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Abstract 
A comprehensive computer code using ”C” language was developed for compression ignition (C.I) 
engine cycle and modified in to low heat rejection (LHR) engine through wall heat transfer model. 
Combustion characteristics such as cylinder pressure, heat release, heat transfer and performance 
characteristics such as work done, specific fuel consumption (SFC) and brake thermal efficiency (BTE) 
were analysed. On the basis of first law of thermodynamics the properties at each degree crank angle was 
calculated. Preparation and reaction rate model was used to calculate the instantaneous heat release rate. 
The effect of coating on engine heat transfer was analysed using a gas-wall heat transfer calculations and 
total heat transfer was based on ANNAND’s combined heat transfer model. The predicted results are 
validated through the experiments on the test engine under identical operating conditions on a 
turbocharged D.I diesel engine. In this analysis 20% of biodiesel (derived from Jatropha seed oil) 
blended with diesel was used in both conventional and LHR engine. The simulated combustion and 
performance characteristics are found satisfactory with the experimental results. 
Copyright © 2010 International Energy and Environment Foundation - All rights reserved. 
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1. Introduction 
Diesel engines are playing a major role in medium and heavy-duty applications due to superior 
characteristics such as lower fuel consumption, higher engine power output and lower emissions (such as 
CO and HC) compared with gasoline operated engines. Depletion of petroleum based conventional fuel 
increases the research interest to find the suitable alternate, especially diesel fuel. Among the various 
alternate fuels, vegetable oil was identified as a suitable oil to replace the diesel fuel. The usage of 
vegetable oil is not new, the inventor of diesel engine Rudolf Diesel, reportedly used groundnut oil 
(peanut) as a fuel for demonstration purpose in 1900. However, higher viscosity and low volatility of 
straight vegetable oils (SVO) are generally considered to be the major drawbacks for their utilization as 
fuels in diesel engines. The usage of raw vegetable oils in diesel engines leads to injector coking, severe 
engine deposits, filter gumming problems, piston ring sticking and thickening of the lubricating oil [1-8]. 
However, these problems could be reduced through the transesterification of vegetable oil called as 
biodiesel [9, 10]. Biodiesel produced [11-15] from the non-edible Jatropha seed oil (JSO) decreases the 
viscosity and improves the cetane number and heating value. 
Ceramic coatings in I.C engine are acting like a thermal insulation in order to improve the engine 
performance and efficiency [16-21] and leaves higher energy in the engine exhaut. The engine with 
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thermal insulation is called low heat rejection (LHR) engine, suppressing the heat rejection to the engine 
coolant side. The engines parts such as piston, cylinder head, cylinder liners and valves are coated with 
partially stabilized zirconia (PSZ) of 0.5 mm thickness. The superior advantages of LHR engines like 
improved fuel economy, higher energy in exhaust gases and capability of handling higher viscous fuel 
encouraged the usage of biodiesel.  
The rapid development of computer technology narrow down the time consumption for engine test 
through the simulation techniques. The insight of the combustion process is analysed thoroughly, which 
enhance the engine power out put and consider as heart of the engine process [22-25]. Thermodynamic 
models are mainly based on the first law of thermodynamics and used to analyse the combustion and 
performance characteristics of engines. A computer code was developed using “C” language for 
conventional engine and converted in to LHR engine application through the wall heat transfer model 
[26]. 
 
2. Transesterification of vegetable oil 
The vegetable oil was transesterified using methanol in the presence of sodium hydroxide (NaOH) as a 
catalyst (Figure 1 and 2). The parameter involved in the processing such as catalyst amount, molar ratio 
of alcohol to oil, reaction temperature and reaction time are optimized [27, 28].  
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Figure1. Transesterification chemistry of vegetable oil 
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Figure 2. Transesterification process of Jatropha seed oil 

 
Known quantity of vegetable oil was taken in a biodiesel reactor. A water-cooled condenser and a 
thermometer with cork were connected to the side openings. The required amount of catalyst (NaOH) 
was weighed and dissolved completely in the required amount of methanol by using a stirrer to form 
sodium methoxide solution. Meanwhile, the oil was warmed by placing the reactor in water bath 
maintained at the selected temperature. The sodium methoxide solution was added into the oil and stirred 
vigorously by means of a mechanical stirrer. The required temperature was maintained throughout the 
reaction time and the reacted mixture was kept in the separating drum. The mixture was allowed to 
separate and settled down by gravity settling into a clear, golden liquid biodiesel on the top with the light 
brown glycerol at the bottom. The glycerol was drained off from the separating drum leaving the 
biodiesel at the top. This pure biodiesel was measured on weight basis and the important fuel and 
chemical properties were determined (Table 1).  

