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Abstract 
Natural Gas resources in Iran are located in wide range of area .We divided Natural Gas resources in Iran into 

3 categories according to the zone of extraction The quality of Natural Gas in each of these zones differs from 

each other .It’s better to know which zone of our country has the most appropriate of Natural Gas in quality 

for Internal Combustion Engines and other zones with less quality for domestic uses and export .Also it’s 

useful to know the combustion characteristics of Natural Gas from each zone of our country and rate of its air 

pollution in Internal Combustion Engines at different conditions .In this paper ,the Natural Gases of Iran are 

classified upon their chemical properties and heat rate and air pollution level in Internal Combustion Engines 

with the aid of governing equation and computer simulation from reference (8) ,we obtained Mean Octant 

Number and heating value per unit volume of Natural Gas extracted in each zone .Next we calculated heating 

value of Natural Gas per unit mass in each zone .It is found that the quality of Natural Gas from Nor thern and 

East-Northern zone of our country (called zone 3) has advantages for application in Internal Combustion 

Engines . 

 

1. Introduction 
Iran has the second rank among the countries of the world which has Natural Gas resources .Chemical 

characteristics of Natural Gas resources in Iran differs from each other .The Natural Gas in Iran are used for 

domestic applications and in Internal Combustion Engines .Due to the increasing of population and number of 

cars in Iran ,shortage of liquid fuel ,and increasing the air pollution level ,the Natural Gas has been used as an 

alternative fuel for Internal Combustion Engines . 

 

2-1. Natural Gas and its quality in Iran 
table (1) shows the calculated calorific values for various types of gasses {8} .The toxic gasses of 

burning CNG approximately equals to 10% of burning gasoline in Engines ,CO is about 20 to 80 percent less 

.Because the ratio of hydrogen to carbon in methane is high ,production rate of 2CO is less than other fuels . 

 
Calorific value of compounds forming Natural Gas 

 
Calorific Value 

(MJ/M
3

) 

Calorific Value 

(MJ/Kg) 

Methane 32.79 50.14 

Ethane 58.39 47.62 

Propane 83.54 46.45 

Butane 108.2 45.66 

Panthane 133.4 45.34 

Table (1) 

 

Considering plenteous resources of natural gas in Iran ,conformation of gas is related to location of its extraction 

.For this purpose ,3 kinds of analyses that are named Composition 1 ,Composition 2 and Composition 3 were 

compared with 100% methane gas ,that are respectively gases extracted from the center ,the southern and west 

southern and the northern and finally the east northern zone of  Iran {8} .Considering Motor Octant Number 

(MON) for molar fraction of components in gas in relation(1) and from research done ,the relation of critical 

compression for 3 analyses are given in table(3) 
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Percentage of compounds’ amplitude of Natural gases in different zones  

Northern and 

East-Northern Zone(3) 

Southern and 

West-Southern Zone(2) 

Central 

Zone(1) 
 

96.77 84.81 87.81 
4CH  

1.443 9.5 4.09 
62 HC  

0.455 3.61 1.25 
83HC  

0.099 1.03 0.26 
104 HCI   

0.174 0. 0.25 
104 HCN   

0.72 0.18 0.15 
125HCI   

0.06 0. 0.09 
125 HCN   

0.282 0. 0.12 
146 HC  

0.047 0.37 0.0 
2CO  

0.598 0.5 5.79 
2N  

Table (2) 

 
Some characteristics of Natural Gases in different zones 

 Zone(1) Zone(2) Zone(3) 

(MON) 
Motor Octant Number 

123 118 133 

Critical Compression Ratio <12.6 <12.4 <13 

Calorific Value
3/ MMJ  33.4 37.7 33.9 

Table (3) 

 

2-3. Modeling and governing relations 

NnONnNOnHnOnNOnOHn

NnOnHnCOnOHnCOnNOOHC ZYX

1321221110987

2625243222122 )(



 
        (2) 

Chemical formula for burning of Natural Gas is emplaced with method of calculating multi-componential 

fuels in equation (2) that for anaylisis of gases in each three zones are: 

 
Brief presentation of chemical combination of Natural Gas in different zones 

Zone(1) Zone(2) Zone(3) 

115.00375.4037.1 NOHC  01.0007.0375.42.1 NOHC  012.00009.076.4045.1 NOHC  

Table (4) 

 

From table(5) , we conclude that it’s better for us to consume natural gas in third zone of our country for 

using internal combustion engines and we’d better to extract natural gas in first  and second zone of our country 

for exportation and domestic consumptions, and the reason is that, although calorific value of  gas in zone 3 is 

less than gas in zone 2 in unit volume, considering  bulk modulus of elasticity(k=-dP/(dV/V)) is low order of  

magnitude and thus we don’t have serious volume restrictions to store natural gas, we must prefer heat value of 

natural gas per unit mass rather than it’s heat value per unit volume . 

