fraction around 

.5 (shown in Fig. 6 ), a sensitivity analysis of S L of NH 3 /H 2 /air

ames with X NH3 from zero to one at one and five atm was per-

ormed ( Fig. 13 ). Among the NH 3 /H 2 /air flames, the maximum 

ensitivity of almost all reactions occurred for flames with val- 

es of X NH3 between 0.4 and 0.6–especially the three impor- 

ant chain-terminating reactions– H + O 2 ( + M) = HO 2 ( + M), 

 + OH + M = H O + M and NH + NH = N H . The same can
2 2 2 3 

11 
e applied to positive chain branching and propagating reactions 

 + O 2 = O + OH and NH 2 + NH = N 2 H 2 + H. Not only, the

ensitivity coefficients of S L at medium X NH3 contents get max- 

mum, as shown in Fig. 13 , but also the variation magnitude of 

he sensitivity coefficients of S L from 1 to 5 atm at medium X NH3 

et maximum. This means S L variation is most sensitive to these 

ressure-sensitive reactions at medium X NH3 conditions. The reac- 

ion rates of the four top sensitive reactions are integrated along 

he reaction distance axis separately to obtain the integrated re- 

ction rate, S . Figure 14 (a) shows that as X NH3 increases, the re- 

ction rates of H + O 2 branching reactions decrease; while the 

eaction rates of NH 2 + NH branching reactions get maximum at 

 NH3 = 0.2–0.6. Figure 14 (b) shows the integrated reaction rate ra- 

io from 1 to 5 atm. It is found that top sensitive reactions like the

hree-body termination and NH i combination reactions have mini- 

um enhancement at medium X NH3 contents which is totally sim- 

lar to the variation trend of pressure exponents, β . This reaction 

as been proved to be the dominant reason for the varying pres- 

ure dependence of LBV of H 2 /air mixtures [51 , 52] . This means at

edium ammonia content, the enhancement of reactivity by pres- 

ure increase has a minimum. 

.6. Over-rich behavior of NH 3 /CH 4 /air flames 

Figure 7 (a) shows that the pressure power exponents of 

H 3 /CH 4 /air flames at X NH3 = 0.2 displayed obvious non- 

onotonic behavior at rich equivalence ratios. At the same time, 

n Fig. 7 (b), these turning points did not appear at X = 0.6 con-
NH3 



S. Wang, Z. Wang, C. Chen et al. Combustion and Flame 236 (2022) 111788 

Fig. 14. (a) Integrated reaction rates of top sensitive reactions to S L at 5 atm; (b) 

the ratio of integrated reaction rates from 1 to 5 atm. 
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i

itions which means increasing ammonia content changes the rich 

ame chemistry. Figure 15 shows that major species mole fraction 

nd adiabatic flame temperature of NH 3 /CH 4 /air flames along the 

eaction zone distance for X NH3 = 0.2 and 0.6 at one atm at φ
rom stoichiometric, to slightly-rich, then to over-rich conditions. It 

as found that at φ = 1.0, the major species in the reaction zone 

n cases (a) and (d) shared the same trend, i.e. , NH 3 and CH 4 are

ully consumed in the reaction zone, via the intermediate products 

O and H 2 and formed H 2 O and CO 2 . When the equivalence ra-

io increased to 1.3, the same is applied to case (b); while in case 

e), the peak H 2 O concentration is higher than the final equilib- 

ium concentration, so does the CO 2 ; at the same time, H 2 and CO

oncentration keeps increasing along with the reaction axis dis- 

ance. As the equivalence ratio further increased to 1.6, for both 

ases (c)(f), the H O, CO now began to decompose in the post- 
2 2 

12 
ame zone through reverse reactions of OH + H 2 = H + H 2 O and

O + OH = CO 2 + H, accompanied by the increase of H 2 , CO

oncentration which is also confirmed in [54 , 62] . These two re- 

erse reactions are endothermic and lead to the decrease of the 

ame temperature at the post-flame zone, thus, the peak flame 

emperature was higher than the final adiabatic flame tempera- 

ures (referred to as the SAFT (super-adiabatic-flame-temperature) 

henomenon) [63 , 64] . It is found that the increase of H 2 and

O in cases (c)(f) is more obvious than the decreasing H 2 O and 

O 2 , which is because the unburnt NH 3 and CH 4 in the post- 

ame zone slowly oxidized and produced extra H 2 and CO; for 

he O-elemental flux balance, the extra OH radicals eventually re- 

cted with the unburnt NH 3 and CO producing H 2 O and CO 2 via 

H 3 + OH = NH 2 + H 2 O and CO + OH = CO 2 + H. 

