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Abstract - Natural gas gains popularity as primary fuel in Automobiles because of its low emission characteristics as 
compared to petrol and diesel powered vehicles. A clear understanding of evolution of in-cylinder pressure and temperature, 
as a function crank angle, resulting from the combustion of natural gas is a requisite before it is being used in internal 
combustion engines and, also, for future development of natural gas powered engines. Keeping this in view, in this study, 
numerical simulation of combustion of natural gas in an idealized spark ignition engine during the period from closure of 
inlet valve to opening of exhaust valve was carried out and the results were reported. The numerical simulations were carried 
using the commercial computational fluid dynamic software package ANSYS Fluent 16. The evolution of in-cylinder 
pressure and temperature resulting from the combustion process at different ignition timing, varying from 6 to 180 before 
Top Dead Centre (bTDC), was predicted numerically. Among the various ignition timing set to initiate combustion, the peak 
pressure and temperature was found to occur when the ignition timing was set at 100 bTDC. The numerically simulated flow 
and thermal fields at different time instances are presented and discussed. 
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I. INTRODUCTION 
 
The detrimental impact on the environment caused by 
the exhaust emission from the petrol and diesel 
powered internal combustion engines has led the 
researches to pay considerable attention to find 
suitable fuels that can substitute for petrol and diesel. 
Among various alternative fuels suggested, natural 
gas is considered to be a promising option due to its 
specific features such as low carbon content, lower 
price, clean burning quality, higher combustion 
enthalpy per unit mass than petrol or diesel, lower 
emissions of particulate (PM), nitrogen oxides 
(NOX), and carbon oxides. It is a known fact the 
power output of engines greatly depends on the heat 
release resulting from the combustion of fuels. A 
clear understanding of combustion of natural gas in 
internal combustion engines would enable us to 
obtain information about in-cylinder pressure and 
temperature developed during the piston motion, 
which in turn facilitates the estimation of heat release 
rate as a function of crank angle. 
 
The commercial computational fluid dynamic 
software packages have been widely accepted as a 
research tool for the combustion analysis of fuels in 
IC engines. H.Jasak et al.[1] simulated IC engines 
with STAR CD and COVISE CFD software. They 
developed a set of software tools to reduce the 
simulation time for flow and combustion calculations 
of IC engines, included template based mesh 
generator capable of producing mesh and associated 
mesh movement set up in 1-2 days. Nureddin Dinler 
et al.[2] used an axi-symmetric homogeneous charged 
spark ignition engine to study the fluid motion and 
combustion process. The effects of valve angle on the 
fluid flow and combustion are analyzed for constant 

air/fuel and compression ratios. It was found that, 
velocities and strength of tumble increases in-cylinder 
flow and due to increase in turbulence strength, the 
flame propagation is faster for small valve angles. 
 
Later, Arahanth et al.[3] conducted a work related to 
the modification of the C.I engine design for inducing 
turbulence by squish and tumble flows to improve the 
combustibility of the combustible mixture. This 
modification includes the formation of multi-
chambers on the piston crown. It consists of three 
small chambers at 120º apart. The C.I engine with 
multi-chamber piston at motoring condition has been 
analyzed through CFD using fluent software and the 
results obtained are compared with the base C.I 
engine. Some of the researchers tried simulation of 
combustion by using different fuels. Kota Sridhar et 
al.[4] used hexane fuel for the combustion. All, 
suction, compression, expansion and exhaust strokes 
of SI engine are simulated. The Discrete Phase Model 
is used for simulating fuel injection, evaporation, and 
droplet boiling.  Bhoobathi et al.[5] used CFD 
software to conduct the simulation of a diesel engine 
combustion process to predict the temperature 
distribution inside the cylinder and NOx emission 
with reference to crank angle variation in the 
expansion stroke. Rajesh Govindan et al.[6] carried 
out  CFD analysis of biodiesel fuel combustion using 
ANSYS fluent R14.5 software to study the effect of 
blending ratio on the combustion characteristics in CI 
engine and parameter such as in-cylinder pressure, 
temperature, heat release rate, etc were determined. 
Most recently Kannan et al.[7] used OpenFOAM 
CFD tool for combustion analysis. Results reported in 
this paper provide flow field data for Spark Ignition 
engines. Cold flow compression and combustion 
simulations were compared in terms of temperature 
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and pressure for various crank angle. The temperature 
contours plotted on a vertical plane inside the 
cylinder indicates the rise in temperature due to 
combustion. The overall results indicate that the open 
source CFD code OpenFOAM can be an ideal choice 
for engine designers. 
 
