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ABSTRACT 

A thermodynamic model has been developed to investigate the performance of water cooled single cylinder 

direct injected diesel engine. By using this model instantaneous pressure and temperature in the combustion chamber 

were predicted, which in turns prediction of engine characteristics. This model which illustrate the simulation of 

overall cycle consisting of gas exchange process, fuel injection, ignition delay, combustion model, chemical kinetic 

analysis (Gibb’s law), heat release rate, heat transfer rate. 

In gas exchange process, valve lift profile, coefficient of discharge, mass flow rate were calculated. In this 

present work White House combustion model was used which consists of Preparation rate, reaction rate (using 

Arrhenius equation). Concentration of various constituents was calculated. By adapting chemical equilibrium scheme 

for C-H-O system, 11 species (O2, N2, CO2, H2O, H, H2, N, NO, O, OH, CO) were considered. 

The key concept of this approach is to predict the thermo chemical variable such as species mass fraction of 

11 species (by using Gibb’s energy), temperature. Instantaneous gas properties such as specific heat at constant 

pressure, gamma for individual species were calculated. Hohenberg model was used to calculate heat transfer 

coefficient and then heat transfer between gas and wall was calculated. This model was validated by using 

experimental result. 
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INTRODUCTION 

Engine modeling is a key tool to predict the engine behavior for wide operating condition. It is a rational 

basis for innovation. Practically, it is not economic to modify the engine design for different operating condition. 

This problem was eliminated by engine modeling. To get better output from engine modeling it is must to include 

the exact physical phenomena of the system in mathematical form. There are different kinds of modeling is 

available in simulation technique. From which zero dimensional model is Simplest & Suitable to observe the effect 

of empirical variation in the engine operating condition. Do not involve any consideration of the flow field 

dimensions. Geometric features of flow field dimensions cannot be predicted. Most of the engineers prefer this 

model (Payri, 2011). But it will not give accurate results.  Quasi dimensional model (Kunpeng, 2010), (Luka Lenik, 

2014) is one in which specific geometric features such as flame speed or spray shapes added to basic 

thermodynamics. Assumption made in this model is that the air fuel flows through number of separate volumes 

defined by ports, valves & cylinder with no accumulation of mass. They do not incorporate a mean to calculate the 

dynamic changes in volumetric efficiency that occurs as engine speed increases. Fluid dynamic model will give 

very accurate results which are often called multi-dimensional models due to their inherent ability to provide 

detailed geometric information on the flow field based on solution of governing equation. It is also called as fluid 

dynamic model. It is also used to analyse the motoring curve. Complete understanding of the process under study 

by formulating the model. Identify key controlled variable to provide guidelines for optimal design-therefore less 

costly experimental development effort. It provides a rational basis for design innovation. Predicting engine 

behavior over a wide range of design & operating variables to screen concepts prior to major hardware program. 

In most of the model important were given only for particular region such as spray, combustion, fluid flow, 

heat transfer model. But it is necessary to combine all sub models to obtain exact physical phenomena of engine. 

Engine modeling: In Compression Ignition engine, Model was developed for various processes given as follow: 

gas exchange process, ignition delay, white house combustion model, engine heat transfer calculation. After 

formulation of this model various parameters were calculated through solving mathematical equations. 

Instantaneous volume profile: During the piston movement the piston volume varied instantaneously which was 

calculated by using linkage mechanism. It was calculated by using following equation 

     𝐷(𝜃) =
𝐿

2
× (1 − cos 𝜃) + 𝑙 × (1 − cosφ(𝜃))    (1)  

       𝐴(𝜃) = (𝐷(𝜃) + 𝐷𝑚) × 𝜋 × 𝑑 + 2 × 𝐴𝑝           (2) 
      𝑉(𝜃) = (𝐷(𝜃) + 𝐷𝑚) × 𝐴𝑝                                    (3) 
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      ∅(𝜃) = sin−1 (
𝐿

2𝑙
× sin 𝜃)                                       (4) 

Table.1.Engine specification 

Specification Value Unit 

Bore 80 mm 

Stroke 110 mm 

Compression ratio 16  

Connecting rod length 240 mm 

Inlet valve diameter 30.93 mm 

Inlet valve lift 9.27 mm 

Exhaust valve diameter 28.27 mm 

Exhaust valve lift 8.67 mm 

Engine speed  1500 RPM 

Nozzle tip diameter 0.216 mm 

Gas exchange process: It is the process of filling and emptying the cylinder during suction and exhaust 

respectively. The mass flow rate of air, pressure drop was calculated by using this model. These were related to 

calculation of gas flow through the intake and exhaust valve. Mass flow also depends on the valve lift profile. 