Biodiesel with moisture content   
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Drying 
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In this experimental study diesel and biodiesel was used as a fuel for conventional engine 
(Turbocharged) and LHR engine. Biodiesel and diesel with 20% and 80% by volume was mixed 
thoroughly and thus a stable mixture (hereafter referred as biodiesel) was prepared to use in the test 
engine. 

 
Table1. Properties of diesel fuel, B100 and B20  

 
 

 
 
 
 
 
 
 

 
3. Test engine and experimental procedure 
The experiment was conducted on a four-cylinder four-stroke turbocharged water-cooled D.I diesel 
engine. The engine specifications and valve timing diagram is shown in Table 2 and Figure 3.  
 

Table 2. Specification of the test engine 
 

Bore, mm 111 
Stoke length, mm 127 
Connecting rod length, mm 251 
Compression ratio 16: 1 
Displacement volume, liter 4.9134 
Maximum power, HP 75  
Injection pressure, bar 200  
Inlet valve open (IVO) 8° bTDC 
Inlet valve closing (IVC) 45° aBDC 
Exhaust valve Open (EVO) 45° bBDC 
Exhaust valve close (EVC) 12° aTDC 
Fuel injection timing, degrees 26° bTDC 

 

 
 

Figure 3. Valve timing diagram  
 

The tests were performed at full load condition for the engine speeds from 1000 to 1500 rpm with 100 
rpm step (Figure 4). The ambient, cooling water and exhaust gas temperature before the turbine inlet was 
measured by K type thermocouples. The thermocouples were connected to a multi-channel temperature 
indicator. Fuel consumption was measured with a constant volume burette with stopwatch. Airflow rate 
was measured through air box connected with water manometer. First, diesel fuel was used as fuel and 

Properties Diesel Fuel 
(DF) 

Biodiesel 
(B100) 

20%DF / 80%B100 
(B20) 

Density @ 15°C(kg/m3) 830 880 840 
Viscosity @ 40°C(cSt) 2.8 4.6 3.15 
Flash point (°C) 55 170 80 
Cetane number 45 50 46 
Lower Heating Value (MJ/kg) 42 36 40.5 
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then biodiesel was used as fuel. After the completion of test on conventional engine, the engine parts 
were coated with plasma sprayed Partially Stabilized Zirconia (PSZ) of 0.5 mm thickness, as the test 
engine was converted in to LHR engine. The same test procedure was repeated for the LHR engine and 
the experimental results were compared with predicted results. 

 

 
 

Figure 4. Schematic of experimental set up 
 
Both the diesel and biodiesel are used in conventional engine and LHR engine with different speeds such 
as 1000, 1100, 1200, 1300, 1400, 1500 rpm. The simulation and experimental studies were made for four 
combinations such as Turbocharged engine operated with diesel (denoted by TC Diesel), Turbocharged 
engine operated with biodiesel (denoted by TC Biodiesel), Turbocharged LHR engine operated with 
diesel (denoted by LHR Diesel) and Turbocharged LHR engine operated with biodiesel (denoted by 
LHR Biodiesel) 
 
4. Conversion of conventional turbocharged engine to LHR engine 
Increasing the coating thickness decreases the volumetric efficiency and hence work done. In this 
experimental study ceramic coating thickness was optimized as 0.5 mm [29,30].  The engine combustion 
chamber was coated with partially stabilized zirconia (PSZ) of 0.5 mm thickness, which includes the 
piston crown, cylinder head, valves, and outside of the cylinder liner. The equal amount of material has 
been removed from the various parts of the combustion chamber and PSZ was coated uniformly. After 
PSZ coating, the engine was allowed to run about 10 hours, then test were conducted on it. The present 
work involves to usage of biodiesel in LHR engine to analyse the combustion and performance 
characteristics. To validate the theoretical results, experiments were conducted on a turbocharged direct 
injection (DI) diesel engine and LHR engine using diesel and biodiesel under identical operating 
conditions. 
 