Literature study reveals that most of the earlier 
research work dealt with this CFD simulation of IC 
engine combustion using conventional fuels like 
diesel and petrol and limited studies were reported 
with biodiesel. The CFD simulation of natural gas 
combustion is quite scanty. Few researchers carried 
out combustion analysis on fixed volume rather than 
real time case. Simulation of combustion during the 
period from start of compression to the end of 
expansion stroke was not much addressed in earlier  
literature. In the present study, the principle objective 
is to perform simulation of combustion process in a 4 
stroke single cylinder SI engine operating with 
natural gas. The simulation of combustion during the 
period from a point of compression to a point of 
expansion where both the inlet and exhaust valve kept 
closed is analysed. 
 
II. ENGINE GEOMETRY AND 
COMPUTATION DOMAIN 
 
The CFD simulations of natural gas combustion are 
carried out in a four stroke spark ignition engine 
having compression ratio 9.5, operating at 7500 rpm. 
It is assumed that the inlet valve closure takes place 
when the piston has traversed a distance corresponds 
to 100 crank angle measured from the BDC during the 
compression stroke. Similarly, the exhaust valve is 
assumed to open when the position has reached to a 
position that corresponds to 100 crank angle prior to 
the BDC during the expansion stroke. This means 
that the simulations of in-cylinder combustion are 
carried out for the period from inlet valve closure 
(IVC) to exhaust valve opening (EVO). Stated 
differently, the flow of charge into the cylinder and 
out of the cylinder is omitted for purpose of 
simplifying the analysis. The evolution of the 
pressure and temperature resulting from the 
combustion of natural gas is central to the present 
study. Also, the piston head and the cylinder head are 
assumed to be of flat and the spark plug is located at 
the centre of the r-ө plane that corresponds to the 
cylinder head. There is no separate combustion 
chamber either on the cylinder head or piston head, 
and the charge is get compressed in the space 
enclosed by the piston head and cylinder at the end of 
compression stroke. The aforementioned assumptions 
make possible to carry out simulations in a two 
dimensional computation domain and the 
corresponding physical domain considered for the 
present numerical study is depicted in Fig. L. The 
cylinder wall, piston and cylinder head are made of 

aluminum and the fuel is natural gas consisting of 
90% methane. 
 

 
Fig 1(a). Schematic of the physical geometry 

 
Fig 1(b). Computational domain at the instant of start of 

charge compression 
 
III. NUMERICAL METHODOLOGY 
 
The fluent software employs finite volume based 
numerical method to solve the physical laws 
governing the turbulent combustion flows. The 
mathematical equations that represent the physical 
laws, namely continuity equation, momentum 
equation, energy equation and species transport 
equation, are solved numerically along with 
appropriate constitute relations. 
Continuity equation 

휕휌
휕푡 + 훻 ∙ (휌푢) = 0 

Momentum equation 

휌
휕푢
휕푡 + 휌푢.∇푢 = −∇푝 + ∇ ∙ 휏 + 휌 푌 푓  

Energy equation 

휌
휕푒
휕푡 + 휌푢.∇푒 = −푝∇ ∙ 푢 − ∇ ∙ 푞 + 휏:∇푢

+ 휌 푌 푓 .푉  

Species transport equation (k=1,…,N) 
 

휌
휕푌
휕푡 + 휌푢.∇푌 = ∇. (−휌푉 푌 ) + 휔  
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In the above equations [8], ρ is the mass density; u is 
the velocity vector; p is the pressure; fk is the body 
force associated with the kth species per unit mass; τ 
is the viscous stress tensor; Vk is the diffusive 
velocity of the kth species, where the velocity of kth 

species may be expressed as the sum of mass 
weighted velocity and the diffusive velocity, u + Vk; 
ωk is the kth species production rate; e is the mixture 
of internal energy, which may be expressed as 
푒 = ∑ ℎ 푌 − 푃 휌 ; q is the heat flux, which 
represent heat conduction, radiation, and transport 
through species gradients. In this study, the 
turbulence is modeled using the standard k-ε 
turbulence model and the transport equations of 
turbulent kinetic energy, k and its dissipation rate, ε 
are also solved along with aforementioned governing 
equations. The transport equations of k and ε are not 
shown here for brevity. Engine is made up of 
aluminum material. Piston wall (piston) is the moving 
boundary, Wall head and wall side are stationary. The 
entire boundary is considered adiabatic in nature. 
Initial cylinder temperature is kept fixed and its 
magnitude is 300K. In the first stage, cylinder 
pressure is equal to atmospheric pressure. After 
finding the best ignition time, inlet pressure is 
adjusted from 5Bar to 25 Bar and corresponding 
variations are noted. Mass fraction of methane and 
oxygen are 0.05506 and 0.2202 respectively 
(obtained from generalized equation of combustion of 
methane) 
CH4 + 2O2 +7.52N2               CO2 + 2H2O + 7.52N2 
Standard k-ε turbulence model is used as the viscous 
model and combustion analysis is conducted with 
eddy dissipation model. Chemical reaction used is 
volumetric in nature. Total time required for the 
whole process is 0.008seconds and is divided into 
340 time steps with a time step size 2.22e-5, each 
time step consist of 20 iterations. 
Grid independence study is conducted with 4 
different grid sizes 1mm, 0.75mm, 0.5mm, and 
0.25mm and percentage deviation in peak pressure is 
analyzed. Based on the above mentioned parameter 
0.5mm is selected as the best grid. 
 

