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Abstract  
 The aim of this research is to simulate the combustion process for 
methane using different heat transfer models combined with various fuel 
injection techniques to better understand the combustion process and heat 
transfer process inside IC engine which reflect on the engine efficiency. The 
simulation has been carried out using Lotus Engineering software. This 
model solves the nonlinear momentum and continuity equations to satisfy the 
conservation of mass and the conservation of momentum laws. In this 
analysis a single cylinder four stroke SI engine has been simulated. The fuel 
used in the simulation is methane. Two fuel systems have been investigated 
port injection and direct injection. The Wiebe heat release curve has been 
used. Two widely used for SI engines heat transfer models presented in the 
simulation, Annand and Woschni. The intension in this paper is to study the 
effect of various fuel systems and heat transfer models on engine efficiency 
for different engine speeds. Moreover, the evaluation of the heat transfer 
models for natural gas SI engine will be tested. Brake power, mean effective 
pressure, specific fuel consumption, brake thermal efficiency, and heat 
transfer rate were calculated and discussed to show the effect of varying heat 
transfer models and fuel systems on engine efficiency.  

 
Keywords: SI engines, alternative fuel, heat transfer, engine modeling, fuel 
systems 
 
Introduction 
 The overall performance of IC engine is the result of various 
interactions processes inside the engine. These processes are very 
complicated and not fully investigated. The heat transfer inside the engine is 
one of the most complicated processes due to the rapid change pressure and 
temperature inside the engine. The first model for engine heat transfer has 
been presented by Nusselt (Nusselt, 1923) assuming a steady heat flux which 
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can be obtained by averaging the surface temperature with time. The 
modified correlation of Nusselt's formula was presented by Brilling (Brilling, 
1958) and Van Tyens (Van Tyens, 1962) who changed the mean engine 
speed correlation. The first experiment to measure the instantaneous heat 
flux has been done by Eichelberg and modified by Pflaum (Pflaum, 1961). 
This model is suitable for low speed engine. Two widely used heat transfer 
models for SI engines are Annaned (Annaned, 1963) and Woschni (Woschni, 
1967). Both models are based on steady turbulent convection heat transfer. 
Zero-dimensional models  assumed  the  same  heat transfer coefficients for 
all  the  heat transfer  surfaces  in  the  cylinder. Multi-dimensional  modeling  
offers  the ability  to  model  the  gas  side  fluid  mechanics  and combustion 
(Borman, 1987). The lack of full measurements engine parameters and 
detailed data concerning combustion process and heat transfer phenomena 
are the major problems to carry out engine experiment (Borman, 1987). The 
control of engine emissions and reduction of fuel consumption have added 
new challenges that automobile companies have to satisfy. Many solutions 
have been proposed by researchers to reduce engine pollution and increase 
performance one of them is to use an alternative fuel for both gasoline and 
diesel engine (Karim, 1996). Many studies have presented the performance 
of SI engines with blend hydrogen - gasoline fuel (Hoehn & Baisly, 1975; 
Sher & Hacohen, 1989; Hacohen & Sher, 1989) and hydrogen - natural gas 
fuel (Ghazal, 2013; Raman & Hansel & Fulton 1996; Nagalingam & Duebel, 
1983; Das, 1996; Annand & Balamurugan, 2005). To gain the maximum 
benefits from the alternative fuel combustion a suitable heat transfer model 
should be used. Many researchers had investigated the effect of different heat 
transfer models on SI engine operating with alternative fuels. Demuynck 
(Demuynck, 2011) had studied the applicability of Annand and Woschni 
heat transfer models for hydrogen fuel operating with SI engine conditions. 
They evaluated both models theoretically and experimentally. They 
concluded that the presented models are not suitable for using with hydrogen 
fuel because of the lack of some parameters that affect heat transfer in 
hydrogen engines but are suitable for fossil fuel with appropriate calibrations 
(Demuynck, 2011). Lounici (Lounici, 2011) have investigated various heat 
transfer models for natural gas engines using two-zone model approach. The 
Hohenberg, Woschni, Sitkei, Annand, and Eichelberg models have been 
presented and compared. They concluded that Hohenberg model is the more 
accuracy model for the simulation natural gas heat transfer process. 
Moreover, the Eichelberg equation is also an acceptable one (Lounici, 2011). 
 In this paper, to avoid the costly engine prototype a simulation model 
has been built and investigated. Recently, the professional simulation tools 
provides very important detailed information about the processes occur 
inside the engine than it is possible to obtain experimentally saving time and 
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cost.  Using methane for SI engine as an extra and clean fuel, improve 
overall engine performance, fuel consumption, and pollutant production. It 
provides better conditions for soft run of the engine and can increase engine 
durability (Szwaja, 2009). The objective of this study is to find out the effect 
of the different fuel induction technique and different heat transfer models on 
SI engines performance fueled with methane. The results show that the use 
of Woschni heat transfer model for the SI engine with methane fuel is 
recommended for all engine speed because it has high brake power, high 
thermal efficiency and lower fuel consumption. It has a good agreement with 
heat transfer model for gasoline fuel. 
 
