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Hydrocarbon fuel is one of the most heavily used fuels. To optimize the engine performance 

and realize efficient use of hydrocarbon fuel, it is very meaningful to probe into the combustion 

mechanism of hydrocarbon fuel in the engine and examine the kinetics principles of the fuel 

in chemical reactions. In this paper, the chemical kinetics of hydrocarbon fuel was explored 

with the software CHEMKIN. The author constructed a kinetics model for methane in 

chemical reactions, and analyzed the main paths of chemical reactions in methane combustion. 

In addition, the elementary reactions in methane combustion were screened through sensitivity 

analysis, which focuses on the impacts of the methane concentration, air ratio and combustion 

products on the sensitivity features of the chemical reaction kinetics model. In this way, the 

main elementary reactions of methane combustion and the main components of the chemical 

reaction kinetics model were identified. The comparison between simulated and measured 

values show that the two values shared a similar trend, indicating that our simplified chemical 

reaction kinetics model can fulfill the requirements for practical application. The proposed 

method can be adopted for the numerical simulation of hydrocarbon fuel combustion in the 

engine.  

Keywords: 

hydrocarbon fuel, methane, numerical 

simulation, chemical reaction kinetics 

1. INTRODUCTION

Hydrocarbon fuel, one of the most heavily used fuels, has 

been widely adopted as the power fuel for machines and 

vehicles and the non-power fuel for boilers, catering and daily 

life [1-2]. An important field of application of hydrocarbon 

fuel is the engine. To optimize the engine performance and 

realize efficient use of hydrocarbon fuel, it is very meaningful 

to probe into the combustion mechanism of hydrocarbon fuel 

in the engine and examine the kinetics principles of the fuel in 

chemical reactions [3-4]. 

Computer numerical simulation is a low-cost technology 

capable of simulating various complex combustion conditions 

of hydrocarbon fuel. As a result, this technology has become a 

popular way to explore the combustion mechanism of 

hydrocarbon fuel [5-9]. Computer simulation has been 

frequently employed to construct the kinetics model of 

hydrocarbon fuel in chemical reactions, aiming to identify the 

chemical reaction rate of the fuel during combustion and the 

formation path of combustion products [10-13]. 

Due to the complex chemical composition of hydrocarbon 

fuel, multiple movements (e.g. swirl, tumble and turbulence) 

coexist in the combustion process within the engine. In this 

case, a full-scale model will be too time-consuming and 

compute-intensive to be applied in engineering practices [14-

15]. To obtain accurate and reliable simulation results, the 

actual kinetics mechanism of hydrocarbon fuel in chemical 

reactions must be simplified [16]. The existing simplification 

methods include principal component analysis (PCA),  

singular perturbation theory, adaptive list sequential sampling 

method, Shell model, Hu-Keck model, etc. [17]. All these 

approaches are based on ideal models, which have many 

hypotheses and idealized conditions. The computing results 

deviate far from the actual combustion results of hydrocarbon 

fuel. 

To solve the above defects, this paper creates a kinetics 

model for methane gas, a typical hydrocarbon fuel, in chemical 

reactions, and analyzes the effects of methane concentration, 

air ratio and chemical combustion products on the sensitivity 

features of the said model. The research conclusions provide a 

theoretical reference for the numerical simulation of the 

combustion process of hydrocarbon fuel in the engine. 

2. KINETICS MODEL FOR HYDROCARBON FUEL IN

CHEMICAL REACTIONS

2.1 Introduction to numerical simulation software 

The simulation software used in this research is CHEMKIN. 

