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Abstract— In this paper, the combustion process occurred in a compressed natural gas  (CNG)  homogeneous charge 
compression ignition (HCCI) engine  is simulated and analyzed by using a zero-dimensional single zone model presented. 
The investigation was performed on a single cylinder of the four stroke engine running at a fixed speed of 3400 rpm.  In this 
investigation, a zero-dimensional modeling has been developed to predict the inlet temperature and pressure for complete 
combustion in CNG (HCCI) engine.  The mass, energy and hemical species conservation equations are solved by the 
constant volume approach.  According to the  investigating, compression ratio 11  , equivalence ratio   0.5 and fuel additives  
0.13% are optimum combustion condition for CNG (HCCI) engine at correct ignition time 9ms.  The molar fraction of 
chemical species for reactant of these engine are also presented in this paper.  
  
Index Terms—Formaldehyde, HCCI, Ignition Time, Molar Fraction, Natural Gas  
 
I.  INTRODUCTION  
 
The using of the fossil fuel internal combustion 
engines can pollute the environment by producing 
harmful gases.  Therefore, many researchers are 
trying to find the new engine or technology to protect 
these problems. Many types of alternatives fuels 
available in the world, it can protect and friendly with 
the environment, high power and efficient in fuel 
consumption. Compressed natural gas (CNG) is 
regarded as one of the most promising alternative 
fuels. It is composed primarily of methane (CH4)[7].  
With the great attention to energy availability today, 
much effort has been directed to development for 
substituting carbon-based oil fuels.  Several 
advantages related to natural gas utilization in terms 
of engineering application are its higher thermal 
efficiency and lower exhaust emissions including 
CO2 due to the higher octane level and lower ratio of 
carbon and hydrogen ratio, respectively. Furthermore, 
CNG is also a cleaner fuel than gasoline or diesel in 
terms of emissions.  The emissions of particulate 
(PM), nitrogen oxides (NOx), and carbon oxides 
could be significantly reduced for natural gas 
compared to traditional hydrocarbon fuels[3].  The 
trend towards converting gasoline and diesel vehicles 
to use CNG is still popular in Myanmar, compared to 
more developed western countries. Myanmar has 
since resoled to do more researches and experiments 
to use alternative fuels like natural gas.   
In IC engine,  combustion  is a key process of 
converting chemical energy to heat which is 
ultimately converted to mechanical energy to derive 
in  engine. Due this combustion, chamber which 
provides the driving force to pressure and 
temperature suddenly raise within the engine push the 
piston back to produce the motion in the automobile. 
In literature, it is reported that many research groups 
recently have been working on natural gas-fuelled 
engines worldwide via experimental work or through 

simulation studies and formaldehyde is one the most 
common additives which has been utilized in many 
researches [6].      
Kentaro et al. showed that formaldehyde strongly 
affects production/consumption rate of hydroxyl 
radicals and therefore it can be used to control the 
combustion of an CNG (HCCI) engine. Numerical 
results of Morsy et al. have indicated the effects of 
using formaldehyde on advanced autoignition in 
natural gas fuelled engines. Mansha et al. has 
implemented the oxidation mechanisms of methane in 
IC engine and predicted the combustion temperature 
and pressure in the combustion chamber of the IC 
engine.  In another study, the authors developed the 
kinetic mechanisms of CNG and simulation based 
investigation of CNG combustion was carried out 
Chen et al. figured out formaldehyde would reduce 
the exothermic of low temperature combustion 
reaction of diethyl ether and therefore leads to 
advanced combustion[5].  
In the present study the COMSOL Multiphysics 4.3b 
and MATLAB are used to model complex 
combustion phenomenon in compression ignition 
HCCI (CNG) engine. This paper utilized a single 
zone zero dimensional model to investigate the 
effects of using formaldehyde as an additive on 
performance of a single cylinder engine. High 
computational speed, appropriate precision for 
calculating parameters such as start of combustion, 
compression ratio , equivalent ratio, molar fraction  of 
the species  are the main reasons of using this model. 
The effects of formaldehyde on temperature and 
pressure trend of incylinder mixture, start of 
combustion and engine performance characteristics is 
described in detail. The studies have been done for 
different initial temperatures and pressures of inlet 
air/fuel mixture and also included the engine 
compression ratio and equivalent ratio.  
 