Simulation model 
 For the purpose of analysis a single cylinder spark ignition engine 
model has been designed. Both fuel systems (port injection and direct 
injection) combined with Annand and Woschni heat transfer models have 
been tested. The combustion process employed a single zone combustion 
model (Ferguson & Kirkpatrick, 2001; Baur, 2001; Stone, 1990). The heat 
release rate can be defined using Wiebe model. The Wiebe model defines the 
mass fraction burned as: 

 
 
         (1) 
 

 Two widely used heat transfer models, Annaned and Woschni are 
presented and compared [16, 6]. Both models are based on steady turbulent 
convection heat transfer (Borman, 1987). 
 
Annand model  
 This model based on Reynolds number which is based on the piston 
speed. Annand proposed that gas properties must be taken as the bulk mean 
temperature instead of the average temperature (Borman, 1987). 
 The connective heat transfer model proposed by Annand is defined as 
(Annand, 2005): 

Recyl BhD
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k
=

                           (2) 
 Where: h = heat transfer coefficient [W/m2 K]; A= Annand open or 
closed cycle coefficient = (0.2 for port injection and 1.1 for direct injection); 
B = Annand open or closed cycle coefficient = (0.8 for port injection and 0.7 
for direct injection); k = thermal conductivity of gas in the cylinder 
[W/m.K]; Dcyl = cylinder bore; and Re = Reynolds number based upon 
mean piston speed and the engine bore (Ghazal, 2013).  
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 The heat transfer per unit area of cylinder wall is defined as: 

( ) ( )4 4
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 Where: C = Annand coefficient. 
 
Woschni model 
 Woschnie was used a heat balance to determine the total heat 
transferred to the combustion chamber walls for each process of engine cycle 
(Woschni, 1967).  
 The connective heat transfer model proposed by Woschni is defined 
as:     
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 Where  
 h = heat transfer coefficient [W/m2 K], A, B, C, D = Woschni 
coefficients, P, T, V = cylinder pressure, cylinder temperature, cylinder 
volume respectively, pistonU  = mean piston speed, swirlU = mean swirl 
velocity, socT , socp , socV = cylinder gas temperature, pressure, volume at start 
of combustion, motorp = motoring cylinder pressure 
 The motoring cylinder pressure is given by: 
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 Where 
 G = Woschni ratio of specific heat  
 Thus the heat transfer per unit area of cylinder wall is defined as: 

)6()( wallgas TTh
F

dQ
−=  

 The engine geometry data are shown in Table (1). The test is carried 
out for methane as a mean fuel. The engine speed is varying between 1000 – 
6000 rpm. The brake power, brake torque, brake thermal efficiency, and fuel 
consumption were calculated and analyzed. The fuel properties are illustrated 
in the table (2). The spark initiation 16o bTDC and kept constant for all tests. 
The equivalence ratio φ = 1 for all simulations.  
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Table (1) engine geometry             Table (2) fuel properties 

