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The emission prevention of carbon dioxide has become an important problem recent years. 
In order to facilitate the sequestration of CO2 from flue gases, the combustion can be carried 
out in the oxidizer, which contains a mixture of CO2 and O2 without the presence of nitrogen. 

The Computational Fluid Dynamics is widely used in order to design new devices and 
to improve existing ones. Computational costs, when detailed chemistry is employed in 
calculations of the flame, are too large for real applications, therefore, simplified mechanisms 
have to be used to solve those problems.

Because the laminar flame speed is an important parameter for a burners design and has major 
influence on a combustion process control, therefore, a good prediction of this quantity, using 
reduced mechanisms, is crucial. 

The aim of the present work was to figure out the influence of oxidizer composition on 
the laminar flame speed and to examine simplified mechanisms in order to achieve similar 
laminar flame speed levels to those obtained for the detailed mechanism computations, during 
combustion of methane in the CO2/O2 atmosphere. All calculations were done using the Freely 
Propagating 1D Laminar Premixed Flames (FP1DLPF) package coupled with the COSILAB 
software.

For the combustion of CH4 in the CO2/O2 atmosphere, new reduced mechanisms were 
created for the oxidizer composition for which the laminar flame speed, for stoichiometric 
conditions, was similar to this obtained for the methane combustion in air. Similar laminar 
flame speed values for the conventional combustion and the oxy-combustion was obtained 
for the oxidizer composition of Xoxid

O2=0,385 Xoxid
CO2=0,615. Modified reduced mechanisms of 

methane combustion in comparison with schemes that are used for the conventional combustion, 
improved the accuracy of the laminar flame speed prediction with the detailed mechanism 
considerably, for the oxy-combustion environment.
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Nomenclature

kj – reaction rate constant, mol1-n·(cm3)n-1·s-1

T – temperature, K
βj – temperature exponent, -
Aj – pre-exponential constant, cgs
Eaj – activation energy, cal/mol
R – universal gas constant, cal/(mol·K)
rj – reaction rate progress, mol/(cm3·s)
Ci – specie concentration, mol/cm3

ni – reaction order, -
SL – laminar flame speed, m/s
Dth – thermal diffusion coefficient, m2/s
Rr – reaction rate coefficient, 1/s
Φ – equivalence ratio, -
p – pressure of the reaction, MPa
X – mole fraction, -

1. Introduction

Carbon dioxide emission reduction has become one of the main concern last years, due 
to the standpoint of most of scientists, who work on climate change that a direct connection 
between global temperature increase and anthropogenic greenhouse gases emission exists. 
Carbon dioxide is a substance, which emission cannot be avoided during combustion 
of the fuel containing carbon. Therefore, emission reduction can be only done through 
sequestration. In order to underground storage of CO2, this specie has to be separated from 
flue gases, which contain mainly nitrogen, what is a very expensive process. One of the 
best ways to sequestrate CO2 is to perform combustion without the nitrogen presence in 
the oxidizer (oxy-fuel combustion). Nevertheless, the combustion in pure oxygen leads to 
dangerous temperature and flame speed escalation. In order to keep those two quantities 
at levels found during a conventional combustion of a fuel in air, a mixing of oxygen with 
part of flue gases is performed, thus, a mixture containing O2/CO2 is used as an oxidizer.

Carbon dioxide has different heat capacity, thermal diffusivity and emissivity in 
comparison to molecular nitrogen. Therefore, the combustion of the fuel in the oxidizer, 
containing the same mole fraction of CO2 as it is found for nitrogen in air, leads to significant 
parameters changes in comparison with conventional fuel-air combustion [1, 2, 3, 4, 5]. 
Benedetto et al. [4] indicated the decrease of laminar flame speed, while nitrogen was 
displaced by carbon dioxide. The explanation for this behavior was the higher heat capacity 
of the CO2, which decreasing the flame temperature and at the same time the combustion 



289Investigation of Laminar Flame Speed of CH4/N2/O2 and CH4/CO2/O2 Mixtures ...

rate. The reaction kinetics undergoes alterations when N2 is displaced by CO2 in the oxidizer. 

