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Abstract 
In liquid rocket propulsion systems, methane and kerosene have been discussed as alternative fuels to hydrogen be-
cause of their high energy content. Methane has some advantages compared to kerosene because of its cleaner burn-
ing characteristics. The present study concerns the numerical investigation of laminar methane/air and meth-
ane/oxygen flames where different mixtures of nitrogen and oxygen in the oxidizer stream are studied. Moreover, 
liquid oxygen (LOX) spray flames with carrier gas methane against a methane stream are investigated in the coun-
terflow configuration. These structures may be used in (spray) flamelet computations or flamelet generated mani-
folds for the simulation of turbulent combustion. The governing two-dimensional gas-phase equations are trans-
formed into one-dimensional equations using a similarity transformation. For the LOX, a standard discrete droplet 
model is used. The numerical simulation concerns the axi-symmetric configuration with an adaptive numerical grid 
for the gas phase. Detailed models of all relevant processes are employed; in particular, a detailed chemical reaction 
mechanism is used which comprises 35 species involving 294 elementary reactions. The thermodynamic data for 
CH4 and O2 below 300K are implemented for normal and elevated pressures for cryogenic methane/LOX combus-
tion. For the CH4/air and an oxygenated flame, the present results are compared with both experimental and compu-
tational results from the literature. The CH4/O2 flame is studied for elevated pressures up to 2MPa. Extinction condi-
tions are evaluated for use in future turbulent flamelet computations. It is shown that oxygen dilution, pressure, and 
strain rate have a pronounced effect on the flame structure and extinction conditions. The combustion of meth-
ane/LOX under cryogenic conditions has a pronounced effect of the liquid phase on gas temperature. After initial 
cooling of the gas phase due to droplet evaporation, the flame temperature is considerably higher compared to pure 
gas phase combustion. 
 

 
Introduction 

The understanding of physical and chemical processes occurring in many applications in sciences and engineer-
ing is important to ensure stability and efficiency of their performance. Examples are the combustion process in di-
rect-injection engines, gas turbine combustors, and liquid rocket propulsion systems. The present study aims to con-
tribute to an improved understanding of methane/oxygen and methane/LOX (liquid oxygen) combustion compared 
to the hydrogen/oxygen system. 

In the recent years, studies have been done for the use of methane (CH4) as an alternative fuel to hydrogen in 
liquid rocket propulsion systems [1-9]. The so-called ’green propellant’ has become attractive because of its limited 
effect on environment compared to other hydrocarbons. Moreover, it has several advantages compared to hydrogen 
such as safety in transport and storage as well as high energy content. Currently, there are two major research groups 
in Europe that are carrying out experiments in order to investigate the CH4/O2 and methane/LOX flames, namely, 
ONERA in France and DLR Lampoldshausen in Germany. Both, ONERA’s Mascotte test facility [2] and DLR’s 
M3 [7], which initially were developed for experimental investigations of liquid oxygen/gaseous hydrogen combus-
tion (LOX/H2), have been modified to allow for the study of methane/LOX. In the experiments, pressure ranges 
from 0.1 to 5.5MPa, the injection temperature for LOX is 85K and for liquid CH4 it is 125K, hence both tempera-
tures are cryogenic. A recent study [3] has considered fuel rich conditions. Candel et al. [4] studied the flame struc-
ture of both methane/LOX and LOX/H2 in the transcritical range for pressures between 0.1 to 7MPa and a sub-
critical injection temperature of liquid oxygen. Combustion of cryogenic oxygen and methane injected at pressures 
between 4.5 and 6MPa was investigated experimentally in [5]. The coaxial injector delivered oxygen at a tempera-
ture of 85K and methane at a temperature of 120K or 288K. Stabilization of flames formed by cryogenic liquid oxy-
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gen/gaseous hydrogen or methane was investigated through planar laser induced fluorescence (PLIF) of OH [6]. In 
the LOX/GH2 experiments, injection conditions were trans-critical, since the chamber pressure (6.3MPa) was above 
the critical value but the temperature (80K) was below the critical value for oxygen. In the LOX/GCH4 experiments, 
the chamber pressure (2MPa) and LOX injection temperature (80K) were below critical values.  

