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In this study, the effects of hydrogen and CO addition on the laminar flame speed 
and flame instabilities of CH4/air mixture are investigated experimentally and 
numerically. Results show that laminar flame speeds increase almost linearly 
with the addition of hydrogen, which is mainly caused by the increase of the 
flame temperature and the thermal diffusivity of the mixture. However, it de-
creases with the increase of the pressure, which is mainly due to the increase of 
the mixture density and the enhancement of the termination reactions. The hy-
drodynamic instability is increased with the increase of hydrogen ratio and pres-
sure, which is due to the reduction of the flame thickness. With the increase of 
hydrogen fractions and pressure, the Markstein lengths decrease obviously, 
which means the flame instability is enhanced. The addition of CO has little effect 
on the flame speeds and flame instabilities. 
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Introduction 

With the rapid development of the world economy and the increase of the global en-

ergy demand, air pollutants have become the major problems for the sustainable development 

of human society. Therefore, all countries in the world attach great importance on the clean 

alternative fuel researches. China is now in a period of rapid economic growth, and the envi-

ronmental problems are particularly prominent. That is because coal is the main source of en-

ergy supply in China and the vast majority of coal is used to generate heat and power through 

direct burning, which produces great air pollutions. Therefore, exploiting and using of clean 

and high efficient coal combustion technology is imminent for China. The coal gasification 

technology, which is not only a clean combustion technology, but also a high efficient way 

for the utilization of coal resources, has a great potential for development. Coal gasification is 

the process of producing syngas, which is a mixture consisting primarily of CO, hydrogen 

(H2,) and CH4, [1]. The synthetic gas was a popular alternative fuel in the gas turbine industry 

[2], and it can be used as fuel for the other internal combustion engines [3]. Due to the small 

lower heating value, synthesis gas can be blended with natural gas to achieve a higher thermal 

efficiency in combustion engines [4]. In addition, the natural gas has been recognized as the 

world's most practical alternative fuel [5]. The syngas composition can vary widely depending 

on the different types of raw materials and the methods of gasification process. Therefore, in 

–––––––––––––– 
* Corresponding author; e-mail: ljie@bjtu.edu.cn 



Zhang, N., et al.: On the Laminar Combustion Characteristics of Natural… 2078 THERMAL SCIENCE: Year 2018, Vol. 22, No. 5, pp. 2077-2086 

order to design a flexible combustion system, it is necessary to investigate the fundamental 

combustion properties of the fuel mixture, such as flame instability and laminar flame speed, 

over a wide range of compositions. 

Laminar flame velocity, Sn, is one of the key fundamental parameters in combustion 

theory to reflect the combustion characteristics of the mixture. Moreover, it is an important 

parameter to confirm and develop the chemical reaction mechanisms. In particular, research-

ers investigated the effect of CO2 addition on the laminar burning velocity and flame stability 

of H2-CO mixtures [6]. Other researchers studied the effect of nitrogen (N2) addition on the 

laminar flame speed of H2/CO/O2 mixture [7]. The laminar flame speeds of H2/CO mixtures 

at high pressures were investigated [8]. A detailed chemical kinetic mechanism for H2 and 

H2/CO (syngas) mixtures had been updated [9]. In addition, laminar flame speeds, and mech-

anism validation for CH4/H2 blends at elevated pressures were carried out [10]. Zhang et al. 
[11] studied the effects of H2 addition on the laminar flame speed of syngas by using three 

different kinetic mechanisms. The addition of H2 can increase the flame temperature and 

change the transport characteristics of the mixture, which enhance combustion intensity [12]. 

The addition of CO was directly involved in the chemical reaction through the elementary 

reaction OH + CO ↔ H + CO2, which had a suppression effect on the combustion process 

[13]. Many research efforts have been devoted to the Lewis numbers, which has the important 

influence on the flames of the combustion [14]. Downstream interactions between lean pre-

mixed flames with mutually different fuels of syngas and CH4 were numerically investigated 

[15]. More recently, the effect of CH4 addition on laminar flame speed and the cellular insta-

bilities of syngas were investigated [16]. High multimode combustion instability was ob-

served under certain particular compositions of H2/CH4/air mixture [17]. Most of these previ-

ous works deal with limited H2 and CO fractions in syngas composition. However, the lami-

nar burning velocity of CH4/H2/CO/air mixture under wider range of H2 and CO fractions has 

not been sufficiently clarified. 