A Computational Fluid Dynamics is an important toll for a design and a process 
optimization. Simulation of a full-scale geometry, with millions of cells, requires a large 
memory and a long computational time. In order to safe time required for simulations 
significantly, simplified combustion mechanisms are used. Schemes containing two (WD, 
2S-CM2) [6, 7], four (J-L) [8] or more [9, 10] reactions can be used to describe the 
combustion phenomena, however, their accuracy is limited. The mechanisms which are 
created for a conventional combustion of fuel in air were found not to be satisfying for an 
oxy-fuel combustion [1, 5], because every detailed mechanism has restricted area of usage.

The aim of the present work was to figure out the influence of the oxidizer composition 
on the laminar flame speed and to examine simplified mechanisms in order to achieve similar 
laminar flame speed levels to those obtained for the detailed mechanism computations, 
during combustion of methane in the CO2/O2 atmosphere. All calculations were done using 
the Freely Propagating 1D Laminar Premixed Flames (FP1DLPF) package coupled with 
the COSILAB software.

2. Presentation of methane oxidation mechanisms

In this section particular methane oxidation mechanisms are presented, which were 
employed in calculations. Three different mechanisms were taken as a basis for further 
development of mechanisms for CH4 oxy-fuel combustion: GRI Mech 3.0 [11], Jones-
Linstedt (J-L) [8] and 2S-CM2 [7].  For existing as well as for new schemes the number of 
species involved in the flame computation was depended on the composition of the oxidizer. 
Simulation of methane combustion in the oxidizer composed of N2/O2 or of CO2/O2 limits 
the original GRI Mech number of reactions (325) and species (53), because argon is not 
present in such a mixture. In the case of oxy-fuel combustion simulation, apart from argon 
also nitrogen was not present, thus the reduction of species to 34 and reactions to 215, 
during the simulation of the flame using the detailed mechanism. Table 1 presents reactions 
of 2-step and 4-step mechanisms, while full specification of Arrhenius parameters (Eq. 1) 
for those reactions is presented in Table 2 and Table 3. The full specification of reactions 
for GRI Mech 3.0 is available online [11].

The reaction rate constant can be expressed according to the Arrhenius equation (Eq. 1), 
where Aj is a pre-exponential constant, βj is a temperature exponent, Eaj is the activation 
energy of the reaction [12].
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The reaction rate progress is described as a difference between forward and backward 
reaction rates (Eq. 2) [13].
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Tab. 1 Reaction number for 2-step and 4-step reduced mechanisms

Tab. 2 Rate constants for the 2S-CM2 scheme and for the modified versions introduced during this work: the 
activation energies are in cal/mole and the pre-exponential constants in cgs units. Abbreviations ford and rord 
mean forward and reversed order respectively

Tab. 3 Rate constants for the Jones-Linstedt scheme and for the modified versions introduced during this work: 
the activation energies are in cal/mole and the pre-exponential constants in cgs units. Abbreviations ford and 
rord mean forward and reversed order respectively
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3. Calculation method of the laminar flame speed

In Cosilab it is possible to calculate laminar flame speed from freely propagating laminar 
one-dimensional flames package (1DFPLF). For this kind of the flame, the laminar flame 
speed is equal to the propagation speed of the fresh mixture provided far enough from the 
flame front [13]. Freely propagating flames are found far from combustion chamber walls 
or from burner nozzles that the disturbance of the flow is not present. In the industry, this 
type of flames rarely exists. However, some quantities, which are calculated thanks to 
1DFPLF, can be used for better understanding and advanced modeling of the combustion 
phenomena (flamelet turbulent model [14, 15]) in real applications.

The laminar flame speed is defined generally as the speed of the flame front, in a normal 
direction to the surface of this flame during the combustion of a homogenous mixture 
[16]. According to Eq. (3) the laminar flame speed depends on the square root of diffusion 
coefficient of heat and reaction rate coefficient [12].

SL ~ (Dth·Rr)0,5          (3)

In the 1DFPLF, four main equations are employed in calculations of laminar flame 
speed as well as other parameters (the continuity equation, the species-mass conservation 
equations, the energy equation and the ideal-gas equation of state). The additional equation, 
which is solved simultaneously to above-mentioned ones, is the momentum equation, which 
allows calculating the pressure variation through the flame [13]. Boundary conditions that 
had to be declared to solve the problem are temperature and composition of the fresh, 
unburned mixture and the pressure of the process.