 

3. Chemical Analysis of combustion chamber In CNG-based Internal Combustion 

Engines 

 
3-1.Terms and Equations governing 

In this chapter ,we introduce energy equations ,chemical equations ,chemical equilibrium equations 

,methods of solving nonlinear equations ,experimental relations for fuel injection in cylinder ,experimental 

relations for time and ignition delay and heat transfer . 

 

3-2.Energy Equation: 

In diesel engines, we can consider gasses in the cylinder as one open system and till intake and exhaust 

valves are closed ,flow of mass is from boundary of the system is only allowed by fuel injection and outgo from 

the gaps .Neglecting mass flows from the gaps ,we can write energy equation for the system as follows: 
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 d

dU
h

d

dt
m

d

dV
P

dT

dQ
ff 



 

In this equation ,
d

dQ
 is heat flow rate transferred from the system, )(

d

dV
P  is work rate done by the 

system by movement of boundary of the system, fm


 and h f  are respectively mass flow rate and enthalpy of 

fuel injected in the cylinder ,U is internal energy of gases inside the cylinder and   is angle of the crankshaft 

{4} & {7} .We can use this equation for all strokes except exhaust and induction stroke . 

 

Energy equation for induction stroke is as follows: 

 d

dH

d

dV
P

d

dU

d

dQ i           (1) 

And so energy equation for exhaust stroke is: 

 d

dH

d

dV
P

d

dU

d

dQ e        (2) 

In equations 1 and 2,Hi and He are respectively enthalpy of inducting and exhausting gases. 

 
3-3.Heat release analysis 

If we consider U and fh  as perceptible internal energy of gasses in the cylinder (U s ) ,then 
d

dQ
 equals the 

difference between chemical energy released resulted by burning fuel and heat transferred from cylinder 

enclosure .So we can write equation as follows: 

(3)
 d

dU

d

PdV

d

dQ

d

dQ

d

dQ shtchn  

 

In this equation nQ  is pure calorification , chQ  is total calorification in combustion chamber and htQ  is 

amount of heat transfer from cylinder enclosure. 

   Assuming gasses in cylinder as ideal gasses ,we can write equation 3 as: 

 d

dT
mc

d

dV
P

d

dQ
v

n        (4) 

 

And considering the state equation (PV=mRT) ,we have : 





 d

dP
V

d

dV
P

d

dQ n

1

1

1 



       (5) 

 

In the above equation ,  is the ratio of constant pressure specific heat to constant volume specific heat. 

(

min,

min,

v

p

C

C
 ) 

3-4.Chemical equation of Combustion {3} 

Generally ,we can consider chemical equation of combustion for a hydrocarbon fuel containing 13 retails in 

product of combustion as : 

NnONnNOnHnOnNOnOHnNn

OnHnCOnOHnCOnNOOHC ZYX

132122111098726

25243222122 )(



 
 

 

In equation 4-3 : 

X :factor of Carbon in the fuel                                      Y : factor of hydrogen in the fuel  

1n  to 13n  : molar coefficients 

  and   coefficients respectively equals: 

  :  is equivalence ratio and is ratio of product of ratio of fuel to real air,to product of ratio of fuel to absolute 

chemical air. 
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aA

F








 is mass ratio of fuel to real air. 

sA

F







  is mass ratio of fuel to absolute chemical air 




2
2

2 Z
Y

X 
                                    773.3                              

s

a

A

F

A

F



















  

3-5.Chemical Equilibriums 

In sense of GIBS function or free energy ,we must say this function is a criterion for equilibrium state 

sequent of combustion .We introduce this function as follows : 

TSHG   

For example we can consider a system initially formed from An  mole of substance A and Bn  mole of substance 

B : 

DCBA    

 

Assuming that the chemical reaction occurred in constant pressure and temperature . 

For the extension of Gibs function to chemical reaction ,first we consider a single phase chemical 

reaction(equal chemical reaction).Imaging of this subject as a gas phase is more advantageous ,but the principal 

of work for all phases is the same. 