From an academic point of view, H2 has much higher reactivity, lower density and 

higher diffusivity than any other hydrocarbons (HC), the addition of H2 will have an obvious 

effect on the flame propagation velocity and instability. Moreover, the chemical reaction 

characteristics and physical properties of CO are different with that of H2. In addition, CO is 

the intermediate substances in the HC combustion process. Therefore, further analysis should 

be conducted to investigate the effect of H2/CO addition on the combustion characteristics of 

CH4/air mixture from the chemical and physical properties. 

Experimental methodology 

and technique 

In this section, the experimental set-up, fuel/air mixture preparation process, data 

processing method, and the numerical method will be given. 

Experimental set-up 

The major components of the equipment include the mixture prepare system, con-

stant volume combustion bomb, high speed Schlieren system, ignition system and the vacuum 

pumping system, as shown in fig. 1. The diameter and length of the cylindrical combustion 

chamber are 100 mm and 240 mm, respectively. The diameter and thickness of the two quartz 

windows installed on both sides of the vessel are 140 mm and 50 mm. The mixture was ignit-

ed by a couple of electrodes that are centrally located in the combustion vessel with the igni-

tion energy of 80 mJ. 
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The Red Lake MotionPro X4 Plus 

high speed digital camera was used to 

capture the flame propagation with the 

resolution of digital flame photographs 

setting as 512 × 512 pixels at 5000 frames 

per second. Each flame diameter was de-

termined with an accuracy of ±2 pixel. 

The error of measured radius has its max-

imum value of 4% at small radius (ru = 5 

mm) and the minimum value of 0.92% at 

large radius (ru = 25 mm). The combustion 

pressure was recorded by using the Kistler 

6061B pressure transducer. The accuracy 

of pressure sensor is ±0.05 bar. A type K 

thermocouple with an accuracy ±1 K was 

used to measure the initial temperature and the variation in initial temperature was 298 ± 2 K. 

Thus, the relative error in initial temperature is 0.67%. 

Fuel/air mixture preparation 

In order to study the effects of syngas addition on the combustion characteristics of 

the natural gas/air mixtures, different H2 and CO mole fractions were used in the mixture. In 

this experiment, CH4 was used to represent natural gas, and H2/CO mixture was used to repre-

sent syngas. 

Moreover, in order to make the Sn-RH plot appear as a linear relation in the subsequent 

data processing, the equivalence ratio and the H2 ratio were redefined as eqs. (1) and (2): 
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where Ci is the molar concentration of the i component, for example, (CCH4/CA)st = 0.105, 

(CCO +CA)st = 0.42, (CH2/CA)st = 0.42. 

In each experiment, the stoichiometric mixture is used. When preparing gas mixture, 

the molar concentration of CO and CH4 is first defined, and then the volume fractions of H2 

and air can be obtained according to eqs. (1) and (2). 

The mole fractions of CO in the fuel are defined as eq. (3): 
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The fuel composition used in the 

experiments and calculations can be 

found in tab. 1. 

The normalized sensitivity 

coefficient with respect to the laminar 

flame speed can be calculated with eq. 

 

Figure 1. Schematic representation of the 

experimental set-up 

Table 1. Fuel composition used in the experiments 

 
Fuel composition 

RH CO/(CO + CH4) CH4/(CO + CH4) 

0% CO 0.1-0.5 0 100 

15% CO 0.1-0.5 15 75 

30% CO 0.1-0.5 30 70 

45% CO 0.1-0.5 45 55 
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(4), which provides quantitative understanding how the flame speed depends on the chemical 

kinetics in the model: 

i

sen,R

i

A X
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X A
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where Ai is the A-factors of the reaction rate coefficients, and X is the flame speed. 