II. FUEL ADDITIVE  
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Natural gas is well suited to the HCCI combustion 
concept because of minimal mixture preparation 
requirements and chemical stability. Many 
compounds such as propane,  butane, hydrogen 
peroxide, and formaldehyde are used as an additive in 
natural gas fuelled (HCCI) engines. Formaldehyde is 
the simplest aldehyde  in organic compounds 
category with chemical  formula CH2O. It is one of 
the intermediate species of natural gas combustion 
mechanism.  It can increase the combustion reaction 
rates when used as an additive.  Formaldehyde is 
categorized as a hazardous material and it should be 
used under tight legislations[2].  
 
III.  MATERIALS AND METHODS  
 
A. Thermodynamic model  
A zero dimensional single zone model including 
detailed chemical kinetics has been developed for 
thermodynamic modeling of an engine. The main 
assumptions of the model can be expresses as:  

 The  thermodynamic system is the cylinder 
contents which are assumed to be spatially 
homogeneous, of constant composition, and 
to obey the ideal gas equation of state;  

 Most of the other thermodynamic properties 
(including pressure and temperature) vary 
only with time (crank angle) and are 
spatially uniform;  

 Only the closed cycle from inlet valve close 
to exhaust valve close  has been considered 
in the model;  

 The mixture  is thoroughly homogenous at 
inlet valve close;  

 The blow-by is assumed to be zero;  
 
The IC Engine model is appropriate for a closed 
system, representing the time between intake valve 
closure and exhaust valve opening in the engine 
cycle. Conventionally, the engine cylinder events are 
expressed in crank rotation angle relative to the top 
dead center (TDC). Natural gas fuels, on the other 
hand, readily produce homogeneous mixtures and 
have the potential to serve as HCCI fuels[8]. This 
model represents the combustion cylinder with a 
perfectly mixed batch system of variable volume. 
Single zone models  are widely used because of their 
low computational requirements, accurate prediction 
of start of combustion.  [8].  
  
B. Execution of mass and energy balance equation  
This model solves the mass and energy balances 
describing the detailed combustion of methane in a 
variable volume system[9]. The mass balances 
describing a perfectly mixed reactor with variable 
volume are summarized by,   

 

 
where: ci represents the species concentration 
(mol/m3), V is the cylinder volume (m3) and Ri 
denotes the pecies rate expression (mol/(m3·s)).  
For an ideal gas mixture, the reactor energy balance 
is,  

 
where: Cp,i is the species molar heat capacity 
(J/(mol·K)), T is the temperature (K), and p gives the 
pressure (Pa). Hj is the enthalpy of reaction 
(J/(mol·K)), and  rj  equals the reaction rate (mol/ 
(m3·s)). Qext denotes heat added to the system (J/s) 
[7].   
Now, there is a need for another equation to enclose 
the differential equations system. The volume is 
change as a function of time is described by the 
slider-crank equation,  
  

 
where: V is the cylinder volume (m3), Vc gives the 
clearance volume (m3), CR equals the compression 
ratio, and  R denotes the  ratio of the connecting rod 
to the crank arm (Lc/La) , N is the engine speed in 
rpm. The crank angle α (rad) which is also a function 
of time,  

  
where: N is the engine speed in rpm, D is the cylinder 
bore (cm) and S is the stroke length (cm).  
To complete the model setup, all that remains is to 
define the initial conditions. In this model, methane is 
combusted under lean conditions, that is, supplying 
more than the stoichiometric amount of oxidizer. The 
stoichiometric requirement of the oxidizer (air) to 
combust methane is found from the overall reaction:  

  
The increased reactivity observed in the presence of 
CH2O is explained by the opening of a new chemical 
pathway leading  to the formation of hydroxyl 
radicals. Specifically,  
CH2O reacts with O2 to produce H2O2 [4]:  
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where: Equivalent ratio, ER for this model set, Pinit 
and Tinit are the initial pressure and the initial 
temperature are variable model parameters. Initial 
temperature and pressure are needed to calculate the 
initial concentration in Equation (16). Moreover, 
these are also needed for energy balance to calculate 
the time rate of change of species concentration in 
Equation (7) and mass balance to work out the initial 
temperature and pressure as a function of time in 
Equation (5). Coupled equations (5), (7), (8) and (16) 
are used by finite difference method in COMSOL 
Multiphysics.  
 