As shown in Figure 1, the software mainly consists of data 

processors, program libraries and reactors. When using 

CHEMKIN software to calculate the chemical kinetics of 

hydrocarbon fuel, the user needs to firstly select a specific 

calculation module, then establish a reaction model of 

hydrocarbon fuel, pre-process the relevant parameters of the 

output parameters, solve the reaction model, and finally post-

process the output problem. 
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Figure 1. Structure of CHEMKIN 

 

2.2 Chemical reaction kinetics model 

 

The following hypotheses were made before the computer 

simulation of the combustion of hydrocarbon fuel in the engine: 

(1) The basic parameters (e.g. pressure and temperature) are 

distributed uniformly in the engine; 

(2) The thermodynamic parameters are only affected by the 

type of fuel and the temperature inside the engine; 

(3) There is no mass exchange with the outside during the 

reactions of the hydrocarbon fuel in the combustion chamber. 

Under the above hypotheses, the mass change rate of 

hydrocarbon fuel can be expressed as: 
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According to the first law of thermodynamics, we have: 
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                                                                         (2) 

 

where, P is the pressure in the combustion chamber; de is the 

unit internal energy of the material in the combustion chamber. 

Then, the total internal energy e can be obtained as: 
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Differentiating on both sides of the above formula, we have: 
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Finding the derivative to formula (2), we have: 
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Next, the average specific heat cv and p of the fuel in the 

engine can be respectively expressed as: 
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Substituting formula (6) into formula (5), we have: 
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The chemical reaction rate of the fuel in the engine can be 

described as: 
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Formula (8) can be rewritten as follows after the Taylor 

series expansion 
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where, Y is a variable function with respect to time; k is the 

parameter of chemical reaction rate. Formulas (8) and (9) 

make it possible to identify the character parameter that has 

the greatest impact on fuel combustion under uncertain factors. 

 

2.3 Chemical reaction paths of methane 

 

In this paper, methane, the most basic hydrocarbon fuel, is 

selected for the analysis on the chemical reaction mechanism 

in the fuel combustion process. Based on the theories of 

chemical reaction kinetics, the methane combustion process 

can be split into three paths: 

(1) The methane reacts with oxygen at high temperatures, 

producing intermediates like CO2, formic acid and 

formaldehyde. 

 

CH4     CH3

CH2O     HCO     CO     CO2

CH2     CH      C
 

 

(2) The carbon atoms in the methane aggregates into 

polymers like ethylene and ethane. 

 

3 2 6 2 5 2 4 2 3 2CH C H C H C H C H CH→ → → → →  

 

(3) The intermediates of methane combustion reacts with 

N2O and CN, forming NO2 and other final products. 

 

CH      HCN      HCO     NH      N      NO     N2O

HCNO

CN

N2O

N2

 

 

In actual combustion, the chemical reactions in combustion 

are affected only by some of the fuel components. Thus, the 

sensitivity of different components needs to be analyzed 
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before the simulation of fuel combustion, aiming to identify 

the main influencing components of the reactions and simply 

the kinetics mechanism of chemical reactions. 

 

 

3. TEST RESULTS AND ANALYSIS 

 

To begin with, the author investigated the component 

sensitivity of the chemical reactions in methane combustion. 

The elementary reactions in methane combustion are listed in 

Table 1. Here, different concentrations of methane are mixed 

with CO2 and subjected to combustion. The temperature 

sensitivity coefficients of the mixed fuels were measured. The 

statistical results are shown in Figure 2. 

The values in Figure 2 stand for the maximum sensitivity 

coefficients of the methane-CO2 mixtures in the combustion 

process. Obviously, R38 and R52 were the main exothermic 

and endothermic reactions in methane combustion, 

respectively. The combustion equation of methane can be 

expressed as: 

 

4 2 2 22 2CH O H O CO+ = +

  

It can be seen from Table 1 that the elementary reactions 

R38 and R52 were the main reaction process of the methane 

combustion, indicating that the chemical reaction rate of 

methane combustion is determined by R38 and R52. 

According to the Temperature sensitivities of the methane-

CO2 mixtures in Figure 2, the intermediate methyl (CH3) of 

methane production is mainly affected by H free radical. 