Data processing method 

For the spherical propagate flame, the stretched flame velocity, Sn, which reflects the 

flame propagation speed relative to the chamber wall, is derived from the flame radius versus 

time [18], which can be calculated by eq. (5): 

u
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where ru is the radius of the flame measured from the Schlieren photograph and t is the time 

after the ignition. The flame stretch rate, representing the expanding rate of flame front area, 

can be simplified as eq. (6): 
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In the early stage of flame expansion, where cylinder pressure has little changes, 

there is a linear relationship between the stretched flame speed and the flame stretch rate, that 

is in the form of eq. (7): 

l n bS S L    (7) 

where Lb is the Markstein length of the burned gas. The simple relationship links the un-

stretched burning velocity to the unstretched laminar flame speed was eq. (8): 

b
l l
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where ρb/ρu is the density ratio, ρb and ρu are the densities of the burned and unburned gases, 

separately. 

Numerical method 

The PREMIX code was employed to calculate the speed of the freely propagating 

premixed laminar flame [19]. In addition, the CHEMKIN II [20] and TRANSPORT [21] 

subroutine libraries were integrated in the code. Moreover, the multi-component diffusion 

coefficients, thermal conductivities and thermal diffusion were used in the transport model. 

The convective terms and the diffusive terms were calculated by windward difference and 

central difference, respectively. The unburned mixture temperature was set as 298 K with the 

pressures of 1 bar and 3 bar. The solution was obtained with the curvature and gradient values 

of 0.025 and the grid points were over than 500. The beginning and end of the computational 

boundary were set as x = −2.0 cm and x = 10.0 cm, respectively. 

Generally, GRI-mech 3.0 mechanism was used to simulate the combustion of 

CH4/air mixture. When the fuel is changed from single fuel to triple fuels mixture, the predict-

ed flame speeds of CH4/H2/CO air mixtures were consistent with the experimental data at lean 

to stoichiometric conditions. However, the deviations were more obvious at rich flames [22]. 

Therefore, a modification of the reaction rates of the key reactions in the GRI-mech 3.0 
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mechanism is needed to improve the flame speed prediction. So, in the following discussion, 

the new modified GRI-mech 3.0 model with 11 updated reaction rates will be employed, 

which can be found in our previous research [23]. 

Results and discussion 

In order to investigate the effects of H2 and CO addition on the characteristics of the 

CH4 laminar flame, the flame speeds of CH4/H2/CO air mixtures with Xco from 0 to 0.45 and 

RH from 0.10 to 0.50 were investigated in this study under the pressures of 1 bar and 3 bar. 

Figures 2 and 3 show the experimental and calculation laminar flame speeds with 

various H2 and CO mole fractions under pressures of 1 bar and 3 bar. Although there are some 

difference between the experimental results and the predicted ones, the trends of the measured 

and computed laminar flame speeds showed good agreement. In addition, the results indicate 

that the calculated laminar flame speeds increase almost linearly with the increase of RH. 

However, a noticeable bending is shown in the experimental result, which is also found by 

other researchers [24]. Figures 2 and 3 also show that as the initial pressure increases, the 

flame speed decreases, which is mainly due to the increase of the mixture density. 

According to the classic combustion theory, the flame temperature and the thermal diffu-

sivity have significant effect on the laminar flame speed. Therefore, the flame temperature 

and the thermal diffusivity with different H2 and CO mole fractions are provided in figs. 4 and 

5. The flame temperatures of the mixture increase with the addition of both H2 and CO mole 

fractions. The tendency is almost the same as the flame speed vs. H2 and CO fractions. The 

thermal diffusivity increases obviously with the addition of H2. However, the addition of CO 

has almost no effect on the thermal diffusivity. Therefore, the addition of H2 will increase 

both the flame temperature and the thermal diffusivity of the mixture, which will promote the 

flame speed. The dominant effect of CO addition on the flame speed is through the thermal 

  

Figure 2. Experimental and theoretical values of the flame speed under 1 bar 

  

Figure 3. Experimental and theoretical values of the flame speed under 3 bar 
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aspect. Furthermore, the flame temperature increases with the increase of pressure, while the 

thermal diffusivity decreases when pressure increase. 

The 20 elementary reactions exhibiting the largest normalized sensitivity coefficient 

with respect to the laminar flame speed are shown in fig. 6, where fig. 6(a) is at 1 bar and fig. 