In the DLR experiments [7], a comparison between spray combustion for coaxially injected methane/LOX and 
LOX/H2 at similar injection conditions was performed where the Weber number and the momentum flux ratio were 
varying. In [8], experimental investigations on the development of methane/LOX flames, especially ignition and 
flame stabilization – strongly coupled with the distribution of liquid oxygen phase before and after the occurrence of 
ignition, were carried out. Yang et al. [9] experimentally investigated cryogenic reactive coaxial sprays with oxygen 
and hydrogen or methane in order to determine if concepts from LOX/H2 injector design could be transferred to 
LOx/CH4. The experimental study of the ignition and flame stabilization of a gaseous methane/oxygen jet for differ-
ent configurations and injector conditions is described by Pauly [10]. In the present study, the numerical investiga-
tion of laminar CH4/O2 as well as methane/LOX flames in the counterflow configuration is performed in order to 
obtain a flamelet library for turbulent combustion and to investigate principal differences between the methane/LOX 
and the LOX/H2 systems. 

Laminar CH4/air gas flames in the counterflow configuration are studied extensively in the literature. Several 
authors [1, 11, 12] studied the behavior of laminar CH4/air flames in counterflow configurations at different condi-
tions using different chemical reaction mechanisms. For instance, Chelliah et al. [1] present numerical results for 
laminar CH4/air diffusion flames using a starting kinetic mechanism, a reduced 5-step mechanism and a 4-step 
mechanism are presented and the results at extinction are compared with experimental results. Du and Axelbaum 
[11] investigated the extinction strain rate of CH4 - O2 - N2 flames using a 58-step C1 mechanism, moreover, ex-
perimental studies were performed. Sohn et al. [12] numerically investigated the flame structure, extinction charac-
teristics and nitric oxide (NO) formation in diffusion flames at various pressures in the axi-symmetric counterflow 
configuration. The chemical reaction mechanism used here was GRI 2.11 including NOX reactions. Other authors, 
[13-16] specifically studied the effect of enriched oxygen flames. For example, Cheng et al. [13,14] investigated 
oxygen-enhanced methane counterflow flames through optical diagnostics and numerical simulations. The effect of 
strain rate and the influence of oxygen concentration in the oxidizer stream on the flame structure were studied for 
nitrogen-diluted methane flames (20% CH4 and 80% N2). The strain rate varies from 60 to 168s−1 while in the oxi-
dizer stream, the nitrogen in air is replaced by oxygen ranging from 23% O2 to 100% O2. For the simulations, the 
GRI 3.0 chemical kinetic mechanism was used. Beltrame et al. [16] investigated soot formation in enriched oxygen 
counterflow for methane-oxygen diffusion flames. It was found that soot formation in methane flames was enhanced 
by oxygen enrichment. With increase of the oxygen in the oxidizer stream, the soot zone narrowed and shifted to-
wards the stagnation plane. An extension of the GRI 2.11 mechanism including chemical reactions with species up 
to C6, and thus consisting of 365 reactions among 62 chemical species was used. Naik et al. [15] present a soot map 
separating non-soot from soot regions for laminar counterflow methane-oxygen-nitrogen diffusion flames at atmos-
pheric pressure. Soot formation was studied at a constant strain rate of 20s−1 as a function of the methane content 
ranging from 25% to 100% in nitrogen directed against a stream consisting of oxygen diluted in nitrogen ranging 
from 35% to 100%.  