 

Table 1. The elementary reactions of methane 

 

O+H2<=>H+OHR3

O+CH4<=>OH+CH3R11

H+O2+N2<=>HO2+N2R36

H+OH+M<=>H2O+MR43

H+CH3(+M)<=>CH4(+M)R52

H+HCO<=>H2+COR55

OH+CH3<=>CH2+H2OR97

OH+CO<=>H+CO2R99

HO2+CH3<=>OH+CH3OR119

2CH3<=>H+C2H5R159

HCO+M<=>H+CO+MR167

O+CH3<=>H+H2+COR284

Equation

O+CH3<=>H+CH2OR10

H+O2+H2O<=>HO2+H2OR35

H+O2<=>O+OHR38

H+HO2<=>O2+H2R45

H+CH4<=>CH3+H2R53

H+C2H4(+M)<=>C2H5(+M)R74

OH+CH4<=>CH3+H2OR198

OH+CH2O<=>HCO+H2OR101

2CH3(+M)<=>C2H6(+M)R158

HCO+H2O<=>H+CO+H2OR166

HCO+O2<=>HO2+COR168

EquationNo. No.
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Figure 2. Temperature sensitivities of the methane-CO2 mixtures 

 

Figure 3 presents the temperature sensitivities of methane at 

four different excess air ratios. In general, R38 had the highest 

positive sensitivity under the four air ratios. This is because 

free radicals O, H, -OH play a major role in methane 

combustion: these free radicals destroy the macromolecular 

bonds in the methane, pushing up the thermal decomposition 

and heat release of methane. 

In addition, when methane had a heavy presence in the gas 

mixture, lots of methyl was produced, and the maximum 

negative sensitivity appeared in R52; otherwise, few methyl 

was produced, and the maximum negative sensitivity appeared 

in R35, which consumed more H than any other elementary 

reaction. 

Figure 4 displays the temperature sensitivities of different 

chemicals at the air ratio of 1.0. From the CH4 results in Figure 

4(a), it is known that the elementary reactions with negative 

sensitivity, namely, R11, R38, R53 and R97, were the leading 

influencers of methane concentration. These elementary 

reactions produced the main free radicals among the 

intermediaries of methane combustion, and increased the 

concentration of the active centers. Moreover, R35 and R52 

served as elementary reactions with positive sensitivity. Both 

consumed the free radicals in the chemical products, thus 

preventing the formation of methane. It can be seen from 

Figure 4(a) that the elementary reactions with negative 

sensitivity had much larger sensitivity coefficients than those 

with positive sensitivity. That is why the mass of the methane 

combustion system gradually declined in the later stage. 
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Figure 3. The temperature sensitivities of methane at four different excess air ratios 

 

R38 R99 R52 R166 R53 R284 R98 R97 R35 R119

(d)Sensitivity analysis of CO concentration

Elementary reaction

S
e
n
si

ti
v
it

y
 c

o
e
ff

ic
ie

n
t

R52 R98 R35 R101 R53 R166 R97 R99 R119 R38

(c)Sensitivity analysis of OH concentration

Elementary reaction

R38 R99 R119 R97 R166R284R167 R45 R35 R52

(b)Sensitivity analysis of O2 concentration

Elementary reaction

-2.0
R38 R98 R53 R99 R101 R97 R119R284 R35 R52

(a)Sensitivity analysis of CH4 concentration

Elementary reaction

S
e
n
si

ti
v
it

y
 c

o
e
ff

ic
ie

n
t

S
e
n
si

ti
v
it

y
 c

o
e
ff

ic
ie

n
t

S
e
n
si

ti
v
it

y
 c

o
e
ff

ic
ie

n
t

-1.5

-1.0

-0.5

0

0.5

1.0

0.4

0.2

0

-0.2

-0.4

-0.6

-0.8

-1.0-3

-2

-1

0

1

2

3

4

5

6

-10

-8

-6

-4

-2

0

2

4

 
 

Figure 4. The temperature sensitivities of different chemicals at the air ratio of 1.0 

 

As shown in Figure 4(b), the elementary reactions R35, R45 

and R52 had positive sensitivity coefficients to O2, and exerted 

a major impact on the increase of O2 concentration. By 

contrast, R38 and R99 had negative sensitivity coefficients to 

O2, i.e. the O2 content will plunge rapidly with the growth in 

the reaction rates of R38 and R99. Figure 4(b) shows that the 

positive sensitivity coefficients were greater than the negative 

ones, which contributes to the gradual reduction of O2 during 

the combustion process. 