Valve lift profile: According to the Sherman and Blumberg, the hypothesis of valve lift is very close to real 

engines and simpler to treat analytically. This model shows that the valve lift is composed by concordance of three 

parabolas 

𝐴𝑚 = 𝜋 × 𝐿𝑣 × cos𝛽 × [𝐷𝑣 − 2𝑊 + 0.5𝐿𝑣 × sin(2𝛽)] 

 0 < 𝐿𝑣 <
𝑊

(sin𝛽 × cos𝛽)
                                   (5) 

𝐴𝑚 = 𝜋 × 𝐷𝑚 × [(𝐿𝑣 −𝑊 tan𝛽)
2 +𝑊2]0.5 

 

𝑊

(sin𝛽 × cos𝛽)
< 𝐿𝑣 < 𝑊 tan𝛽 + [[

(𝐷𝑝
2 − 𝐷𝑠

2)

4𝐷𝑚
]

2

−𝑊2]

0.5

      (6) 

𝐴𝑚 = 0.785 × (𝐷𝑝
2 − 𝐷𝑠

2) 

          𝑊 tan𝛽 + [[
(𝐷𝑝

2 − 𝐷𝑠
2)

4𝐷𝑚
]

2

−𝑊2]

0.5

> 𝐿𝑣                     (7) 

Mass flow rate: Mass flow rate through a poppet valve was described by the equation for compressible flow 

through a flow restriction. This equation was derived from one dimensional isentropic flow analysis, and real gas 

flow effect is included by means of discharge coefficient. The air flow rate related to upstream stagnation pressure 

P0 and stagnation temperature T0, static pressure just downstream of the flow restriction (assumed equal to pressure 

at restriction) and reference area is calculated based on above equation under specified condition. 

ṁ =
𝐶𝑑 × 𝐴𝑚 × 𝑃0
(𝑅𝑇0)

0.5
× (
𝑃𝑇
𝑃0
)
(
1
𝛾
)

× {
2𝛾

𝛾 − 1
× [1 − (

𝑃𝑇
𝑃0
)]

(𝛾−1)
𝛾
}

0.5

     (8) 

     When the flow is choked, i.e, 

     
𝑃𝑇

𝑃0
≤ [

2

(𝛾+1)
]

𝛾

𝛾−1
 The appropriate equation is 

           ṁ =
𝐶𝑑 × 𝐴𝑚 × 𝑃0
(𝑅𝑇0)

0.5
× 𝛾0.5 × {

2𝛾

𝛾 + 1
}

(𝛾+1)
2(𝛾−1)

       (9) 

Compression process: During the compression process, the system is treated as a closed system and gamma is 

taken as a function of temperature and instantaneous gamma is calculated by using the following equation 

𝛾(𝑇) = 1.3926 − 1.0718 × 10−4.43 × 𝑇 − 2.5 × 𝑇2 + 1.3814 × 10−11 × 𝑇3           (10) 
Pressure and temperature for each degree is calculated by using following equations 

 
𝑃(𝜃)

𝑃(𝜃−1)
= (

𝑉(𝜃−1)

𝑉(𝜃)
)
𝛾
                          (11) 

 
𝑇(𝜃)

𝑇(𝜃−1)
= (

𝑉(𝜃−1)

𝑉(𝜃)
)
𝛾−1

                      (12) 
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Ignition delay: It is the combination of physical and chemical delay. The physical processes are: the atomization of 

liquid fuel jet; the vaporization of the fuel droplets; the mixing of fuel vapor with air. The chemical processes are 

the pre combustion reaction of fuel, air, residual gas mixture which leads to auto ignition. Both physical and 

chemical delay period is overlapped. Hence it is quite difficult to distinguish both delay periods separately. 

𝜏𝑖𝑑(𝐶𝐴) = (0.36 + 0.22𝑆𝑃)𝑒𝑥𝑝 [𝐸𝐴 (
1

𝑅𝑇
−

1

17190
) (

21.2

(𝑃−12.4)
)
0.63
]   (13)                

White house combustion model: Both physical and chemical effects are involved in the process of combustion. 

At high temperatures corresponding to the main period of combustion, the time taken by the burning of prepared 

fuel is negligible compared with the preparation time. Therefore, for most of the burning period, the heat release 

rate can be taken as a measure of preparation rate.  The chemical kinetics is important at the beginning of burning 

period when the temperature is too low for rapid burning.  