The purpose of the present paper is the numerical investigation of pure CH4/O2 and CH4/air flames in the coun-
terflow configuration at normal and elevated pressures and evaluation of their extinction conditions for use in turbu-
lent flamelet computations. Moreover, the nitrogen/oxygen ratio is varied. Properties of methane at cryogenic inlet 
conditions are considered which are typical for liquid rocket propulsion systems. These properties are parameterized 
for use in methane/LOX computations. A representative methane/LOX flame and its characteristics are presented. In 
the following, a short overview of the present mathematical model is given. Flame structures for CH4/O2 and 
CH4/air and methane/LOX counterflow configuration are then presented and discussed. 

 
Mathematical Model 
 An axi-symmetric counterflow configuration is considered, where either gaseous or liquid fuel may be fed 
against oxidizer, hot products and inert gas, in any combination, from each side of the stagnation plane [17,18,20-
22]. The mathematical model is based on Eulerian/Lagrangian formulation of non-dimensional equations [17,18], 
which are obtained using a similarity transformation for the gas phase transforming the two-dimensional equations 
into a one-dimensional system. The gas-phase model includes detailed transport as well as a detailed chemical reac-
tion mechanism [23] for the methane/air system. It consists of 294 elementary reactions among 35 species.  
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The gas phase transport coefficients are computed from NASA polynomials, which cover the temperature range 
between 300 and 5000K. For the computation of flames under cryogenic condition, the set of physical properties 
must be extended for the temperature range between 100 and 300K and for pressures up to 20MPa, which was 
achieved using the data from the JSME tables [24].  

Figures 1 and 2 show thermal conductivity (Fig. 1) and dynamic viscosity (Fig. 2) of methane for pressures be-
tween 0.1 and 20MPa and cryogenic temperatures for use in liquid oxygen/methane spray flames. In Figure 1 and 
Figure 2, a strong dependence of pressure and temperature on thermal conductivity and dynamic viscosity can be 
observed, and an extrapolation of NASA polynomials is not permitted. A more detailed description of the model 
may be found in the literature [17,18,20-22,29].  

Previous studies have shown that the liquid phase plays a stronger role in characterizing both, the laminar and 
turbulent flames and, thus, may not be neglected [26-28]. The chemical reaction terms cause the system of conserva-
tion equations to be strongly non-linear and stiff. The system of equations is solved using a numerical scheme de-
scribed in [17,18,20-22]. For the solution of the gas phase equations, an adaptive grid is used. The verification of the 
mathematical model and mechanism is achieved through comparison of the present results for CH4/air and 
CH4/N2/O2 flames with results from the literature [1,25].  

 
Results and Discussion 

Numerical results for CH4/air, CH4/O2, and methane/LOX flames are presented. For gas pure gas flames, differ-
ent mixture ratios of nitrogen and oxygen are presented and discussed. In the following presentations, pure fuel en-
ters from the left-hand side of the counterflow configuration and the oxygen/nitrogen mixtures are directed against 
the fuel stream. First, results of the CH4/air flame are compared with results from the literature [1,11,12,25]. In 
[1,25], numerical results for CH4/air diffusion flame were computed using a detailed starting kinetic mechanism, a 
reduced 5-step mechanism and a 4-step mechanism. The starting mechanism was a skeletal C1 mechanism including 
39 reactions among 17 species. The strain rates at the fuel side ranged from 300s−1 to extinction for standard 
condition. The extinction strain rates were 518, 561, and 547s−1, for the starting kinetic mechanism, 5-step and the 4-
step mechanism, respectively [1]. The extinction temperature is approximately 1800K. Du and Axelbaum [11] 
investigated the extinction strain rate for CH4-N2-O2 diffusion flames using both numerical and experimental meth-
ods. Their simulations are based on a 58-step C1 mechanism and an axi-symmetric configuration with standard 
boundary conditions resulting in an extinction strain rate of 494s−1 and an extinction temperature of 1770K, while 
the experimental extinction strain rate was 375s−1. Sohn et al. [12] studied CH4/air flames using an axi-symmetric 
counterflow configuration and GRI 2.11 reaction mechanism including NOX reactions. Using the same boundary 
conditions as mentioned above, this study led to the extinction strain rate of about 300s−1 and an extinction tem-
perature about 1700K. 