Consider a reservoir  that contains 4 parts A ,B ,C ,D .These retail are possible to be 2CO , 2H  , CO , H  in 

equilibrium in constant  compression and temperature .The molar ratios of  each retail are shown by 

DCBA nnnn ,,, . Moreover the chemical reaction between these four retails are shown as follows: 

DCBA   (10) 

“v”s are stochiometry coefficients. 

We must emphasis that there is a bright relation between “v”s (stochiometry coefficients)in the relation 10 

while we can change easily the “n” ’s for each compound by changing  the amount of reservoir component .Now 

we check the equilibrium provision ,dGp,t  for equal chemical reaction .We suppose in the equilibrium ,when 

compression and temperature are constant ,the reaction progress tends slightly to the right of the equation. 

Thus numbers A and B increase and  C & D decrease .Now we show the degree of reaction with ε and define it 

as: 

    dnA=-vAdε                          (1_11)                                                            dnB=-νBdε                            (2_11) 

   dnC=-νCdε                           (3_11)                                                             dnD=-νDdε                           (4_11) 

                                                 

The change in the mol number of each fraction in one chemical reaction is obtained by multiplying 

stochiometry coefficient with degree of reaction .Also we check the change in Gibs function for this chemical 

reaction ,that go forward a value of dε to the right .For doing this ,we must use molar Gibs fractional function:                                                                                                           

dGT,P= G cdnc+ G DdnD+ G AdnA+ G BdnB                     (12) 

 

By replacing dnA with dnD in the above equation: 

dGP,T=(νC G C+νD G D-A G A-νB G B)dε                         (13) 

 

Where “G”s are shown as follows: 

G  i= g i˚+ T ln ai                                                                                            (14) 

 

By putting “G”s in the equation 13: 

dGT,P =[ νC( g C˚+ R T ln aC)+ νD( g D˚+ R T ln aD)] dε- 

[νA( g A˚+ R T ln aA)+ νB( g B˚+ R T ln aB)] dε              (15) 

 

Now express ∆G˚ as follow: 
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∆G˚= νC g C˚+ νD g D˚-νA g A˚- νB g B˚                            (16) 

 

Equation (16) shows that if the chemical reaction ,that contains stochiometry values for each fraction 

,completely perform  from left to the right of the equation ,thus ∆G˚ is changing in Gibs function .This equation 

shows that A and B at first are separated in temperature T and standard compression. ∆G˚  is only function of 

temperature.  

By rearranging equation (15): 

dGT,P = {∆G˚ + R T ln[aC 
ν
C aD 

ν
D aA

ν
A aB

ν
B]} dε    (17) 

 

In equilibrium dGp,t is equal to zero ,thus ,because dξ can take any value ,we have: 

ln[aC 
ν
C aD 

ν
D (aA

ν
A aB

ν
B )]=-∆G ( R T)                      (18) 

 

For simplicity: 

ln  K=-∆G ( R T)                                                    (19) 

 

Or: 

K= aC 
ν
C aD 

ν
D (aA

ν
A aB

ν
B )                                          (20)  

 

3-6.Heat of Combustion 

Fuel having Hydrogen and Carbon as their main constituents have a heating value intermediate between the 

heating value of Hydrogen (28600 Kcal/Kg) and that of Carbon (8050 Kcal/Kg) depending on the Hydrogen 

Carbon ratio of the fuel {5} . 

 Therefore ,the approximate heating value of a hydrocarbon may be expressed theoretically in terms of 

the percentage by weight of Hydrogen and Carbon or the Hydrogen Carbon ratio .Let C and H be the weight of 

Carbon and Hydrogen in Kg of fuel . 

cQ  [(% of 2H *28600) + (% of C*8050)]/100 

 

=       
100

8050*
1)/(

100*)/(
28600*

1

100





HC

HC

H

C

       =  

1
1

8050
28600





h

h  

Where h is hydrogen carbon ratio in the fuel (approximately 0.178 for internal combustion petroleum based 

fuel.)Only approximate heat value of fuel can be obtained by this method .Approximating heating value of 

natural gasses in Iran: 

In zone 1 of our country, consider the formula obtained, we have : 

 

115.00954.3037.1 NOHC                                                                                      

 kgkcalQ

hhQ

C

C

/243302444.24330

1/1//805028600



  

 

h=hydrogen carbon ratio=3.954/1.037 

 

Similarly, in zone 2 of our country, we have :  

 

01.00007.375.42.1 NOHC                                                                                 

 kgkcalQ

hhQ

C

C

/2418068161.24176

1/1//805028600



  

h=hydrogen carbon ratio=4.375/1.2 

 

And finally, in zone 3 of our country, we have : 

 

 012.00009.76.4045.1 NOHC              

   

 kgkcalQ

hhQ

C

C

/2490064599.24900

1/1//805028600



  

h=hydrogen carbon ratio=4.76/1.045 
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Generally, when two elements, say carbon and hydrogen, unite to form a compound, heat is evolved . the 

reverse process  of splitting up of the compound in to it’s elements require the expenditure of the same amount 

of heat.  