Preparation rate: The rate of preparation of fuel and air may obtain from the following equation. When 

preparation rate and combustion rate is indistinguishable. Rate of heat release was depends on the quantity of 

unburned fuel available and the partial pressure of oxygen in the cylinder. The rate of preparation is obtained by the 

following equation 

             𝑃𝑛 = 𝐾1 ×𝑀𝑖
(1−𝑥) ×𝑀𝑢

𝑥 × 𝑃𝑂
𝑚                  (14) 

𝐾1 = 0.085 × 𝑁
0.414 ×𝑀𝑓

1.414 × ∆𝜃𝑓
−1.414 × 𝑑𝑛

−3.644 (15)  

Reaction rate: It is not possible at this stage to use exact chemical equation in this work. Diesel fuel is not a pure 

substance; the actual components present in the prepared fuel are unknown, and the only temperature available is 

average cylinder temperature. The equation used is therefore highly empirical. To avoid this problem fuel is 

assumed as decane. Based on Arrhenius equation the reaction rate is calculated as follow, 

         𝑅 =
𝐾2 𝑃𝑂

𝑁√𝑇
∫(𝑃 − 𝑅)𝑑𝑥 × 𝑒−𝑎𝑐𝑡 𝑇⁄                (16)     

Chemical reaction: When a fuel (hydrocarbon) reacts with air or oxygen there are ‘n’ number of intermediate 

species and final products are formed. That is given as a global single step reaction describing the combustion can 

be expressed as 

𝐶𝑚𝐻𝑛 + 𝑎(𝑂2 + 3.76𝑁2)
𝐶𝑂𝑀𝐵
→   𝑥1𝑂2 + 𝑥2𝑁2 + 𝑥3𝐶𝑂2 + 𝑥4𝐻2𝑂 + 𝑥5𝐻 + 𝑥6𝐻2 + 𝑥7𝑁         + 𝑥8𝑁𝑂 + 𝑥9𝑂

+ 𝑥10𝑂𝐻 + 𝑥11𝐶𝑂  (17 )   
Applying C-H-N-O balances, thus 

C; n=𝑥3 + 𝑥11 
H; m=2𝑥4 + 𝑥5 + 2𝑥6 + 𝑥10 
N; 7.52a=2𝑥2 + 𝑥7 + 𝑥8 

O; 2a=2𝑥1 + 2𝑥3 + 𝑥4 + 𝑥8 + 𝑥9 + 𝑥10 + 𝑥11 

A combustion process in diesel engine consists of thousands of chemical reaction and hundreds of species. 

Hence it is complicated process. In order to simplify this process it was assumed that eleven species is present in 

the product which is given in above equation. A chemical equilibrium model is introduced by using this model 

equilibrium mass fraction of each species related to mixture fraction is calculated. The chemical reactions are given 

as 
1

2
𝐻2

𝐾𝑃1
↔ 𝐻            

1

2
𝑂2

𝐾𝑃2
↔ 𝑂            

1

2
𝑁2

𝐾𝑃3
↔ 𝑁 

      2𝐻2𝑂
𝐾𝑃4
↔ 2𝐻2 + 𝑂2 

        𝐻2𝑂
𝐾𝑃5
↔ 𝑂𝐻 +

1

2
𝐻2 

                𝐻2 + 𝐶𝑂2
𝐾𝑃6
↔ 𝐻2𝑂 + 𝐶𝑂 

                                   𝐻2𝑂 +
1

2
𝑁2

𝐾𝑃7
↔ 𝐻2 +𝑁𝑂           (18) 

Where 𝐾𝑃𝑖 are the reaction equilibrium constant (i=1, 2, 7). These constants can be calculated from Gibb’s function 

and equations were solved by using Newton Rapson method. 

Instantaneous gamma calculation: Numerical value of gamma will be varied with respect to temperature as well 

as species. During combustion reactant (fuel + air) is converted into product (11 species) for individual species the 

specific heat at constant pressure is calculated by using the given equation 
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𝑐𝑝𝑖

𝑅
= 𝑎𝑖1 + 𝑎𝑖2𝑇 + 𝑎𝑖3𝑇

2 + 𝑎𝑖4𝑇
3 + 𝑎𝑖5𝑇

4          (19) 

CP value of product is calculated by 

     𝐶𝑃,𝑏 =
1

𝑚𝑅𝑃
∑𝑛𝑖𝐶𝑃𝑖                                                   (20) 

𝑖

 

The values of constants were taken from JANAF table 

            𝛾 = (1 −
𝑅

𝐶𝑝
)
−1

                                                (21) 

Pressure change during combustion process: The pressure value for each degree of crank angle was obtained 

from first law of thermodynamics. 