 

Figure 1. Pressure and temperature dependence of 
thermal conductivity for methane in the tempera-
ture range of 100≤T≤300K. 

Figure 2. Pressure and temperature dependence of 
dynamic viscosity for methane in the temperature 
range of 100≤T≤300K. 
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Figure 3. Profiles of temperature and mass frac-
tions of major species for a CH4/air flame at stan-
dard conditions for a fuel-side strain rate of 300s−1. 

In the present study, a comparison of the CH4/air 
flame at standard conditions and a fuel-side strain rate of 
300s−1 is computed for comparison with results from the 
literature [1,11]. Figure 3 show profiles of some relevant 
species also reported by Chelliah et al. [1] and an excel-
lent agreement is observed. However, the present simula-
tions yield an extinction strain rate at the fuel side of 
380s−1, which is considerably lower that the result ob-
tained by by Chelliah et al. [1]. The present value, how-
ever, is very close to the experimental value of 375s-1 ob-
tained by Du and Axelbaum [11]. Sohn et al. [12] report 
and extinction strain rate of about 300s−1 using the GRI 
2.11 mechanism. The major difference in all models is the 
chemical reaction mechanism. The present mechanism 
includes C2 reactions [23], which are neglected in Refs. 
[1,11,12]. In stoichiometric CH4/air flames, the recombi-
nation path consumes about 20-30% of the CH3 radical 
[23] and therefore, the present mechanism includes these 
reaction rates. The discrepancies between the present 
simulations (Fig. 3) and the results in the literature 
[1,11,12] are contributed to the different chemical reaction 
mechanisms.  

The extinction temperature reported by Chelliah et al. [1] is approximately 1800K whereas the present compu-
tations yield a value of 1874K. The numerically obtained extinction temperature in [11] is 1770K. Other study on 
CH4/air flames by Sohn et al. [12], using the GRI 2.11 reaction mechanism including NOX reactions results in an 
extinction temperature of 1700K. The comparison shows that there is still some work to be done with respect to 
evaluation of correct chemical kinetic rate data. 

Next, laminar CH4/O2 flames are investigated. This is achieved through successive replacement of nitrogen by 
oxygen in the air stream opposing the methane flow. For a molar mixture of 68% O2 and 32% nitrogen, there are 
results by Beltrame et al. [16]. They use an extended GRI-2.11 chemical kinetic mechanism up to C6 for standard 
conditions, and the strain rate on the fuel side of the configuration is 20s−1. Figure 4 shows the present results of the 
outer flame structure of this configuration using the Warnatz mechanism for the same conditions. They are in very 
good agreement with the results of Beltrame et al. [16]. For instance, in [16] the peak flame temperature is about 
2800K, peak values of H2O and H2 mole fractions is about 0.38 and 0.2 while in the present results, the peak flame 
temperature is 2871K and the corresponding peak values of H2O and H2 are 0.38 and 0.21. Thus, the present model 
and the chemical mechanism are suitable to represent relevant results in the literature. 

Removal of nitrogen from the air stream is continued until pure methane/oxygen flames are obtained. Figure 5 
shows the maximum temperature and the mass fractions of species CH3, CO, O, OH, C2H2, C2H6, H as well as 
CH2O as a function of the oxygen mass fraction at a strain rate of 100s−1. The oxygen mass fraction starts from 
0.233 (CH4/air) to unity (pure O2). With an increase of oxygen content in the oxidizing gas stream, maximum flame 
temperature increases substantially from 1874K to 2965K. The maximum mass fraction of the major species plotted 
in Figure 5 increases non-linearly as nitrogen is removed from the system. At the same time, formaldehyde is de-
creased with nitrogen removal.  

