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In this paper, a numerical method to extract rate coefficients of multi-step global reactions for 
combustion of hydrocarbon fuels with air regarding combustor operating conditions is presented and 
implemented. The numerical procedure is based on simultaneous interactions of two solvers including a 
solver for combustive field and another solver as numerical optimizer. A simple reactor solver, namely 
Perfectly Stirred Reactor (PSR) is employed as a solver for reactive flow, and chemical kinetics such as 
detailed, skeletal or reduced can be considered as benchmark mechanism. Considering rate coefficients 
of predefined multi-step global reactions as design variables for Differential Evolution (DE) optimizer 
and the difference between product concentrations obtained from benchmark mechanism and multi-step 
mechanism as cost function gives optimized values of rate coefficients regarding desired conditions. To 
confirm reliability and applicability of the present method, three different five-step models are 
generated for methane-air combustion under three different operating pressures (1.0, 6.28, and 30.0 
atm.) and equivalence ratio ranges between 0.4-1.0 for predicting NO and CO emissions. Product 
concentrations such as NO and CO and flame temperature obtained from the presented five-step 
mechanisms are in close agreement with results obtained from the full GRI-3.0 mechanism. A 
comparative numerical study by means of Computational Fluid Dynamics (CFD) code has been 
performed for a laboratory scale combustor employing the generated five-step model and an eight-step 
pressure-dependent global mechanism (suggested by Novosselov) under operating pressure of 6.28 
(atm.). 

Keywords:
Five step global mechanisms 
Differential evolution optimizer 
Perfectly stirred reactor 
Computational fluid dynamics 
Full GRI.3 mechanism  
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Fig. 1 Flow chart of the present analysis  
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Table 1 Base operating conditions 

Case 
No. 

 
(ms) 

 
(-) 

T0 
(K) 

P 
(bar) 

 
(kg/s) Ref. 

1 2.0 0.4-1.0 600 1.00 __ [1] 
2 4.0 0.66 573 6.50 0.46E-03 [16] 
3 2.0 0.6-1.0 600 30.0 __ [1] 

 
2     

Table 2 Base five-step* mechanism for natural gas combustion 
[13] 

No. Reaction Description Reaction Rate [mole/cm3/s] 
1 CH4+1.5O2 =>CO+2H2O A1[CH4]B

1[O2]C
1exp(-D1/Ru/T) 

2 CO+0.5O2 =>CO2 A2
 [CO]B

2[O2]C
2exp(-D2/Ru/T) 

3 CO2=>CO+0.5O2 A3[CO2]B
3exp(-D3/Ru/T) 

4 N2+O2 =>2NO A4 [O2]B
4[CO]C

4exp(-D4/Ru/T) 

5 N2+O2 =>2NO A5 T-0.5 [N2] [O2] exp(-D5/Ru/T) 
*This mechanism contains seventeen unknowns  

3   
30  : )    

Table 3 Rate coefficients of the five-step mechanism of natural 
gas combustion for operating condition with pressure of 30 atm. 
(units are moles, cubic centimeters, seconds, Kelvin) 

Re. No. A B C D 
1 2.46E+18 1.70986 0.596584 12276 
2 9.04 E+20 1.57258 1.786810 30594 
3 5.57 E+14 1.00381 --- 163184 
4 9.66 E+34 3.82085 0.245818 189571 
5 7.75 E+16 --- --- 41727 

  

  

Fig. 2 Convergence of the optimized five -step global 
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Fig. 3 NO concentrations versus  in  the  PSR  based  on  the  
generated five-step mechanism for methane-air combustion in 
the  PSR,  comparing  with  GRI  3.0,  KF, and  5-step of 
Mallampalli at = 2.0 ms, T0=600 K, P= 1.00 atm 
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Fig. 6 CO concentrations versus  in the PSR based on the 
generated five-step mechanism for methane-air combustion in 
the  PSR,  comparing  with  GRI  3.0,  KF, and  5-step of 
Mallampalli at = 2.0 ms, T0=600 K, P= 30.0 atm 
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Fig. 7 Flame temperature versus  in the PSR based on the 
generated five-step mechanism for methane-air combustion 
in  the  PSR,  comparing  with  GRI  3.0,  KF, and  5 -step of 
Mallampalli at = 2.0 ms, T0=600 K, P= 30.0 atm 
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Fig. 8 CO2 concentrations versus  in the PSR based on the 
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Mallampalli at = 2.0 ms, T0=600 K, P= 30.0 atm 

8    
  ..-3

 2.0 ms, T0=600 K, P 30.00 atm  
  

 
 ]13[ 

)   (
  .

 
 

   

Equivalence ratio

X CO
(%

)

0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1

GRI-3.0
Skeletal-Karalus
5step-Present
5step-Mallampalli

Equivalence ratio

Te
m

pe
ra

tu
re

(K
)

0.6 0.7 0.8 0.9 1

2000

2200

2400

2600

GRI-3.0
Skeletal-Karalus
5step-Present
5step-Mallampalli

Equivalence ratio

X C
O

2

0.6 0.7 0.8 0.9 1
0.04

0.05

0.06

0.07

0.08

0.09

0.1

GRI-3.0
Skeletal-Karalus
5step-Present
5step-Mallampalli

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
95

.1
6.

1.
29

.2
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
4-

20
 ]

 

                             7 / 10

https://dorl.net/dor/20.1001.1.10275940.1395.16.1.29.2
https://mme.modares.ac.ir/article-15-9227-fa.html


    

           

  

170  1395161  

  

Fig. 9 H2O concentrations versus  in  the  PSR  based  on  the  
generated five-step mechanism for methane-air combustion in 
the  PSR,  comparing  with  GRI  3.0,  KF, and  5-step of 
Mallampalli at = 2.0 ms, T0=600 K, P= 30.0 atm 
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Fig. 10 O2 concentrations versus  in the PSR based on the 
generated five-step mechanism for methane-air combustion in 
the PSR, comparing with GRI 3.0, KF, and 5-step of 
Mallampalli at = 2.0 ms, T0=600 K, P= 30.0 atm 
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Fig. 11. NO concentrations versus redial coordinate in the JSR 
at fixed axial position (13.46 mm) based on the generated five-
step mechanism for CH4-air combustion in the PSR, and eight-
step mechanism of Novosselov, comparing with the 
experiment and CFD simulation at = 4.0 ms, T0=573 K, 
P=6.28 atm 
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Fig. 12. CO concentrations versus redial coordinate in the JSR 
at fixed axial position (13.46 mm) based on the generated five-
step mechanism for CH4-air combustion in the PSR, and eight-
step mechanism of Novosselov, comparing with the 
experiment and CFD simulation at = 4.0 ms, T0=573 K, 
P=6.28 atm 
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