4. Simulation results for CH4/air flames

The composition of the oxidizer was chosen to imitate the air in a simple way, thus the 
mole fractions of O2 and N2 were equal respectively to 21% and 79%.

Determining laminar flame speeds of methane-air mixtures, for various equivalence 
ratios, can be done experimentally or numerically [5, 17, 18, 19].

Figure 1(a) presents a comparison of results from different publications and from present 
calculations using the Cosilab software with the GRI Mech 3.0. Tendencies as well as values 
obtained experimentally or numerically by different researchers are similar. The laminar 
flame speed attains a maximum value for slightly fuel-rich mixture at equivalence ratio 
approximately 1,05 and achieves value circa 0,37 m/s.

Two different simplified chemical kinetics mechanisms (J-L, 2S-CM2) existing in the 
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literature were investigated. Results using those two reduced mechanisms were compared 
to GRI Mech computations. The full specification of the reaction parameters of reduced 
mechanisms is presented in Tables 1, 2 and 3.

The capacity of reduced schemes to predict flame speeds for various equivalence ratios 
was tested. Figure 1(b) shows a systematic overestimation of SL by 0,045 m/s for the J-L 
mechanism, for fuel-lean and nearly stoichiometric flames, in comparison with the GRI 
Mech calculations. When the 2S-CM2 mechanism is employed to calculate the laminar 
flame speed, for fuel-lean conditions, the accuracy is good. Nevertheless, SL for fuel-
rich conditions is seriously overestimated comparing with the GRI Mech. Even the curve 
tendency does not preserve a proper shape and it is necessary to employ the pre-exponential 
factor adjustment (PEA) for fuel-rich conditions, in order to cover the full scheme data. 
The two-step mechanism, which utilizes PEA, is 2S-CM2-JB1 (Table 2). A good agreement 
between outcomes for the detailed mechanism and 2S-CM2-JB1 was found.

Fig. 1 Laminar flame velocities for CH4/N2/O2 plotted against equivalence ratio for p0=1 MPa and T0=300 K: 
(a) obtained by various researchers, (b) present work simulation results for four different mechanisms

4. Simulation results for CH4/O2/CO2 flames

The different diffusivity and thermal capacity of carbon dioxide and molecular nitrogen 
modify the combustion of CH4. According to the dependency of the laminar flame speed 
on the diffusion coefficient (Eq. (3)), lower thermal diffusivity in the CO2 atmosphere 
influences the laminar flame speed. Different oxidizer compositions have effects on the 
chemistry itself. The dissociation of CO2 affects the production of carbon monoxide for 
higher temperatures (>1300 K) [1]. Nevertheless, a thermal effect on a laminar flame speed 
decrease was found as the major one by Benedetto et al. [4]. Carbon dioxide has a higher 
specific heat capacity than N2, so that the flame has much lower temperature comparing to 
the conventional combustion in air, for the same mole fraction of diluents in the oxidizer. 
Lower temperatures also have an impact on the combustion rate, which in conjunction 
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with a lower thermal diffusivity and changes in chemistry cause a big difference in laminar 
flame speed values (Table 4).

Tab. 4 Summary of laminar flame speed values obtained during present work for methane oxidation simulation 
in O2 = 21%/N2 = 79% and O2 = 21%/CO2 = 79% for various equivalence ratios, GRI Mech

Calculations for different mole fractions of CO2 and O2 in the oxidizer were performed 
in order to find the laminar flame speed, which was obtained during a detailed chemistry 
simulation of methane combustion in the environment similar to air. Adiabatic flame 
temperature and laminar flame speed variations with CO2 mole fractions in the oxidizer 
are presented in Fig. 2(a). Both parameters are decreasing with the CO2 mole fraction in 
the oxidizer. The correlation of the laminar flame speed with the CO2 mole fraction in 
the oxidizer is almost linear with a negative tangential factor, while the adiabatic flame 
temperature is more likely to be a parabolic function of CO2 in the oxidizer. A good 
agreement between present work and CH4 combustion simulation in Chemkin-Premix [4] 
can be observed. For both adiabatic temperature and laminar flame speed, compatibility is 
much better for higher mole fraction of oxygen in the oxidizer. For pure oxygen-methane 
flame the temperature reaches value at about 3050 K and laminar flame speed is in the 
order of 3,1 m/s.