Figure 16 shows the H elemental-flux in the reaction zone and 

ost-flame zone of NH 3 /CH 4 /air flames for X NH3 = 0.2 and 0.6 at 

ne atm corresponding to cases (b)(e) in Fig. 15 . The reaction zone 

s defined as the maximum gradient location of the temperature 

rofile, i.e. , the flame front and the post-flame zone is 1 cm down- 

tream of the flame front location. The percentages in the figure 

re the conversion ratio of ammonia and methane at that location, 

ed-marked radicals and species are O elemental-flux participated 

n the H radical conversion process. The major producing and con- 

uming reactions for hydrogen in the reaction zone were similar 

or both low and high ammonia content shown in Fig. 16 (a) and 

c), except that the hydrogen comes from NH 2 and CH 2 O in dif- 

erent proportions. Considering the O-elemental balance, all the 

ed-marked OH and NO radicals are eventually converted to H 2 O 

s shown in the figure. As the flame propagates downstream and 

pproaches the equilibrium state (shown in cases (b) (d)), due to 

he faster reaction process in low ammonia content case (d), the 

onversion ratio of fuel is always higher than case (b). The reac- 

ion pathway analysis validated our assumption above that at high 

mmonia content conditions, H 2 O reacted with abundant H radi- 

al and went back to the H 2 . However, in the low ammonia con- 

ent flame (case (d)), the H radical pool is not as saturated as in 

ase (b), H 2 + OH = H 2 O + H conversion still retains going for-

ardly. It could be expected as the equivalence ratio further in- 

reases, even for the low-ammonia-content flames, the H 2 O → H 2 

onversion happens, as can be seen in Fig. 15 (c). For the high am- 

onia content Fig. 15 (f), the decrease of flame temperature and 

he increased concentration of H 2 were more obvious than in case 

ig. 15 (c). Thus, increasing the ammonia content in the fuel mix- 

ure advances the transition from “moderately-rich flame chem- 

stry” to “over-rich flame chemistry”. 

Goswami et al. [65] and Wang et al. [30] has attributed the 

on-monotonic behavior of β to the competition of reaction 

H 3 + CH 3 = C 2 H 6 dominating in very rich flames with reac- 

ion CH 3 + H + M = CH 4 acting as major radical consumption 

echanism elsewhere, as suggested by Seshadri et al. [66] in their 

symptotic analysis. Figure 17 shows the consumption percentage 

f H radical via different reactions for X NH3 = 0.2 and 0.6, φ = 1.3 

t one atm. At slightly rich equivalence ratios ( φ = 1.0 - 1.3), 

H 3 + H ( + M) = CH 4 ( + M) competed with H + O 2 = O + OH

n consuming H radicals and led to the decrease of laminar burn- 

ng velocity. The former three-body termination reaction was fa- 

ored at elevated pressures, leading to decreasing pressure coeffi- 

ients. While as φ increased further ( φ = 1.3 - 1.6), the CH 3 + CH 3 

 + M) = C 2 H 6 ( + M) began to consume a large proportion of

H 3 , relieving the competition between the chain-branching reac- 

ion H + O 2 . The flame chemistry transited to C2 radicals, dom- 

nated through C 2 H n ( → CH 2 CO) → HCCO → CO, and led to the in-

rease of pressure exponents. Figure 18 also displays the oxi- 

ation pathway of NH 3 /CH 4 /air flames for X NH3 = 0.2 and 0.6, 

= 1.3 at one atm. At moderate rich conditions, C 2 H n chem- 

stry and N 2 H n chemistry were important in the chain propagating 
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Fig. 15. Major species mole fraction, adiabatic flame temperature and reaction pathway of NH 3 /CH 4 /air flames along the reaction zone distance for X NH3 = 0.2 and 0.6 at 

one atm. 

Fig. 16. H elemental-flux in the reaction zone (maximum gradient location of the temperature profile) and post-flame zone (1 cm downstream of the flame front) of 

NH 3 /CH 4 /air flames for X NH3 = 0.2 and 0.6 at one atm (thickness represents the reaction flux magnitude). 
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Fig. 17. Consumption percentage of H radical through different reactions for 

X NH3 = 0.2 and 0.6, φ = 1.3 at one atm. 

