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a b s t r a c t 

With the renewed interest in ammonia as a carbon-neutral fuel, mixtures of ammonia and methane are 

also being considered as fuel. In order to develop gas turbine combustors for the fuels, development of 

reaction mechanisms that accurately model the burning velocity and emissions from the flames is im- 

portant. In this study, the laminar burning velocity of premixed methane–ammonia–air mixtures were 

studied experimentally and numerically over a wide range of equivalence ratios and ammonia concen- 

trations. Ammonia concentration in the fuel, expressed in terms of the heat fraction of NH 3 in the fuel, 

was varied from 0 to 0.3 while the equivalence ratio was varied from 0.8 to 1.3. The experiments were 

conducted using a constant volume chamber, at 298 K and 0.10 MPa. The burning velocity decreased with 

an increase in ammonia concentration. The numerical results showed that the kinetic mechanism by Tian 

et al. largely underestimates the unstretched laminar burning velocity owing mainly to the dominance of 

HCO ( + H, OH, O 2 ) = CO ( + H 2 , H 2 O, HO 2 ) over HCO = CO + H in the conversion of HCO to CO. GRI Mech 3.0 

predicts the burning velocity of the mixture closely however some reactions relevant to the burning ve- 

locity and NO reduction in methane–ammonia flames are missing in the mechanism. A detailed reaction 

mechanism was developed based on GRI Mech 3.0 and the mechanism by Tian et al. and validated with 

the experimental results. The temperature and species profiles computed with the present model agree 

with that of GRI Mech 3.0 for methane–air flames. On the other hand, the NO profile computed with the 

present model agrees with Tian et al.’s mechanism for methane–ammonia flames with high ammonia 

concentration. Furthermore, the burned gas Markstein length was measured and was found to increase 

with equivalence ratio and ammonia concentration. 

© 2017 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 

1. Introduction 

Interest in ammonia as a hydrogen carrier has recently been 

kindled in a search for safer and cheaper means of hydrogen trans- 

portation and storage. In comparison to the advanced materials for 

hydrogen storage such as metallic hydrides, ammonia has a rela- 

tively high hydrogen density, being made up of 17.8% by weight 

of hydrogen [1,2] . Ammonia, being one of the world’s most pro- 

duced chemicals, has a well-established production, transportation 

and storage infrastructure. Similar to hydrogen, ammonia is syn- 

thesised from fossil fuels and the CO 2 produced during the synthe- 

sis can be captured and sequestered [2] . On the other hand, am- 

monia can be produced from renewable CO 2 free energy sources 

[3] . Ammonia can be easily liquefied and stored at about 8.5 bar 

at room temperature or cooled to −33 °C and stored at ambient 
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pressure. This makes its storage much less expensive than hydro- 

gen storage, which requires about 350–700 bar for its storage at 

room temperature or −252.8 °C for its storage as a liquid at ambi- 

ent pressure [4] . 

On the other hand, following the kindled interests in ammo- 

nia as a hydrogen carrier is a renewed interest in ammonia as a 

fuel. Ammonia is combustible and, being a carbon-free molecule, 

burns without carbon oxides emission. Ammonia is therefore con- 

sidered a promising carbon-neutral fuel that offers great potentials 

of mitigating greenhouse gas emission. However, earlier applica- 

tions and studies of ammonia as a fuel reported challenges asso- 

ciated with ammonia combustion [5,6] . Ammonia has a low burn- 

ing velocity that is about five times lower than that of methane, 

a narrow flammable range, a high minimum ignition energy and 

a nitrogen atom in its molecule. These may result to low heat re- 

lease rate, poor flame stabilisation characteristics, low combustion 

efficiency and high fuel NO emission etc. [6,7] . Nonetheless, our re- 

search team has recently demonstrated efficient application of am- 

monia for power generation in a micro gas turbine plant [8] . Other 
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means of employing ammonia as a fuel in internal combustion en- 

gines include the use of mixtures of ammonia and other fuels such 

as hydrogen [9–11] , methane [12] and diesel [13,14] . 

Stabilisation of flames of ammonia containing mixtures on gas 

turbine combustors and the reduction of the high fuel NO emis- 

sion from the flames are among the most important challenges in 

the development of gas turbine combustors for the fuels. There- 

fore, for the development of combustors for ammonia and blends 

of ammonia and other fuels, chemical kinetic mechanisms that ac- 

curately model the burning velocity of the mixtures and NO emis- 

sions from the flames are very relevant. 

The laminar burning velocity is one of the most important 

properties of a mixture governing its combustion behaviour. It can 

serve as a parameter for characterising many premixed flame phe- 

nomena such as flashback, blow off or flame stabilisation on gas 

turbine combustors. It is also relevant in the validation and opti- 

misation of reaction mechanisms. The laminar burning velocity is 

defined based on an adiabatic planar unstretched flame. However 

most practical laminar flame experience curvature and/or stretch, 

which results in the deviation of their burning velocities from 

those of the unstretched planar flames. Consequently, a method 

that correlates the stretched burning velocity with stretch and cur- 

vature needs to be used to extrapolate the laminar burning velocity 

of the stretched flame to that of an unstretched planar one [15] . 

The Markstein length, which is another important combustion 

property of a fuel, quantitatively expresses the sensitivity of the 

laminar burning velocity to flame stretch rate due to thermo- 

diffusive effects. It is an important parameter in the modelling of 

turbulent flames. Bradley et al. [16] concluded in their studies that 

the turbulent burning velocity may be affected by thermo-diffusive 

effects, hence may depend on the Markstein number i.e. the Mark- 

stein length normalised with the flame thickness. Although the 

Markstein number may correlate linearly with the Lewis number, 

which is easier to evaluate, the Markstein number is the preferred 

parameter to the Lewis number in turbulent flame modelling [17] . 