Due to the flame stabilization, when an oxidizer is shifted from an air to a mixture 
of CO2/O2, achieving similar laminar flame speeds, for an oxy-fuel and a conventional 
combustion, is important. Carbon dioxide mole fraction in the oxidizer, for which values of 
the laminar flame speed is approximately equal to the values obtained during combustion 
simulation in N2/O2 environment, is equal to Xoxid

CO2=0,615, for the equivalence ratio around 
one (Fig. 2(b)). The further the mixture is from stoichiometric conditions the SL value 
disagrees more. The adiabatic temperature is elevated for the CO2/O2 case at about 250 K 
roughly.

Figure 3(a) presents laminar flame speed results for different basic oxidation mechanisms 
described in this report. A significant disagreement of this quantity is observed between 
the detailed mechanism and the J-L or the 2S-CM2 mechanisms (Fig. 3(a)). These reduced 
mechanisms were evaluated for fuel-air flames and this probably explains such a big 
divergence, when they are employed in oxy-fuel combustion calculations. Likewise, in 
the conventional combustion simulation with reduced mechanisms (Fig. 1(b)), the oxy-
fuel calculation of SL using the J-L mechanism preserves proper curve shape for different 
equivalence ratios, as well for the 2S-CM2 mechanism laminar flame speed is overestimated 
for fuel-rich mixtures.
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Fig. 2 Laminar flame speed and adiabatic flame temperature for p0=0,1 MPa, T0=300 K plotted against: (a) CO2 
mole fractions in oxidizer; results obtained by Benedetto et al. [4] (open symbols) and gained in present work 
during simulation of flame with GRI Mech (solid symbols); Φ=1,0, (b) equivalence ratio for conventional and 
for oxy-fuel combustion; GRI Mech

To improve the precision of reduced mechanisms, parameters from the Arrhenius 
equation (Eq. (1)) were readjusted (Tables 2, 3). For the J-L mechanism, two reactions 
have a major impact on the laminar flame speed: reactions 1 and 3 in Table 1. For both 
2S-CM2-JB2 and J-L-JB mechanisms, the agreement was improved considerably. However, 
for a fuel-rich mixture the difference between the detailed mechanism and reduced ones 
is still relatively big, especially for the 2S-CM2-JB2 mechanism. Therefore, a new 2-step 
scheme with PEA was created (2S-CM2-JB3). For oxidizer with 38,5% of oxygen mole 
fraction, a very good agreement between the GRI Mech and 2S-CM2-JB3 is achieved, 
after employing PEA, for a fuel-rich conditions (Fig. 3(b)).

Fig. 3 Comparison of the laminar flame speed results obtained for 38,5% of O2 in the oxidizer and p0=0,1MPa, 
T0= 300 K for: (a) GRI Mech, J-L, 2S-CM2 and two new mechanisms (J-L-JB and 2S-CM2-JB2);  (b) GRI 
Mech, 2S-CM2-JB2 and for mechanism that using PEA (2S-CM2-JB3).
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5. Conclusions

Two reduced mechanisms (2S-CM2 and J-L) have been tested for conventional air-
methane combustion. Whereas, found in the literature schemes (2S-CM2 and J-L) and 
refined ones (2S-CM2-JB2 and J-L-JB) were verified using detailed chemistry computations, 
for specified oxy-fuel conditions.

The oxidizer composition, which allows to achieve similar values of the laminar flame 
speed to those obtained for the conventional methane-air combustion, was evaluated to 
Xoxid

O2=0,385, Xoxid
CO2=0,615.

A large disagreement between values of the laminar flame speed obtained using the 
detailed mechanism (GRI Mech) and obtained for J-L and 2S-CM2 global schemes, for 
the oxy-fuel combustion, was found for freely propagating 1D laminar premixed flames. 

The prediction of laminar flame speeds were improved significantly, when new schemes 
(2S-CM2-JB2 and J-L-JB), created for specified oxidizer composition, were employed in 
simulations of methane combustion in CO2/O2.
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