           
𝑑𝑄

𝑑𝜃
=

𝛾

𝛾 − 1

𝑑𝑃

𝑑𝜃
+

1

𝛾 − 1

𝑑𝑉 

𝑑𝜃
                               (22) 

RESULT & DISCURSION 

Instantaneous volume: When the piston moves from TDC to BDC and vice-versa the volume varied. That is 

shown in graph 

 

  
Figure.1.Instantaneous volume Figure.2. Valve lift profile 

 
Figure.3.Mass flow rate 

Valve lift profile: Inlet, exhaust valve open and close time with respect to crank angle can be predicted from valve 

lift profile. 

Mass flow rate: Mass flow rate into the cylinder is depends on instantaneous valve carton area which depends on 

valve lift and the geometry of the valve head, seat and stem. The mass flow rate curve is shown in graph 

Specific heat variation for individual species: Specific heat value for individual species was calculated and the 

results were drawn as a graph. It shows that when temperature increases specific heat also increases. Specific heat 

capacity of individual species (CO2, O2, N2, H2O, CO, H2, OH, and NO) is varying; CO2 specific heat capacity is 

high as compare to other species present in the combustion chamber. 

Gamma variation: When the temperature increases, then the specific heat ratio will be reduced. For individual 

species variation of specific heat were calculated and then it was averaged. Then by using mathematical correlation 

gamma value for each degree of crank angle was calculated. 
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Heat Release Rate: After the beginning of injection, the temperature is usually so low that the burning rate is small, 

and the heat transferred to the incoming fuel causes an apparent negative heat release rate. As the temperature rises, 

the burning rate increases, accelerating the temperature rise. The rate of heat Release continues to rise until 

controlled by lack of prepared fuel was exhausted, fuel burns at the rate at which it is prepared. 

P-Theta curve: During suction (0 to 220 degree) inlet valve open, piston starts to move from TDC to BDC vacuum 

is created and it is filled by atmospheric air. Pressure is nearly equal to atmospheric pressure. During compression 

(220 to 337 deg) both valves are closed, piston moves from BDC to TDC pressure is increasing due to decrease in 

volume. At 337 deg crank angle a pressure drop is present; it is because of fuel injection. After the ignition delay 

period premixed combustion starts as a result pressure is drastically increased. Fuel is kept on injecting, diffusion 

combustion is occurring. Because of piston movement towards BDC (increase in volume), there is no sudden 

pressure rise. When expansion stroke starts pressure is keep on decreasing. 

T-Theta curve: During suction air at atmospheric temperature enter into the cylinder mix with residual gas at high 

temperature as a result temperature of overall mixture is reduced. During compression temperature is increases 

because of molecular collision. While start of fuel injection there was some temperature drop present in the curve 

(because fuel take some amount of energy from air). After start of combustion temperature keeps on increasing. 

During expansion heat energy is converted into work and heat is transferred to cylinder wall. As a result 

temperature of gas is decreased. 

  
Figure.4.Specific heat variation of individual species Figure.5.Specific heat ratio 

 

 
 

Figure.6.Heat release rate Figure.7.P-Theta curve 

 

Engine heat transfer: Cylinder wall was considered as a system. During suction wall temperature high as compare 

to the air & gas mixture temperature. So heat was transferred from cylinder wall to the gas. During compression 

because of molecular collision temperature of gas increases when it exceeds wall surface temperature heat starts to 

transfer from gas to cylinder wall. During combustion gas velocity was drastically increased which increases the 

collision and movement of air near to the cylinder wall, hence heat transfer were drastically increased. During 

expansion pressure, temperature and gas velocity were decreased, i.e. heat transfer was reduced. During exhaust 

because of piston movement gas velocity is slightly increased which increases the heat transfer to the cylinder 

which is shown in graph. 
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Figure.8.Theta Vs. temperature curve Figure.9.Engine heat transfer 

CONCLUSION 

In this present study, a numerical model has been developed for DI diesel engine to predict the engine 

pressure, temperature curve and heat transfer rate during a cycle. The main results obtained from this model is 

briefly given as 

1. This present model predicted the in cylinder pressure, temperature, heat transfer rate and these values were 

reasonably agreed with experimental results. However 5% deviation is present in the pressure curve, 7% deviation 

is present in temperature curve and 3.5% deviation is present in heat transfer curve which is due limitation of this 

model those are neglecting fuel impingement on cylinder wall, effect of residual gas. These will be included in my 

future work. 

2. The present model is developed for C-H-O fuel. Hence it can be extended to predict performance of alternative 

fuel. 
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