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ABSTRACT 
In the present paper phenomenological modelling has been adopted for modelling diesel engine processes 

considering heat losses, and variable specific heats using double-Weibe function for the heat release. High 

speed diesel fuel C10.8H18.7 is considered for calculations.  Fuel injection timing engine speed, compression ratio, 

inlet charge pressure and temperature are observed to be pertinent parameters affecting diesel engine 

performance. Effect of exhaust gas recirculation on the formation and emission of oxides of nitrogen and soot 

density are also studied. Numerical experiments are performed by writing a computer code in C
++ 

and heat 

release (both pre-mixed and diffusion phases), in-cylinder pressure and temperature histories and emissions are 

predicted. It was found that early injection timing leads to higher levels of pressure and temperature in the 

cylinder.  It is observed that fuel injection timing and fraction of exhaust gas recirculation as critical factors in 

affecting engine performance as well as emissions.  
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I. INTRODUCTION 

Direct injection diesel engines exhibit better performance as far as fuel economy is concerned 

compared to gasoline engines. Of late, due to stringent emission norms researchers and leading 

manufacturers are aiming for the development of clean diesel engines. In this regard, computer 

simulations are found to be prominent tools for arriving at the optimum designs and to make the diesel 

technology be more competitive. Though there are various models such thermodynamics and fluid 

dynamics based models available, phenomenological models are attractive in the light of less 

computational complexities involved. These models can be made more attractive by imposing all 

possible practical conditions the diesel engine experiences and to predict performance near to actual 

cycle simulations. Typical direct injection diesel engine combustion process comprises of four phases 

viz; ignition delay, pre-mixed, diffusion and late burning.  

Abu-Nada et al. [1-3] carried out engine simulations taking into account the effect of heat transfer, 

friction, and temperature dependent specific heats on the overall engine performance. Miyamoto et al. 

[4] the model was originally developed for spark ignition (SI) engines; they claimed that it could be 

extended and modified to simulate compression ignition (CI) engines as well. This results in a 

significant shift in the rate of heat release model from the simple Weibe function commonly used for 

SI engines. A double peak heat release model becomes more representative CI engines [4].Arregle et 

al. [6] studied the influence of injection parameters and running conditions on heat release in a Diesel 

engine. Galindo et al. [7] used four different Weibe functions to account for pilot injection, premixed, 

diffusion and late combustion in the heat release model. Chemla et al. [8] used a zero-dimensional 

rate of heat release model for the simulation of direct injection diesel engine. Aithal [9] studied effect 

of EGR fraction on diesel engine performance considering heat loss and temperature dependent 

properties of the working fluid.  

The objective of the present work is to analyze the performance of a CI engine using a 

phenomenological-thermodynamics based model considering double-Weibe function for diesel 
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combustion process. The developed model predicts in-cylinder temperatures and pressures as 

functions of the crank angle, variation of premixed, diffusion, heat release pattern by varying the 

engine operating and design parameters. The novelty of present model lies in considering effects of 

heat losses (both convection and radiation) and temperature-dependent specific heats in addition to 

ignition delay and EGR fraction. These features can be very useful in providing more realistic 

estimations for the performance and emission parameters in comparison to the existing models for CI 

engines. 

II. PHENOMENOLOGICAL MODELLING 

The governing equation for calculating variation of in-cylinder pressure with respect to crank angle is: 
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In Eq. (1), the rate of heat loss 
θd

dQloss  is expressed as: 
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The convective heat transfer coefficient is given by the Woschni model as [10]: 
8.055.08.02.026.3 wTPDh g
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The mean piston speed is related as     
60

2NS
U p =      (4) 

Based on the Woschni’s formula calculate the convective mode of heat losses, assume it as 70% of 

total losses, based on that calculate 30% of heat losses, assume this 30% of heat losses is due to 

radiation. 

On the other hand, the rate of the heat input 
θd

dQin  (heat release) can be modeled using a dual Weibe 

function [5, 7 and 8]: 
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Where p and d refers to premixed and diffusion phases of combustion. The parameters θp and θd 

represent the duration of the premixed and diffusion combustion phases. Also, Qp and Qdrepresent the 

integrated energy release for premixed and diffusion phases respectively. The constants a, mp, md are 

selected to match experimental data. For the current study, these values are selected as 6.9, 4, and 1.5 

respectively [5]. It is assumed that the total heat input to the cylinder by combustion for one cycle is: 

LHVmQ fin =                 (6) 

Equations for ignition delay and fraction of fuel burned in premixed combustion are  taken from 

Heywood [10]. Eq. (1) is discretized using a first order finite difference method to solve for the 

pressure at each crank angle (θ). Once the pressure is calculated, the temperature of the gases in the 

cylinder can be calculated using the equation of state as: 

g

g
mR

VP
T

)()( θθ
=          

 (2.7) 

The instantaneous cylinder volume, area, and displacement are taken from literature [10]. 

 

The initial NO formation rate written as 
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The formation rate of soot particles is expressed in the Arrhenius form 



International Journal of Advances in Engineering & Technology, March 2012. 