 
Table 1. Grid independency study 

 
IV. RESULTS AND DISCUSSIONS 
 
The combustion performance is characterized by 
simulating the pressure and temperature developed 

inside the cylinder during the period of engine cycle 
when both intake and exhaust valves are remained in 
closed position. Initially, simulation was performed to 
predict the pressure and temperature variation with 
air as working fluid. This exercise has been done to 
verify the correctness of dynamic mesh 
implementation for capturing pressure and 
temperature variation effected by the piston motion 
during non-reacting flow. The pressure profile plotted 
against the crank angle is symmetrical about TDC, as 
expected. The symmetry of the pressure profile is the 
indicative of correctness of dynamic mesh 
implementation. 
 
Later, simulation of combustion process ensued due 
to the effect of ignition timing has been carried out. 
To study the effect of ignition timing on the 
combustion performance, simulations are carried out 
at different ignition timing while keeping the engine 
speed constant and the results of the simulations are 
presented graphically in Figs. 2 and 3. Figure 2 shows 
the variation of pressure developed inside the 
cylinder as a function of crank angle for different 
ignition timing. It is inferred from the figure that too 
early and late ignition of the fuel results in 
undesirable effects. Too early ignition timing results 
in abnormal combustion which in turn inhibits 
pressure and temperature to rise. On other hand, 
delayed ignition of the fuel causes incomplete 
combustion. 

 
Figure.3 Effect of ignition time on cylinder pressure 

 
Fig.4 Effect of ignition time on cylinder temperature 
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A close examination of Fig. 2 and 3 reveals that both 
pressure and temperature are at their peak value when 
ignition timing was set at 100 bTDC. It can be 
concluded from the simulations that for a given 
engine configuration and inlet conditions of the fuel, 
there exists an optimum value of ignition timing at 
which pressure and temperature are found maximum. 
In the present study, the optimum ignition timing is 
observed to be at 100 bTDC. A quantitative 
description of maximum value of pressure and 
temperature obtained corresponding to different 
ignition timing is presented in table 1. 
 

 
Table.1. Peak pressure and temperature at different ignition 

time 
Figures 5-7 depicts the simulated flow and thermal 
fields inside the cylinder at 1200 crank angle, 
measured from BDC (i.e. just before the ignition of 
fuel). Static pressure contour demonstrate that the 
stratification of fluid pressure is marginal. Fluid 
temperature is maximum at the vicinity of the piston 
head and the region far away from the piston is 
unaffected by the temperature change. The fluid 
circulation as shown in the stream line pattern favors 
enhanced mixing of the fluid, leading to provide 
favorable condition for the combustion. 

 
Fig 5. Contour of static pressure at 1200 crank angle 

 
Fig 6. Contour of stream function at 1200 crank angle 

 

 
Fig 7. Contour of static temperature at 1200 crank angle 

 
CONCLUSION 
 
Combustion of natural gas in a four stroke spark 
ignition engine was studied numerically to predict the 
variation of in-cylinder pressure and temperature as a 
function of crank angle. Graphical description of 
evolution of in-cylinder pressure and temperature 
resulting from the combustion of fuel during the 
period of rotation of the crank shaft from 00 to 3400, 
measured from the BDC, is presented. The pressure 
and temperature profiles plotted against the crank 
angle reveal that ignition timing play a key role in 
obtaining the maximum power out from the engine 
when it is operating at a given rpm and for a given 
inlet conditions of the fuel. In the present study, 
optimum ignition timing at which pressure and 
temperature are found maximum occurred at 100 
bTDC. Better understanding of the transport 
mechanism involved in the natural gas reacting flow 
is possible with the numerically simulated flow and 
thermal fields. The numerical methodology employed 
in the present study can be extended to the analysis of 
combustion of natural gas in practical engines 
wherein the configuration is of three dimensional in 
nature. 
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