5. Theoretical considerations 
In this analysis the molecular formula for diesel and biodiesel are approximated, as C10H22 and C19H34O2 
[31]. The combustion model is developed for the C.I engine and suitable for any hydrocarbon fuel and 
their blends. 
 
5.1 Calculation of number of moles of reactants and products 
In this simulation during the start of combustion, the moles of different species are considered includes 
O2, N2 from intake air and CO2, H2O, N2 and O2 from the residual gases. The overall combustion 
equation considered for the fuel with C-H-O-N is  
 

2 2* *( 3.773 )x y z ccC H O y O Nλ+ +   2 2 2 2( / 2) ( 1) *3.773cc ccxCO y H O y O y Nλ λ+ + − +          (1) 
 

Stochiometric AFR ( / 4) ( / 2)ccy x y z= + −  
 
Total number of reactants and products during the start of combustion as well every degree crank angle 
was calculated from the equations. 
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1 * *4.773tmr yccλ= +
                 (2) 

 
( / 4) 3.773* * ( 1)*tmp x y y ycc ccλ λ= + + + −

               (3) 
 
5.2 Volume at any crank angle 
Volume at any crank angle is calculated from this equation 
 

2
* * *

4 2
d lV VC πθ

⎛ ⎞
⎜ ⎟= +
⎜ ⎟
⎝ ⎠

( )
1

2 2 21 sin cosZ Z θ θ
⎛ ⎞
⎜ ⎟+ − − −⎜ ⎟
⎜ ⎟
⎝ ⎠                (4) 

 
where 2*( / )Z L l=       
 
5.3 Calculation of specific heat  
Specific heat at constant volume and constant pressure for each species is calculated using the expression 
given below  
 

( ) ( ) CCv T B R
T

= − +
                (5) 

 

( ) CCp T B
T

= +
                 (6) 

 
where A, B and C are the coefficients of the polynomial equation 
 
5.4 Initial pressure and temperature during start of compression   
Initial pressure and temperature at the beginning of the compression process is calculated as follows 
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and          
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⎞
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⎛
=

                 (8) 
 
5.5 Calculation of enthalpy and internal energy  
Enthalpy of each species is calculated from the expression given below which is used to calculate the 
peak flame temperature of the cyclic process. 
 

( ) * *ln( )H T A B T C T= + +                               (9) 
 
The internal energy for each species and overall internal energy are calculated from the expressions 
given below  
 

( ) ( )* *ln( )U T A B R T C T= + − +                (10) 
 

( ) ( ( ))i iU T xU T=∑                                                (11) 
 
where A, B and C are the coefficients of the polynomial equation. 
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5.6 Work done 
Work done in each crank angle is calculated from  
 

)(
2 12

21 VV
PP

dW −⎟
⎠
⎞

⎜
⎝
⎛ +

=
                      (12) 

 
5.7 Total heat transfer 
The gas-wall heat transfer is found out using ANNAND’S combined heat transfer model. Radiation heat 
transfer was also estimated using this model.  A wall heat transfer model is used to find out the 
instantaneous wall temperature. First term of this equation shows that Prandtl number for the gases 
forming the cylinder contents will be approximately constant at a value 0.7, claims that Reynolds number 
is the major parameter affecting convection.  The second is a straightforward radiation term assuming 
gray body radiation.  
 

4 4Re ( ) ( )
b

g W g W
dQ ak T T c T T
dt d

= − + −
                (13) 

a, b and c are the constants of the equation  
                   
5.8 Heat transfer coefficient 
Heat transfer coefficient of gases for each degree crank angle is calculated from the following equation. 
 

0.60.26*( / )*g eh k d R=                (14) 
 
5.9 Wall heat transfer model  
Thermal network model was developed (for wall heat transfer analysis) are used to analyze the effect of 
coating on engine heat transfer. The model used to analyze the heat transfer through cylinder to the 
coolant and thereby to find instantaneous wall temperature (Figure 5). Initial temperature is found out 
using the following expression 
 

( )/ 2w gT T Q h rlw g π= −
 (15) 

 
The total resistance (Rt) offered by the cylinder liner, piston rings, cylinder head, ceramic coating and 
piston for the heat transfer from cylinder gases to coolant is given by the following equation. 
 