The Markstein length or the Markstein number is a more compre- 

hensive expression of the phenomenon of response of a flame to 

stretch [18] . 

The present study focuses on measurement of the laminar 

burning velocity and development/optimisation of chemical kinetic 

mechanisms to accurately model the laminar burning velocity and 

NO emission from methane–ammonia mixtures. The fundamental 

combustion characteristics of methane have been well studied and 

numerous studies of methane flame chemistry have resulted to the 

development, optimisation and validation of kinetic mechanisms 

for modelling methane combustion, such as GRI Mech 3.0 [19] , 

ARAMCO Mechanism v1.3 [20] , University College San Diego Mech- 

anism [21] , etc. On the other hand, ammonia is an unconventional 

fuel, which has not been given much attention as a fuel for com- 

bustion applications. Therefore, even though several studies on am- 

monia oxidation chemistry have led to the development of ammo- 

nia oxidation mechanisms, there is limited data on some key com- 

bustion properties of ammonia mixtures for optimising and val- 

idating the mechanisms [7] . Hayakawa et al. [7] compared their 

measured unstretched laminar burning velocity of NH 3 –air flames 

with numerical results obtained using the chemical kinetic mech- 

anisms by Miller et al. [22] , Lindstedt et al . [23] , Konnov [24] , Tian 

et al. [25] , all of which were developed for ammonia combustion, 

and GRI Mech 3.0 [19] . They concluded that the mechanisms could 

not satisfactorily reproduce the measured burning velocity. 

Similarly, there are limited experimental data on the laminar 

burning velocity of methane–ammonia flames. Most previous ex- 

perimental studies on the fundamental combustion characteristics 

of methane–ammonia fuel concentrated mainly on the measure- 

ment of species profiles, being motivated by the need to under- 

stand and predict NO formation from the combustion of nitrogen- 

containing fuels. These studies provided important information on 

the structure of the flames and also resulted to the development 

of chemical kinetic mechanisms for the mixtures [24–29] . Tian 

et al. [25] developed a detailed reaction mechanism for methane–

ammonia flames based on their experimental and numerical study 

of the structure of premixed NH 3 /CH 4 /O 2 /Ar stoichiometric flames 

at 4 kPa using tuneable synchrotron vacuum ultraviolet photoion- 

isation and molecular-beam mass spectrometry. The mechanism 

has a detailed methane and ammonia oxidation chemistry, con- 

sisting of 84 species and 703 elementary reactions. The study by 

Hayakawa et al. [7] showed that the laminar burning velocity of 

ammonia flames obtained using the mechanism by Tian et al. 

[25] was closer to the experimental result than were those ob- 

tained using the mechanisms by Miller et al. [22] , Lindstedt et al. 

[23] , and Konnov [24] . However, due to very limited experimental 

data on the laminar burning velocity of methane–ammonia flames, 

the available methane–ammonia reaction mechanisms, including 

Tian et al.’s [25] , have not been validated or optimised for mod- 

elling the laminar burning velocity of the mixtures. So far, the 

only reported laminar burning velocity data on methane–ammonia 

flames are for trace quantities of ammonia in methane i.e. ammo- 

nia volume fractions less than or equal to 0.05 [26] . Furthermore, 

data on the Markstein length of methane–ammonia flames have 

not been reported so far. 

In this study therefore, the unstretched laminar burning veloc- 

ity of methane–ammonia–air flames were carefully measured for 

varying concentrations of ammonia in the binary fuel over a wide 

range of equivalence ratios. A detailed kinetic mechanism was de- 

veloped to satisfactorily model the laminar burning velocity and 

NO concentration in the flames. Furthermore, the Markstein length 

of the mixtures was measured and its variation with equivalence 

ratio and ammonia concentration was investigated. 

2. Experimental and numerical procedures 

Figure 1 schematically shows the experimental setup used in 

this study. Experiments were carried out using a cylindrical con- 

stant volume combustion chamber. The inner diameter and length 

of the chamber were 270 mm and 410 mm, respectively. Two op- 

positely faced quartz glass windows of 60 mm in diameter allowed 

for optical access into the chamber. The combustible mixture quan- 

tities were prepared in the chamber according to the required par- 

tial pressures of the component gases using a GE UNIK 50 0 0 sil- 

icon pressure sensor with an enhanced premium accuracy. The 

mixtures were ignited at a point along the central axis of the cylin- 

drical chamber using capacitor discharge ignition (CDI). The diam- 

eter of the spark electrodes was 1.5 mm and the spark gap was set 

to 1 mm. The electrostatic energy, which was charged in the capac- 

itor in the CDI circuit, was set to 0.3 J. 

Flame propagation up to a diameter of 60 mm was observed 

and recorded by Schlieren photography via the quartz windows of 

the chamber with a high-speed digital camera (Photron, FASTCAM 

Mini UX100), while the pressure rise inside the chamber during 

flame propagation was measured using a Kistler pressure trans- 

ducer. The pixel setting for the camera was 768 × 768 and the 

framing rates adopted ranged from 2500 to 60 0 0 f/s, depending 

on the flame speeds. In addition, direct colour photographs were 

taken using the high-speed camera. The pixel resolution and frame 

rate of the colour imaging were 1024 × 1024 and 2500 f/s, respec- 

tively while the spatial resolution of the images was approximately 

0.16 mm/pixel. 

The studied conditions and properties of the mixtures are sum- 

marised in Table 1 . The mixture temperature, T u , and pressure, P i , 

were 298 K and 0.10 MPa, respectively. Variations in the tempera- 

ture of the mixtures were kept within ±3 K. As Fig. 2 shows, there 

was no pressure rise in the chamber during the period of record- 
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