IV.  RESULTS AND DISCUSSIONS  
 
The specification of engine for this research is 
presented in the Table 2.  

TABLE II 
Specifications of the engine 

 
In IC (CNG) engine, combustion process 
phenomenon was characterized by using the 
COMSOL Multiphysics 4.3b simulation profiles of 
in-cylinder pressure, temperature and compression 
ratio and equivalence ratio variations during engine 
cycle with fuel additive. The piston starts at bottom 
dead center (BDC) and reaches top dead center 
(TDC) after 8 ms.  
  
A.  Comparison of with and without adding 
formaldehyde condition  
The influence of inlet air-fuel temperature and 
pressure without adding formaldehyde (CH2O) were 
studied. From this attention, Fig. 1 and 2  show  the 
pressure and temperature trend for  temperature, 
TIVC  is 400 K at inlet valve closed (IVC). As seen 
in the figures, the maximum temperature and pressure 
are 860 K and 2.1 MPa at ignition delay time is 9ms 
when top dead centre (TDC).  

 
Fig. 1 Cylinder pressure as a function of time (without 

formaldehyde) 

The influence of inlet air-fuel temperature pressure 
for the case ,when 0.13% formaldehyde (CH2O) is 
added to the fuel are considered compared to Fig 1 
and 2. Fig. 3and 4 show the sudden increase in the 
pressure and temperature trend for the  temperature, 
TIVC  is 400 K by formaldehyde addition.  
  

 
Fig. 2 Cylinder temperature as a function of time (without 

formaldehyde) 
  
The results are shown that the cylinder pressure is  
2.1 MPa in Fig 1 and the cylinder pressure is increase 
to 4MPa in Fig 3. Also show the cylinder temperature 
is 860K in Fig 2 and temperature increase to 2600 K 
in Fig 4 at TDC at the same ignition time 9 ms, 
because of 0.13% CH2O added to the fuel which can 
increase the combustion reaction rates.  
  

 
Fig. 3 Cylinder pressure as a function of time (with 

formaldehyde, 0.13%) 
   

  
Fig. 4 Cylinder temperature as a function of time (with 

formaldehyde,  0.13%) 
     
The results in the  subsequent  graphs show the 
species molar fractions of N2, O2, CH2O and CH4  
during the combustion of methane. Fig. 5 is the 
equivalent species plots for the case when pure 
methane is combusted. Fig. 6 shows molar fraction 
plots for the case when 0.13% CH2O is added to the 
fuel.   
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Fig .5 Molar fraction of species as a function of  time (without 

formaldehyde) 
 

 
Fig .6 Molar fraction of species as a function of  time (with 

formaldehyde, 0.13%) 
  
B. Parametric study  
Parametric studies were conducted in order to 
investigate the influence and the interaction of each 
parameter, so as to optimize the combustion 
temperature and pressure for complete combustion. 
Three important parameters of the natural gas (HCCI) 
engine such as compression ratio, equivalent ratio  
and  , fuel additive are also contained to optimize 
thermodynamic consequence of the natural gas 
engine.   
  
1)    Effect of compression ratio  
For a detailed study on the effects of compression 
ratio on the combustion condition of CNG engine, 
Fig. 7 and 8 show the pressure and temperature trends 
for  five different compression ratios.  As seen in the 
figures, increasing the compression ratio will increase 
the cylinder gas pressure, temperature, and mixture 
concentration at the end of the compression stroke. 
This speeds up the chemical reactions, resulting in 
increases  the burning rate and the thermal efficiency.  
  