5 92 1
2

1 3 1

2* log( / )log( / )1 1
( * 2* * * ) * 2* * * ) 2* * * * 2* * * 2* *
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h r l h r l k l k r k lπ π π π π

= + + + +  
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c c c
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Figure 5. Thermal network model for wall heat transfer 
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5.10 Energy equation 
According to first law of thermodynamics the energy balance equation is given by 
 

2 1( ) ( ) f SU T U T dW dQ dM Q= − − +              (17) 
 
To find the correct value of T2, both sides of the above equation should be balanced. So the above 
equation is rearranged as shown below 
 

2 1( ) ( ) f SER U T U T dW dQ dM Q= − − − +                   (18) 
 
If the numerical value of ER is less than the accuracy required, then the correct value of T2 has been 
established, otherwise a new value of T is calculated for new internal energy and CV values. 
 

2' ( )*VER C T tmp=                  (19) 
Newton-Rapshon technique  
 

RE
ERTT nn ′

−= −122 )()(
                         (20) 

 
5.11 Mass of fuel injected 
Considering that nozzle open area is constant during the injection period, mass of the fuel injected for 
each crank angle is calculated using the following expression  
 

2
360

f
f d n fM C A P

N
θ

ρ
∆⎛ ⎞
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⎝ ⎠                        (21) 

 
5.12 Unburned zone temperature 
 

1

u SOC
SOC

pT T
p

γ
γ
−

⎛ ⎞
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⎝ ⎠                (22) 
 
5.13 Preparation rate 
The preparation rate is calculated using the following equation given by 
 

(1 )
2

x x L
r f u OP KM M P−=                          (23) 

 
0.414 1.414 1.414 1.414 3.6440.085 f f nK N M n dθ − − −= ∆              (24) 

 
5.14 Reaction rate 
The reaction rate is calculated using the following equation 
 

2' ( )
act

O T
r r r

K PR e P R d
N T

θ
−

= −∫
                        (25) 

 
5.15 Initial temperature during the start of combustion 
Initial temperature during the start of combustion after the ignition delay is calculated using the equation 
given below  
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2 1
1( )

f s

v

x Q
T T

C T
= +

                                        (26) 
 
6. Results and discussions 
In this study combustion parameters like cylinder pressure, peak cylinder pressure and heat release are 
discussed. Performance parameters like brake thermal efficiency and specific fuel consumption are 
discussed. The results are compared with respect to LHR Biodiesel operation. 
 
6.1 Cylinder pressure  
In a CI engine the cylinder pressure is depends on the fuel-burning rate during the premixed burning 
phase. The high cylinder pressure ensures the better combustion and heat release. The Figures (6 –9) 
shows the typical pressure variation with respect to crank angle. The advantages of higher temperature of 
LHR engine increase the cylinder pressure. The cylinder pressure for LHR biodiesel is lower than LHR 
diesel about 1% and higher about 4% and 2.5% for TC biodiesel and TC diesel. 
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Figure 6. Cylinder pressure with crank angle for TC diesel at full load 
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Figure 7. Cylinder pressure with crank angle for TC biodiesel at full load 
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The lower calorific value of biodiesel and higher initial temperature due to the domination of residual 
gases decreases the volumetric efficiency of LHR engine, thus reduces the peak pressure and work done. 
The cylinder pressure for TC biodiesel is lower than TC diesel due to the reduction in heat supply for 
blended fuel. It is noted that the maximum pressure obtained for biodiesel is closer with TDC than diesel 
fuel. The fuel-burning rate of biodiesel in early stage of combustion is more than the diesel fuel, which 
bring the peak pressure close to TDC. During the expansion process, the torque produced by the engine 
is kind enough to go for the next cycle with the consumption of more fuel. 
 

0

20

40

60

80

100

300 320 340 360 380 400 420 440
Crank angle,degrees

Simulation
Experimental

C
yl

in
de

r p
re

ss
ur

e,
 b

ar

Cyliner Pressure, bar   
          at 360   Max
Sim    91.08     93.76
Exp    86.53    89.08

mf=0.069465 g/cyc/cyl
Inj. Timing :26 °bTDC
Speed : 1500 rpm

 

Figure 8. Cylinder pressure with crank angle for LHR diesel at full load  
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Figure 9. Cylinder pressure with crank angle for LHR Biodiesel at full load 
 