©IJAET                                                                                                          ISSN: 2231-1963 

264 Vol. 3, Issue 1, pp. 262-269  

 









−=

TR

E
pmA

dt

dm f

fuelf

soot exp5.0
        (9) 

  

Initial temperature 
)(

]0[
egra

egregraa

mm

TmTm
T

+

+
=        (10)

 

]0[)(]0[ ]0[ TRmmVP gegra +=                                            (11) 

The following assumptions were made in modeling the compression and power strokes: 

i. All thermodynamic variables were assumed to be spatially uniform throughout the engine 

at any instant of time (zero-dimensional model) and variables varied temporally during 

the engine cycle. 

ii. Compression and expansion were assumed to take place in a series of quasi-equilibrium 

processes. 

iii. Compression stroke began at 
00=θ  and expansion stroke ended at 

0360=θ .Fuel 

injection began at 
0

iθθ = and ended at
0

fθθ = . 

iv. For igi θθθ ≤≤
0

, fuel was injected but not burned due to the ignition delay. Fuel 

combustion took place for
igθθ ≥ . 

v. For
igθθ ≥ , only a prescribed fraction of the instantaneous fuel mass available in the 

cylinder was burned. 

vi. EGR fraction was defined as the ratio of the mass of exhaust gas to the mass of fresh air 

( )
aegr mm at BDC. 

vii. Effect of soot formation on the reduction of the flame temperature (due to radiation) was 

considered. 

viii. EGR was assumed to consist of 2222 ,,, NOOHCO  (effect of residual gases neglected). 

The energy equation expressing the relationship between pressure and crank angle was solved using 

Euler’s method (First order finite difference expression), to obtain the work output and cycle 

efficiency.  

The specifications of engine and other pertinent parameters are given Table 1. 

 
Table 1. Specifications of Engine and fuel  

Fuel Cetane number 45 

Lower heating value (kJ/kg) 44.3×10
3
 

Molecular weight (kg/kmol) 148.6 

Stoichiometric air fuel ratio 14.36:1 

Compression ratio 18:1 

Bore X Stroke (m X m) 0.105 X 0.125 

Connecting rod length (m) 0.1 

Swept volume (m
3
) 1.082×10

−3
 

Engine speed range (rpm) 1000–5000 

Equivalence ratio,Φ 0.6 

Injection timing −12° to −8° 

Duration of combustion 70° 

Wall temperature (K) 400 
 

III. RESULTS AND DISCUSSION 

Numerical experiments are performed, making use of the equations and imposing relevant conditions 

for the chosen diesel engine configuration, for predicting engine performance and emissions.  
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3.1. Engine performance modeling: 

To begin with, heat release calculations are done for different crank angles;the pattern is shown in 

Figure.1, taking into consideration the heat transfer in the engine and variable specific heats of the air, 

using a dual Weibe function. This result is treated as base line data; it can be observed that there are 

three dominant combustion stages, namely premixed, diffusion and late combustion phases. The 

predicted combustion phases are in good agreement with the Lyn and Ways model [10]. 

 
Figure.1. Heat release pattern for the diesel engine at N=2500 rpm, Φ=0.6, and FIB 8°bTDC 

The predicted heat release pattern is utilized to derive the in-cylinder pressure history to obtain engine 

performance. In-cylinder pressure variation with crank angle is obtained as shown in Figure.2, it can 

be observed that a deviation of combustion curve from the motoring pressures and peak pressure 

reaching about 90 bar occurring very near to TDC.  

 
Figure 2. In-cylinder pressure for the diesel engine at N=2500 rpm, Φ=0.6, and FIB 8°bTDC. 

Engine heat transfer from hot gases to walls comprises both convection, radiation and affects its 

performance, and emissions. The predominant portion of heat is lost through convection and radiation 

losses are significant in diesel engine due to soot formation accounting to about 25 to 35 per cent of 

the total heat transfer.  For a given mass of fuel within the cylinder, higher heat transfer to the 

combustion chamber walls will lower average combustion gas temperature and simultaneous 

reduction in pressure decreases the work per cycle transferred to the piston. Figure3. 3represents rate 

of heat loss versus crank angle for the Diesel engine running at 2500 rpm and Φ=0.6. 

 
Figure 3 Diesel engine heat loss history for N=2500 rpm and Φ=0.6 and FIB 8°bTDC. 
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By advancing the fuel injection timing, ignition delay will increase which causes increase in the 

fraction of fuel burned in pre-mixed combustion phase and thus increases premixed combustion stage 

as illustrated in Figure 4. In early injection timing, most of the heat release taking place before piston 

reaches the TDC and for the case of late injection timing heat release still continues even after piston 

crosses the TDC. However, an interesting observation is that 20 degrees after TDC, the gas 

temperature and pressure in the cylinder is still highest for late injection timing since heat release 

continues even after piston crosses the TDC. Also, the early injection timing develops higher 

pressures and temperatures leading to higher power output compared to delayed injection timing. The 

effect is illustrated in Figures 5 and 6. 