The pollutants and soot formation are of particular interest. The detailed chemical reaction mechanism used 
here is favorably enabled to predict formation of species such as CO and CH2O as well as soot precursors such as 
acetylene, C2H2. Maximum mass fraction of carbon monoxide and acetylene increases by a factor of about 10 as 
nitrogen is removed. The maximum mass fraction of other species such as CH2O is decreasing as nitrogen is re-
moved, however, the reduction is much smaller.  

Figure 6 shows the comparison of the outer flame structure of the CH4/air (black) and the CH4/O2 (red) flames 
at the strain rates near extinction and standard conditions. The inset figure shows an enlarged view of the CH4/O2 
flame for the same conditions. With replacement of nitrogen by oxygen, the flame thickness decreases dramatically 
by about a factor of seven. This is due to the fact that the damping of chemical reactions by nitrogen is removed with 
replacement of nitrogen by oxygen leading to enhanced chemical reactions. They are accompanied by a pronounced 
increase of flame temperature, which again leads to higher values of mass fraction for the major species in the 
chemical reaction system. 
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Figure 6. Profiles of temperature and mass frac-
tions of CH4, O2, H2O, CO2 and CO of a CH4/air 
(black) and a CH4/O2 (red) flame at extinction. 

Figure 7. Maximum flame temperature for strain 
rates up to extinction. 
 

It can be observed that the flame resides on the oxidizer side of the flame, which is typical for gas flames of this 
type. For the methane/oxygen flame, however, the flame is shifted towards the stagnation plane. The extinction 
strain rate for CH4/air flame is 380s−1, and the corresponding value for the CH4/O2 flame is 46,750s−1. The extinction 
strain rate of CH4/O2 at 0.9MPa is found to be 338,500s−1 with an extinction temperature of 2662K versus 2,490K 
for the CH4/O2 flame at 0.1MPa. For 2.0MPa, the corresponding values are 667,500s−1 and 2801K. As extinction is 
approached, the temperature drop with increased strain is striking. Figure 6 shows that all the major species attain 
higher maximum values of all mass fractions compared to the CH4/air flame as a consequence of the elevated flame 
temperature.  

Figure 7 shows extinction strain rates and maximum flame temperature for various configurations. Besides the 
flames discussed already, methane/oxygen flames at elevated pressures are displayed which are relevant for liquid 
rocket propulsion applications for pressures 0.1, 0.9, and 2MPa. Pressure increase leads to increased flame stability 
and to increased extinction strain rates and temperatures as anticipated.  

Figure 8 displays the outer flame structure of a monodisperse methane/LOX spray flame at strain rate 100/s, 
pressure 0.1MPa, and initial droplets radius of 25µm. The oxygen droplets vaporize well before they reach the stag-

Figure 4. Profiles of temperature and mass frac-
tions of CH4, O2, H2O, CO2 and CO for a 
CH4/O2/N2 flame at a fuel-side strain rate of 20s−1. 

Figure 5. Maximum flame temperature and mass 
fraction of various species with increase of oxygen 
content in the oxidizer stream, strain rate 100s−1. 
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Figure 8. Profiles of temperature and of mass frac-
tions of H2O, CO2 and CO for the methane/LOX  
spray flame, strain rate 100s−1, pressure 0.1MPa, ini-
tial droplet radius 25µm and initial velocities 0.4m/s. 
 

nation plane. The maximum peak temperature in the 
methane/LOX flame is higher in comparison with the 
CH4/O2 flame, because the spray flame is leaner than 
the gas flame due to LOX addition enhancing combus-
tion for the methane/LOX spray flame. The figure also 
shows that there is pronounced flow separation in the 
regime where droplets are present. Thus, the liquid 
phase pronouncedly affects the flame structure. 

 
Summary and Conclusions 

The study provides flame structures of meth-
ane/oxygen flames in the counterflow configuration. 
Both extinction strain rates and maximum flame tem-
perature are presented for inclusion into future flamelet 
computations of turbulent reactive flows. Computations 
of methane/LOX flames show that the liquid phase has 
pronounced impact on the laminar flame structure and 
its consideration is inevitable in the prediction of reli-
able flame structures. 
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