6(b) is at 3 bar. The main chain branching/propagating elementary reactions are H + O2 <=> 

O + OH, OH + CO <=> H + CO2, OH + H2 <=> H + HO2, and H + HO2 <=> 2OH. In addi-

tion, the major chain termination reactions are H + CH3 + M <=> CH4 + M and H + O2 + M 

<=> HO2 + M. The chain branching/propagating reactions produce H, O and OH radicals, 

which will promote the combustion process and increase the flame speed. However, the chain 

termination reactions will reduce the radical concentrations and suppress the oxidation pro-

cess, which will reduce the flame speed. Furthermore, the branching/propagating reactions are 

two-body reactions, which are temperature-sensitive reactions. While the termination reac-

tions are three-body reactions and they are temperature insensitive. Thereby the branching 

and termination reactions can be enhanced relative to each other by increasing the adiabatic 

flame temperature and system pressure, respectively [25]. This is the other reason for the 

flame speed reduction under high-pressure conditions. 

There are three main mechanisms influencing the flame stability of the laminar 

flame, namely, the hydrodynamic factor, the diffusional thermal factor and the buoyancy-

driven factor. Where the hydrodynamic instability, also called as the Landau-Darrieus insta-

bility, is caused by the density jump across the flame. The changing of the flow velocity due 

to the thermal expansion makes the local velocities of the approach flow and the flame speed 

no longer balance each other. Since all combustion processes are accompanied by thermal 

expansion, the hydrodynamic instability is always present. Nevertheless, this factor only ap-

peared when the flame propagates to a certain condition. Such as the flame radius is large eno- 

  

Figure 4. Calculated flame temperatures under different 

CO and H2 mole fractions 

  

Figure 5. Calculated thermal diffusivity under different 
CO and H2 mole fractions 
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ugh to have an effect on the flame propagation stability. The diffusional thermal instability is 

caused by the preferential diffusion of the mass near the flame front face relative to the heat, 

which is mainly determined by the premixed gas of the reaction components. A flame is dif-

fusively stable if it is abundant in the more mobile reactant. The buoyancy-driven instability 

occurs in the flame front when negative density stratification has appeared in the same direc-

tion as the body force. It is only occurring when the flame propagation rate is very slow, such 

as near the combustion limit. 

Figures 7(a) and 7(b) com-

pare the cellular instabilities in 

CH4-syngas-air flames at the same 

Xco dilution ratio under different 

pressures. As shown in figs. 7(a) 

and 7(b), at low pressure condi-

tions, no flame instabilities have 

appeared with different H2 mole 

fractions. However, at high pres-

sure conditions, flame instabilities 

have appeared with the same H2 

mole fractions as the low pressure 

conditions. Moreover, with the 

increase of H2 fraction, the cellular 

flame structure is enhanced and 

more cracks appear in the flame 

surface. These cracks will be 

transformed into the un-stable 

cellular structure, which will ac-

celerate the flame speed. Howev-

er, there are no flame instabilities 

at low to high pressure conditions 

with the increase of CO mole 

fractions, as shown in figs. 8(a) 

and 8(b). This means that the addi-

tion of CO has little effect on the 

flame instabilities of the CH4-

 
(a) 

 
   (b) 

Figure 6. Normalized logarithmic sensitivity coefficients of the laminar  
flame speed 

 
(a) 

 
(b) 

Figure 7. Schlieren photographs of CH4-syngas-air flames 

with different RH 

 
(a) 

 
(b) 

Figure 8. Schlieren photographs of CH4-syngas-air flames 
with different CO mole fractions 
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syngas-air flames. During the flame speed extraction process, the flames with radiuses less 

than 25 mm were used to minimize the effect of the cracks on the flame speeds. 