 
Fig. 7  Incylinder pressure variation for five different 

compression ratio at IVC 

 
Fig. 8 Incylinder temperature variation for five different 

compression ratios at IVC 
 
From these results, it can be seen that the ignition 
delay decreases with increasing compression ratio 
and obviously seem that the value of compression 
ratio 11 is suitable at ignition time 9ms.The ignition 
delay time can be evaluated from the compression 
ratio gradient. Furthermore the combustion 
phenomenon is highly concerned to compression ratio 
and it can be used as a control parameter. The CR has 
a large influence on the engine performance, 
combustion, and emissions.  
  
2)     Effect of equivalent ratio  
The equivalence ratio of a fuel/air mixture is 
concerned to the fuel composition. In this paper, the 
composition of natural gas is considered as the major 
composition used in 100% methane, and another case 
in 87% methane and 13% formaldehyde.  Fig 9 and 
10 are shown  the combustion pressure and 
temperature trends as the function of the ignition time 
for five different equivalence ratio which means that 
the lean mixture and rich mixture in the engine 
cylinder.   
  

 
Fig. 9 Incylinder pressure variation for five different 

equivalent ratio at IVC 
 
The results show that the maximum combustion 
pressure and temperature are obtained in lean mixture  
condition but,the combustion temperature and 
pressure are decrease  in rich mixture  condition. In 
this research, the value of equivalence ratio 0.5 is 
fulfilled to search out the required pressure and 
temperature values at proper timing.  
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Fig. 10 Incylinder temperature variation for five different 

equivalent ratio at IVC 
  
3)   Effect of formaldehyde addition  
Formaldehyde has a lower autoignition temperature 
in comparison to other natural gas components, 
therefore it is logical that using formaldehyde as an 
additive would advance the CNG engine combustion. 
 

 
Fig. 11 The effects of using formaldehyde on pressure trend 

  
Fig. 11 and 12  show the effects of adding 0%, 0.1%, 
0.13%,1% and 5% formaldehyde on the pressure 
trends and temperature trends at no combustion case 
(TIVC  = 400 K). Results show that without adding 
formaldehyde to natural gas  on  will lead to 
combustion whereas the natural gas would not 
individually ignite in this condition. With 0.1% 
additive, the combustion starts at nearly TDC, which 
does not seem appropriate but adding more 
formaldehyde would end in more advanced 
combustion. As seen in the figure, start of combustion 
will occur by adding 1% formaldehyde which is 1ms 
earlier in comparison to 0.1% additive usage.  
   

 
Fig. 12 The effects of using formaldehyde on temperature trend 
 
Increasing inlet mixture temperature is a common 
path to achieve autoignition in CNG engines but 

increasing inlet temperature would lead to lower 
volumetric efficiency and less amount of entering 
fuel. Lowering inlet mixture temperature would 
significantly lead to lower NOx emissions.   
 
CONCLUSIONS  
 
In this paper, the numerical analysis of  an internal 
combustion engine fueled with CNG has been studied 
with using COMSOL Multiphysics 4.3b and 
MATLAB. The results of this study show that the 
developed single zone zero dimensional model can 
predict the start of combustion in CNG (HCCI) 
engine with appropriate uncertainty and it is suitable 
for comparative on studies.   
In Myanmar, there have no studies systematically 
investigated the combustion process in CNG engine. 
Therefore, in present research, numerical modeling of 
combustion process in CNG engine has been done 
systematically. This model can be used in successful 
prediction of engine cycle operating parameters as a 
function of time and hence contributing in the 
upgrading of CNG engine for more efficient usage. 
The temperature and pressure of inlet mixture 
strongly affects the combustion of CNG (HCCI) 
engine. And then, in this research, compression ratio 
11 and lean mixture condition (equivalence ratio = 
0.5) is suitable provision at acceptable timing. In 
most literature, ignition timing range is (8ms~12ms), 
so ignition timing 9ms is satisfied in this model. For 
future work, detail analysis  of combustion processes 
in CNG engine will be carried out as well as the flow 
analysis in the combustion chamber.  
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