6.2 Cylinder temperature 
High pressure of compressed mixture increases its burning rate. This increases the peak pressure inside 
the combustion chamber. The comparisons of peak temperatures inside the cylinder for various 
combinations are shown in Figure 10. The presence of oxygen in the biodiesel makes complete 
combustion of fuel thereby producing more CO2 and hence more heat is released from the gases. Thus, 
the peak temperature of biodiesel-fueled engine is higher than that of diesel fueled engine. The peak 
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cylinder temperature for LHR biodiesel is higher than LHR diesel TC biodiesel and TC diesel about 1%, 
4.4%-6.1% and 5.8%-7.4% respectively from higher speed to lower speed. 
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Figure10. Cylinder temperature with crank angle at full load 

 
 
6.3 Heat release rate 
Figures 11 and 12 show the variation of rate of heat release with crank angle. Both fuel experiences that 
the rapid premixed combustion followed by diffusion combustion. The premixed fuel burns rapidly and 
releases the enormous amount heat followed by the controlled heat release. The heat release rate during 
the premixed combustion is responsible for the high peak pressure. C.I engine combustion is divided in 
to four stages such as ignition delay, uncontrolled combustion, controlled combustion and after burning. 
 
Ignition delay: The higher operating temperature reduces the ignition delay for both the fuel. However 
oxygenated nature of biodiesel further reduces the ignition delay. Combustion starts well in advance for 
LHR operation due to higher surrounding temperature. 
 
Premixed combustion: Fuel droplets accumulated during the ignition delay period is responsible for the 
sudden heat release during this period is called premixed or uncontrolled combustion. Due to higher 
ignition delay of TC operation lower the heat release and higher the heat release for LHR operation. The 
peak heat release for LHR was advanced few degree crank angle than TC operation due to shorter 
ignition delay and higher combustion temperature. 
 
Diffusion combustion: After the evaporation of fuel droplets during the delay period, the fuel jets coming 
from the nozzle are converted in to fuel vapor is called as diffusion combustion or controlled 
combustion. During this period both fuel in TC and LHR operation experience the smooth combustion 
and follow the similar pattern. However a marginal improvement was noticed for biodiesel. 
 
After burning: The higher boiling point fuel molecules release the heat during this period called after 
burning.  
 
Findings from the analysis are summarized as follows 

• Decreases the ignition delay period for LHR engine operation.  
• Premixed burning period decreases and diffusion-burning period increases for LHR operation.  
• Total combustion duration increases for LHR operation. 
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Figure 11. Rate of heat release with crank angle at full load 
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Figure 12. Cumulative heat release with crank angle at full load 
 
 
6.4 Total heat transfer  
ANNAD’S combined (convection and radiation) heat transfer model was used to predict the engine heat 
transfer. In general LHR engine suppress the heat transfer to the coolant side, and increases the exhaust 
energy. The variation of engine heat transfer with crank angle is shown in Figure 13. The heat rejected to 
the coolant through cylinder walls are reduced for LHR engine due to ceramic coatings. Higher amount 
of heat can be trapped inside the cylinder, however all the trapped heat cannot be converted in to the 
useful work output, hence higher the exhaust temperature.  A marginal improvement on the brake 
thermal efficiency was noticed due to low heat loss. 
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Figure 13. Total transfer with crank angle at full load 

 
6.5 Work done 
The variation of rate of work done is shown in Figure 14. Work done for LHR diesel operation is higher 
due to higher peak pressure, followed by LHR biodiesel, TC diesel and TC biodiesel operation. The 
advantages of higher operating temperature for LHR operation are responsible for the higher work done. 
The higher work done leads to high thermal efficiency. Higher initial temperature of LHR operation 
reduces the volumetric efficiency. The energy lost during the compression process is compensated from 
expansion process due to increased combustion efficiency 
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Figure 14. Work done with crank angle at full load 
 
 
6.6 Brake thermal efficiency  
The variation of brake thermal efficiency with engine speed is shown in Figure15. It can be seen that the 
brake thermal efficiency of LHR biodiesel engine is lower than that of LHR diesel and higher than TC 
biodiesel and TC diesel operation. The calorific value of biodiesel is lower than (about 12%) that of 
diesel because of the presence of oxygen in its molecule. However due to the presence of oxygen 
molecule in the biodiesel lowers the calorific value and hence the reduction in brake thermal efficiency 
was obtained. Hence, the brake thermal efficiency of LHR biodiesel is lower than that of LHR diesel. 
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The blends resulted in slightly higher efficiency than the diesel fuel, mainly due to more complete 
combustion [32-34]. Lower initial temperatures due to low calorific value and oxygenated nature of 
biodiesel in LHR engine increase the work done than TC operation.  
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Figure 15. Variation of brake thermal efficiency with engine speed at full load 