The hydrodynamic instability is enhanced with the decrease of flame thickness 

and an increase of density ratio. Therefore, the calculated flame thicknesses under different 

H2 and CO mole fractions and pressure conditions are shown in figs. 9(a) and 9(b). It is 

shown that the flame thickness decrease slightly with the increase of H2 fraction. The pres-

sure increase has a much remarkable effect on the reduction of flame thickness, which will 

significantly promote the hydrodynamic instability [26]. In addition, the addition of CO has 

less influence on the reduction of flame thickness compared with the addition of H 2, which 

means it has little effect on the flame instability. Moreover, fig. 9 shows that the density 

ratio increases slightly with the increase of H2 and CO fractions, which reduces the hydro-

dynamic instability. However, the density ratio reduces slightly with the increase of the 

pressure, which promotes the hydrodynamic instability. This indicates that the main reason 

for the increase the instability of the combustion with the increase of the initial pressure is 

the reduction of the flame thickness. 

The Markstein length represents the effect of the flame speed on the flame stretch 

rate. For a negative Markstein length flame, the flame speed increase with the increase of the 

stretch rate. Any protuberance occurs on the flame front will enhance the flame instability 

[22]. Figure 10 plots the measured Markstein lengths of the premixed flames as a function of 

RH at the initial pressures of 1.0 and 3.0 bars. With the increase of H2 fractions, the Markstein 

lengths decrease obviously. In addition, the Markstein lengths become negative when the RH 

larger than 0.3 under the pressure of 3 bar, which means the flame instability is enhanced. The 

Markstein lengths of the flame decrease slightly with the addition of CO, and it decreases 

obviously with the increase of pressure. 

 
(a) 

 
             (b) 

Figure 9. Theoretical flame thickness and density ratio under different pressures 

 

(a) 

 

         (b) 

Figure 10. Markstein lengths of the premixed flames under different pressures 
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Conclusions 

In this study, the effects of H2 and CO addition on the laminar flame speed and 

flame instabilities of CH4/air mixture were investigated experimentally and numerically at 

room temperature under different pressures. The results obtained are summarized as follows. 

 Comparisons of the predicted flame speed with the measured data indicate that the trends of 

the measured and computed laminar flame speeds showed good agreement. In addition, the 

results indicate that the calculated laminar flame speeds increase almost linearly with the 

increase of RH. However, a noticeable bending is shown in the experimental result. 

 The flame temperatures of the mixture increase with the addition of both H2 and CO mole 

fractions. The thermal diffusivity increases obviously with the addition of H2. However, 

the addition of CO has almost no effect on the thermal diffusivity. Furthermore, the flame 

temperature increases with the increase of pressure, while the thermal diffusivity decreas-

es when pressure increase. 

 Sensitivity analysis was performed to identify the dominant reactions with respect to the 

laminar flame speed. It is found that the branching and termination reactions can be en-

hanced relative to each other by increasing the adiabatic flame temperature and system 

pressure, which is the other reason for the flame speed reduction under high pressure 

conditions. 

 At low pressure conditions, no flame instabilities appeared with different H2 mole frac-

tions. However, at high pressure conditions, flame instabilities have appeared with the 

same H2 mole fractions as the low pressure conditions. Moreover, with the increase of H2 

fraction, the cellular flame structure is enhanced. However, no flame instabilities ap-

peared at low to high pressure conditions with the increase of CO mole fractions. 

 The flame thickness and Markstein length decrease with the increase of H2 fraction; the 

pressure increase has a much more remarkable effect on the reduction of flame thickness 

and Markstein length, which will significantly promote the hydrodynamic instability. The 

addition of CO has little effect on the flame instabilities of the CH4-syngas-air flames. 
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Nomenclature 

A ‒  flame area, [m2] 

Ai ‒  A-factors of the reaction rate coefficients 

Ci ‒  molar concentration of 

the i component 

Lb ‒  Markstein length of burned gases 

RH ‒  H2 ratio 

ru ‒  radius of the flame, [mm] 

t ‒  time, [s] 

Sl ‒  unstretched flame speed, [ms−1] 

Sn ‒  stretched flame speed, [ms−1] 

ul ‒  unstretched laminar burning velocity, 

[ms−1] 

X –  flame speed 

Greek symbols 

α  ‒  flame stretch rate, [s−1] 

F  ‒  equivalence ratio 

ρb ‒  density of burned gases, [kgm−3] 

ρu ‒  density of unburned gases, [kgm−3] 
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