 
 
 

                   
Results and discussion 

 
Fig. 1 Brake power for different fuel systems, heat transfer      Fig. 2 Brake mean effective pressure   
models and engine speed for methane                          for different fuel systems, heat                                                                                                           
                                                                                                         transfer models, and engine speed                                                                                                             
            

       
Fig. 3 Brake thermal efficiency for different engine speed      Fig. 4 Fuel consumption for different fuel  
fuel systems, and heat transfer models                                      systems, and heat transfer models 
                      
 For the running conditions shown above, the simulation has been 
made for different fuel systems and heat transfer models. Figure (1) presents 
the brake power versus engine speed for different fuel systems and heat 
transfer models for methane. It shows that methane has the maximum brake 

Bore 87 mm 
Stroke 84 mm 
Connecting rod length 130 mm 
Compression ratio 11 
Max. intake valve lift 8.5 mm 
Max. exhaust valve lift 8 mm 
IVO angle 17o bTDC 
IVC 62o aBDC 
EVO 37o bBDC 
EVC 21o aTDC 

parameter methane 
Relative density [kg/litr] 0.00074 
Calorific value [kJ/kg] 46280 
Molecular mass [kg/kmol] 17.423 
H/C ratio 3.87 
O/C ratio 0 
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power with Woschni model comparing with the Annand model which is in 
agreement with (Demuynck, 2011). This is because of Annand coefficients 
variations which should be calibrated for each engine run and the lack of 
some important parameters to precisely describe the heat transfer process in 
the engine. Moreover, the direct fuel system has higher power than port 
injection system for both heat transfer models. This is associated with 
turbulence intensity which gets higher value of the in-cylinder pressure and 
maximum rate of pressure rises, shorter combustion duration, and 
consequently increased combustion process efficiency (Ghazal, 2013). 
 Figure (2) shows the variation of brake mean effective pressure for 
Annad and Woschni models with different fuel systems and different engine 
speed. It shows a good agreement between Woschni model for methane fuel 
and gasoline fuel which is expected. The Annad model underestimated the 
mean pressure inside the engine which influence on the heat transfer rate.  
 Figure (3) shows the change of brake thermal efficiency versus 
engine speed for different fuel systems. It shows that the Woschni port 
injection model has the highest thermal efficiency than the direct systems. In 
addition, the Woschni model has higher thermal efficiency than the Annand 
model for all engine speed. This is due to the higher losses from the walls 
and cylinder head area and the higher heat transfer rate for Annand model 
(Borman, 1967).   
 Figure (4) shows the variation of BSFC versus engine speed, heat 
models and fuel systems, this show that BSFC is increased for Annand 
model comparing with Woschni model. The minimum fuel consumption is 
presented by port injection Woschni model. The lowest BSFC can be found 
where the thermal efficiency is highest and the brake power produced is 
proportionally high (Yusuf, 1990). 

 
Fig. 5 Heat transfer for different engine speed,     Fig. 6 heat loss rate for different engine 
speed, fuel, fuel, and heat transfer models              and heat transfer models 
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 Figure (5) shows the heat transfer rate for both models. It presents a 
good agreement between the heat transfer rate for gasoline and methane 
using Woschni model compared with Annand model which shows a different 
heat transfer rate for both fuel. This is also presented by figure (6) which 
illustrates the heat loss rate for both models and both fuels. Hence, the 
Woschni model is a good choice for methane combustion process and heat 
transfer simulation.  
 
Conclusion 
The results show that the use of Woschni heat transfer model for the SI 
engine with methane fuel is recommended for all engine speed because it has 
high brake power, high thermal efficiency and lower fuel consumption. It has 
a good agreement with heat transfer model for gasoline fuel.  
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