 

 
Figure 4 Variation of premixed combustion heat profiles for different injection timings. 

 

 
Figure 5. In-cylinder pressures for different injection timings. 

 

 
Figure 6.In-cylinder temperatures for different injection timings. 

 

With increase in engine speed, the absolute time in milliseconds gets reduced. The actual time for 

accumulation of fuel will be reduced with lesser amount of fuel injected. This effect reduces the 

ignition delay in milliseconds, causing decrease in the fraction of fuel burned in pre-mixed 

combustion. However, the duration of pre-mixed combustion increases with increase in speed. As the 

pre-mixed heat release decreases with speed, the combustion phasing shifts to diffusion with 

relatively higher values. The speed has significant effect on heat loss as the speed decreases, the 
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absolute time taken for heat exchange increases resulting in more heat loss to the cylinder walls. 

These effects are well predicted through the present numerical experiments. With the consequent 

reduction in heat losses, eventually the energy is utilized in developing more work. This can be 

observed with increase in in-cylinder pressures for the given conditions. Also, increase in engine 

speed decreases time for exchange of heat with cylinder walls resulting in reduced heat losses and 

finally yielding higher temperatures within the cylinder. The ultimate effect of speed is that it 

increases engine efficiency.  

3.2. Engine emissions modeling: 

Though direct injection diesel engines are known to be fuel efficient compared gasoline engines, 

challenges still exist with regards to emission of higher levels of NOx and PM. Thus researchers and 

leading manufactures are resorting to limit these harmful emissions. Numerical experiments are 

performed to observe the emission formation phenomenon. Dilution of the intake air with cooled re-

circulated exhaust gas limits the production high temperatures with subsequent reduction of NOx due 

to a lowering of the adiabatic flame temperature, reduction in oxygen content of the intake mixture 

and reduction of heat input inside the combustion chamber. The popular technique to accomplish this 

task is exhaust gas recirculation (EGR).  EGR also reduces the mixture-averaged ratio of specific 

heats (k) of the   charge, pressure, temperature leading to a reduction in the thermodynamic cycle 

efficiency. Also, with increase in EGR fraction heat release in both premixed and diffusion 

combustion phase reduces, as shown in Figs.3.7 and 3.8 respectively. Utilizing Zeldovich mechanism 

related equations for NOx formation with in-cylinder temperature history the appropriate equations 

are solved for predicting NOx emissions. Apart from, EGR retarding of fuel injection beginning is 

also known one of the techniques for NOx reduction methods. The effect of EGR alone is  plotted as 

Figure 9.  Thus, it can be noticed that as the EGR fraction increases, there appears to substantial 

reduction in NOx formation and emission and also with retarding timing there is reduction in NOx 

emission [10]. 

 

 
Figure 7. Variation of pre-mixed combustion with EGR fraction 

 

 
Figure 8. Variation of diffusion combustion with EGR fraction 

 



International Journal of Advances in Engineering & Technology, March 2012. 

©IJAET                                                                                                          ISSN: 2231-1963 

268 Vol. 3, Issue 1, pp. 262-269  

 

 
Figure 9. Variation of NOx emissions with EGR fraction 

In engines, the formation mechanisms for NOx and soot (or PM) are opposite to each other. High 

levels of EGR can also lead to high levels of PM due to a reduction in the oxygen levels and poor 

combustion quality. Additionally, EGR leads to higher specific fuel consumption and engine noise 

while adversely affecting the lubricating oil quality and engine durability. Also, early injection timing 

leads to higher levels of pressure and temperature which causes drop in the net soot density. Effect of 

EGR is shown in Figure 10. From Figures 9 and 10, it can be observed clearly that the factors which 

decrease the NOx would increase soot and vice-versa. Therefore, a trade-off should be obtained 

without emitting either harmful pollutants or in deterioration of engine gross performance [10]. 

 

 
Figure 10. Variation of soot emissions with EGR fraction 

IV. CONCLUSIONS 

In the present work, DI diesel engine flow processes for performance and emissions are modelled 

using dual Wiebe function for heat release analysis. Based on the work, the following 

conclusions are drawn: 

• Advancing of fuel injection timing, ignition delay increases which causes increase of premixed 

combustion with a minor effect on diffusion combustion. Early injection timing leads to higher 

levels of pressure and temperature inside the combustion chamber. 

• Early injection timing leads to the formation of higher levels of NOx emission and lower levels of 

soot emission. 

• Increase in engine speed, ignition delay increases in crank angle degrees, but decreases in 

milliseconds causing drop in premixed combustion however, with increased diffusion phase. 

Thermal efficiency, pressure and temperature will increase by increasing the engine speed.   

• By increasing the fraction of EGR supply to the engine, heat input, pressure, temperature, 

adiabatic flame temperature, and efficiency will decrease. Increase in EGR fraction reduces the 

formation of NOx emissions and increase the formation of soot emission. 
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