Therefore, the actual heat of combustion of a fuel , available as a chemical compound, will be less than the 

value obtain by this method by an amount equal to the expenditure of heat to split up the compound in it’s 

constituent . 

Now, we introduce the total approximate heating value of natural gas in each zone of our country  TQ         

TQ  (weight of hydrogen and carbon/total weight of gas) CQ   

And from Iupac table of elements (1989), we have: 

0067.14

9994.15

00797.1

01115.12









N

O

H

C
 

In zone 1 of our country, we have :                              

 

24330CQ  

     

 

   kgkcalQ

QQ

NOHC

T

CT

/2216002838.22159

0067.14115.000797.1954.301115.12037.1/

00797.1954.301115.12037.1

1

11

115.00954.3037.1







 

 

Similarly, in zone 2 of our country , we have :                                                                                          

24180CQ  

     

   kgkcalQ

QQ

NOHC

T

CT

/2386048341.23860

0067.14

01.09994.15007.000797.1375.401115.122.1
/

00797.1375.401115.122.1

2

22

01.0007.0375.42.1


















 

And finally, in zone 3 of our country, we have : 

012.0009.76.4045.1 NOHC                      24900CQ   

                                                                                           

 
















0067.14012.

9994.150009.000797.176.401115.12045.1
/

00797.176.401115.12045.1 CT QQ
 

 kgkcalQT /2464083215.24640   

 

4. Concept of solving nonlinear equations in order to obtain number in moles of each of 

parts resulted by combustion: 
Generally, we define chemical equation of combustion considering 13 molar part resulted by combustion as 

follows: 

 

NnONnNOnHnOnNOnOHnNnOn

HnCOnOHnCOnNOOHC ZYX

13212211109872625

243222122



 
 

For solving our unknowns ( 1n   to 13n ) in the above equation , we need 13 equations that 4 equations are 

obtained by mass balancing of elements carbon, oxygen , hydrogen and nitrogen in  The equation as follow : 

 

Mass balancing of carbon:                    
31 nnx   

Mass balancing of nitrogen:                 
131211876 222 nnnnnn          

Mass balancing of hydrogen:               
107422

2
nnnny   
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Mass balancing of oxygen:                  
12119875231 2222 nnnnnnnnn   

Other equations are obtained from following equilibrium: 

22 2/1 OCOCO                    2/1

1531 //  npnnnk  

222 2/1 OHOH                   2/1

2542 //  npnnnk  

22 2/1 HOHOH               2/1

2473 //  npnnnk   

NN 22                                    npnnk // 6

2

134
 

OO 22                                     npnnk // 5

2

95
 

HH 22                              npnnk // 4

2

106
 

  2222/1 NOON               2/1

65117 // pnnnnk   

ONNO 2222/1              2/1

56128 // pnnnnk   

NONO 222                       )./( 56

2

89 nnnk   

For solving above equations, we can use these methods: 

 

  1-newton Raphson method                                                                         2-successivesubstitution method 

3-combination of method 1,2 

 

4-2.Newton Raphson method 

The must usual method for solving nonlinear equations is Newton Raphson method.  

Then we consider N equations and N unknowns and write equations in the foregoing forms : 

 

 

In this method, we must solve partial derivatives of each of the last functions respect to every unknowns as 

follows : 

 































nnnn

n

n

ji

xfxfxf

xfxfxf

xfxfxf

xf

/......../.../

.

.

/......../.../

/........./.../

/

21

22212

12111

 

Newton Raphson Method for solving nonlinear equations in additional form is : 

 







n

n
i

j

i
j f

x

f
x

1

0  

Solving technique for this matrices system is : 

][][][ 1

i

j

i
j f

x

f
x 




                          kjkjkj xxx ,,1,   

It’s obvious that for solving the equations system ,we need to solve inverse matrices of the n*n matrices 

regarding accession in number of unknowns ,time involving for calculations would be long ,so we must Use 

another technique .Another restriction of this method in some equations is that answer are not in one range. In 

such equations, we need to use relaxation in order to avoid divergence factor.   