As can be seen from Figure 4(c), all elementary reactions 

were highly sensitive to OH. Among them, R38 (positive 

sensitivity) and R52 (negative sensitivity) were the top two 

influencers of OH concentration. The amount of OH free 

radicals was gradually on the rise, as the sensitivity coefficient 

of R38 was greater than that of R52. 

Figure 4(d) reveals that R38 and R52 significantly promoted 

the CO consumption. Since the sensitivity coefficients were 

relatively small, the CO concentration was reduced at a slow 

rate. 

According to above analysis, the combustion reactions of 

methane were further screened. It is confirmed that elementary 

reactions R35, R38, R52, R97, R99 and R168 are important 

parts of methane combustion, while hydrogen, methyl, ethyl, 

nitrogen, nitric oxide, water, carbon monoxide, carbon dioxide, 

nitrogen dioxide and free radicals like O, H, N and CH are the 

main components of the chemical reaction kinetics model for 

methane combustion. 
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Figure 5. The variations in engine internal pressure, temperature and main products with air ratios 

 

Figure 5 records the variations in engine internal pressure, 

temperature and main products with air ratios. The solid and 

dotted curves are respectively the simulated value and the 

measured value. It can be seen that the trend of the simulated 

value basically agreed with that of the measured value. Under 

different air ratios, the simulated engine pressures and 

temperatures deviated from the measured results by about 2%, 

while the simulated values of the four main chemical products 

were basically the same as the measured values. Hence, 

simplified chemical reaction kinetics model proposed in this 

paper can fulfill the requirements for practical application. The 

proposed method can be adopted for the numerical simulation 

of hydrocarbon fuel combustion in the engine. 

 

 

4. CONCLUSIONS 

 

In light of the combustion features of hydrocarbon fuel, a 

chemical reaction kinetics model was constructed for methane 

gas, a typical hydrocarbon fuel. Then, the computer simulation 

was employed to analyze the impacts of the methane 

concentration, air ratio and combustion products on the 

sensitivity features of the chemical reaction kinetics model. 

The simulated results were compared with the measured 

results of engine combustion products. The comparison proves 

the effectiveness of our simplified chemical reaction kinetics 

model. The research conclusions are as follows: 

(1) The chemical kinetics of hydrocarbon fuel was explored 

with the software CHEMKIN. The author constructed a 

kinetics model for methane in chemical reactions, and 

analyzed the main paths of chemical reactions in methane 

combustion. 

(2) The elementary reactions in methane combustion were 

screened through sensitivity analysis, which focuses on the 

impacts of the methane concentration, air ratio and combustion 

products on the sensitivity features of the chemical reaction 

kinetics model. It is confirmed that elementary reactions R35, 

R38, R52, R97, R99 and R168 are important parts of methane 

combustion, while hydrogen, methyl, ethyl, nitrogen, nitric 

oxide, water, carbon monoxide, carbon dioxide, nitrogen 

dioxide and free radicals like O, H, N and CH are the main 

components of the chemical reaction kinetics model for 

methane combustion. 

(3) The comparison between simulated and measured 

values show that the two values shared a similar trend, 

indicating that our simplified chemical reaction kinetics model 

can fulfill the requirements for practical application. The 

proposed method can be adopted for the numerical simulation 

of hydrocarbon fuel combustion in the engine. 
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