Fig. 18. Oxidation pathway of NH 3 /CH 4 /air flames for X NH3 = 0.2 and 0.6, φ = 1.3 

at one atm. (Numbers are percentage of consumption of N or C-elements for 

X NH3 = 0.2 and 0.6 separately). 
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eactions. A strong retarding reaction existed from CH 3 + H 

 + M) = CH 4 ( + M) for H radical consumption. Comparable reac-

ion from NH 2 to NH 3 : NH 2 + HO 2 = NH 3 + O 2 was not as re-

arding as CH 3 + H ( + M) = CH 4 ( + M) according to the sensitiv-

ty coefficients shown in Fig. 13 (a); it mainly consumed the HO 2 

adical, rather than the more active H radicals and its consump- 

ion percentage for HO 2 was also lower than the consumption per- 

entage for H of CH 3 + H ( + M) = CH 4 ( + M), so its retarding

ole was weaker. The consumption proportions of C-elements were 

he same in both low and high ammonia content; while for N- 

lements, as X NH3 increased, more N 2 H n formed through NH 2 re- 

ombination reactions. Abundant NH 2 radicals promoted the reac- 

ion NH 2 + O = HNO + H, which provided H radicals, followed by 

he reaction HNO + H = NO + H 2 , leading to the hydrogen con-

entration increase in Fig. 15 (e). 

Another HNO formation route (NH + CO 2 = HNO + CO) con- 

erted CO 2 into CO, leading to the concentration variation in 

ig. 15 (e). Until now, it was understood why non-monotonic be- 

avior of β ( Fig. 8 (a)) disappeared in high ammonia content con- 

itions in Fig. 8 (b): (1) NH 2 played a more important role than 

H 3 , so the retarding action of CH 3 + H ( + M) = CH 4 ( + M) was

eakened, and as the pressure increased, H radicals consumption 

ccurred mainly through N 2 H n chemistry, not three-body termi- 

ation reactions. (2) N 2 H n and H 2 O decomposed to produce H 2 , 

imultaneously; C H n and CO decomposed to produce CO, extra 
2 2 

14 
 atoms go back to H 2 O and CO 2 , and this transition occurred at

ower equivalence ratios for higher ammonia content flames. (3) 

lame temperature decreased and super adiabatic flame tempera- 

ure occurred; the entire flame chemistry transit to N 2 H n domi- 

ation, and the abundant unburned hydrogen made possible the 

ich-quench-lean stage combustion of ammonia ( Eqs. (1) –(3) ). 

. Conclusions 

The main conclusions from this work are as follows: 

1. Measured S L data for NH 3 /CH 4 /air and NH 3 /H 2 /air flames at el- 

evated pressures were in excellent agreement with the data in 

the literature; however, previous data were scarce. For stoichio- 

metric conditions, prediction accuracy was greatly affected by 

hydrocarbon and hydrogen chemistry, and for the wide range 

of equivalence ratios, ammonia chemistry played an important 

role. The CEU-NH 3 1.1 mechanism was successfully validated 

against the flame speed of NH 3 /CH 4 /air and NH 3 /syngas/air in 

a wide range of equivalence ratios and elevated pressures. The 

high-pressure S L data at medium ammonia content diverged 

significantly among the different mechanisms, and it was a bet- 

ter test of the mechanism’s accuracy. 

2. The empirical power law pressure described the pressure de- 

pendence of the S L of NH 3 /CH 4 /air; pressure exponents β of 

the NH 3 /H 2 /air flames first decreased and then increased with 

increased X NH3 , which is due to the top sensitive reactions 

like the three-body termination and NH i combination reactions 

have minimum enhancement at medium X NH3 contents. 

3. The present mechanism was validated against oxygen-enriched 

ammonia-oxygen-diluent flame speeds and ignition delay 

time of ammonia-methane; it was found that the oxygen- 

enriched conditions increased prediction uncertainty in ammo- 

nia chemistries from different mechanisms. The present mecha- 

nism offers reliable predictions for intermediate species forma- 

tion in high temperature methane/ammonia co-oxidation. 

4. Using the present mechanism, sensitivity and kinetic analyses 

were conducted for low and high temperature oxidation of am- 

monia with the addition of methane. It was found that CH 3 

was important for low temperature IDT by enhancing CH 3 O 

and H 2 NO; the reaction rate of NH 2 + O = HNO + H must

be reevaluated for its importance in high-temperature ammo- 

nia oxidation. 

5. The sensitivity analysis of pressure coefficients β confirms its 

different independence com pared to S L , and serves as a valida- 

tion parameter for kinetic mechanisms. The non-monotonic be- 

havior of NH 3 /CH 4 /air flames at rich equivalence ratios occurred 

because of the competition between CH 3 and N 2 H i chemistries, 

increasing the ammonia content advances the occurrence of 

super-adiabatic flame temperature at lower equivalence ratio 

conditions by enriching the H radical pool and converting H 2 O 

back to H 2 in the post-flame zone. High CO and H 2 formation 

from CO 2 and H 2 O in the post-flame zone of NH 3 /CH 4 /air are

promising for the ammonia ′ RQL (rich-quench-lean) combus- 

tion. 
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