 

4-3.Successive Substitution 

When the equation is in the form that we can write unknowns according to each other . 

 

 

 

  0,.....,,

.

.

0,.....,,

0,.....,,

0,.....,,

21

213

212

211









nn

n

n

n

xxxf

xxxf

xxxf

xxxf
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This method doesn’t have a proper convergence when some variables are not zero .Considering equations 

systems noted when the equivalence ratio (that mentioned previously) is greater Than one or is approximately 

one , this method has an acceptable convergence . 

 

4-4.Method obtained by combining Newton Raphson method and Successive method 

To solve equations systems with this method , some of equations that are in one order are put in Newton 

Raphson group and some others that are in other orders, are put in successive method group .Regarding above 

subjects, to solve nonlinear equations system containing 13 molar parts in combustion reaction, we put first 7 

equations in Newton Raphson group and consequently we obtain 7 molar parts ratios with matrices inverse 

method time consumed for calculating decreases because we solve inverse of a 7*7 matrices rather than inverse 

of a 13*13 matrices .After obtaining coefficient of 7 molar parts in reaction equation from this method and 

replacing them into other 5 equations , we can obtain coefficients of other molar parts from successive  

substitution method. 

We define 1 to 7 functions as follows: 

     

0311  xnnF  

022 107422  ynnnnF  

022

0222

131211864

121198752313









nnnnnF

nnnnnnnnnF  

0/

0/

45226

35115





nnpnnKF

nnpnnKF  

0/ 74337  nnpnnKF  

 

Derivatives of functions 1 to 7 accordance to molar parts 1-13 are indicated in form of 

jiij nff  / .indices (i) is related the function number4 and indices (j) is related to the molar part number 

.Permanent coefficients that are related to first 4 equations are: 

1111 / nFf          
3113 / nFf         2/ 2222  nFf       2/ 4224  nFf       1/ 7227  nFf       

1/ 102210  nFf    2/ 1331  nFf      1/ 2332  nFf            1/ 3333  nFf        1/ 5335  nFf        

2/ 7337  nFf       1/ 8338  nFf        1/ 9339  nFf                 1/ 113311  nFf         1/ 123312  nFf         

2/ 6446  nFf      1/ 8448  nFf        1/ 114411  nFf          1/ 124412  nFf              1/ 134413  nFf  

 

And ratios of equations 5, 6, 7 are as follows: 

11551 / KnFf              npnnFf // 53553
 

355555 /2/1/ nnpnnFf          
22662 / KnFf                 npnnFf // 54664

 

455665 /2/1/ nnnpnFf      
32772 / KnFf   

744774 /2/1/ nnnpnFf   

447777 // nnpnnFf   

 

After obtaining first 7 unknowns with Newton Raphson method and replacing them in low equations, 

other unknowns are obtained: 

                          
6598 nnKn                     pnnKn /559

                               pnnKn /4610
 

                           npnnKn /65711
        npnnKn /56812

                          pnnKn /6413
 

Together with obtaining 13 molar parts in computations in one phase and apply convergence term that 

exerts as follows: 

  




13

1

2

,1,
i

kiki nnn                                        n <  

In the above equation, n  is very small and k indicates the iteration number. 

 

5. Conclusions: 
From the table(5) , we conclude that it’s better for us to consume natural gas in third zone of our country for 

using internal combustion engines and we’d better to extract natural gas in first and second zone of our country 
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for exportation and domestic consumptions, and the reason is that, although calorific value of  gas in zone 3 is 

less than gas in zone 2 in unit volume, considering bulk modulus of elasticity(k=-dP/(dV/V)) is low order of 

magnitude and thus we don’t have serious volume restrictions to store natural gas, we must prefer heat value of 

natural gas per unit mass rather than it’s heat value per unit volume . 
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Tables: 
Calorific Values per unit mass obtained by calculations 

  kgkcalQ C /   kgkcalQ T /  

Zone1 24330 22160 

Zone2 24180 23860 

Zone3 24900 24640 

 
 

 

 

 

 

 

 

 

 

From the table below ,we can choose appropriate  ’s and  ’s upon the temperature and other properties to 

analyze . 
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(Table obtained from {2}, Heywood’s Internal Combustion Engines Book) 

www.SID.ir