 
6.7 Specific fuel consumption 
Figure 16. shows the variations of specific fuel consumption (SFC) with respect to the engine speed. The 
SFC values of the biodiesel were slightly higher than diesel fuel in both TC and LHR operation. Lower 
calorific value of biodiesel leads to increase the fuel consumption. 
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Figure 16. Iation of specific fuel consumption at full load 
 

7. Conclusion 
A mathematical model was developed using a set of codes for analyzing the combustion and 
performance characteristics of turbocharged and LHR engine. The model has been developed in such 
way that it can be used for characterizing any hydrocarbon fuels and their blends. The result shows that, 
increasing the brake thermal efficiency and decreasing the specific fuel consumption for LHR engine 
operated with diesel, shows better performance than LHR biodiesel operation but not up to the extent of 
lower level. However biodiesel in LHR engine shows better performance than conventional engine 
operation. This model predicted the engine performance characteristics in closer approximation to that of 
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experimental results. Hence, the developed mathematical model is suitable for the prediction of the 
combustion and performance characteristics of the C.I engine and LHR engine. 
 
Nomenclature  
act - Activation energy, kJ/kmol K 
An - Cross sectional area of nozzle, m2  
Cd - Coefficient of discharge of injector nozzle 
Cp - Specific heat at constant pressure, kJ/kg  
Cv - Specific heat at constant volume, kJ/kgK 
d - Cylinder diameter, m 
dn - Diameter of nozzle, m 
Q - Heat transfer, kJ/CA 
H - Enthalpy at any degree crank angle, kJ/kg 
hco -

 Heat transfer coefficient of coolant, w/m2K 
hg -  Heat transfer coefficient of gas, w/m2K 
K’ - Constant of equation 
kc - Thermal conductivity of coating material, W/m k 
kp - Thermal conductivity of piston, W/m k 
kr - Thermal conductivity of piston ring, W/m k 
kr - Thermal conductivity of piston skirt, W/m k 
L - Connecting rod length, m 
l - Stroke length, m 
ll - Length of liner, m 
lc - Coating thickness, m 
lc - Thickness of piston ring, m 
Mf - Mass of fuel supplied, kg/h 
Mu - Mass of fuel unprepared, g/CA 
N - Engine speed, rpm 
n - No. of nozzle holes 
P1 - Initial pressure, bar 
P2 - Final pressure, bar 
Pr - Preparation rate, kg/h 
Rr - Reaction rate, kg/h 
PO2 -  Partial pressure of oxygen, bar 
Psoc - Pressure at the start of combustion, bar 
Qs - Total heat supply, kJ/kg 
Qw - Heat transfer through wall, kJ 
R - Charecteristic gas constant, kJ/kgK 
Re - Reynolds number 
Rt - Total resistance, m2 k/W 
T - Temperature at any crank angle, K 
tp - Thickness of piston, m 
T1 - Initial temperature, K 
T2 - Final temperature, K 
Tg - Gas temperature, K 
Tw - Wall temperature, k 
tmr - Total moles of reactants 
tmp - Total moles of products 
Tsoc - Temperature at the start of combustion, K 
T - Temperature at any degree crank angle, K 
Tu - Unburned zone temperature, K 
Tw - Wall temperature, K 
U - Internal energy at any degree crank angle, kJ/kgK 
V1 - Initial volume, m3 
V2 - Final volume, m3 
Vc - Clearance volume, m3 
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Vp - Mean piston speed, m/min 
Vθ - Volume at any crank angle, m3 
W - Work done, kJ/kg 
x - No. of moles of carbon 
xf - Mass fraction of fuel burnt 
y - No. of moles of hydrogen 
ycc - Stochiometric air fuel ratio 
z - No. of moles of oxygen  
 
Greek 
∆P - Pressure drop across the nozzle, bar 
∆θf - Fuel injection period, degrees 
θ - Crank angle, degrees 
λ  - Excess air factor 
ρ - Density of gas mixture, kg/m3 
ρf - Density of fuel, kg/m3 
µ - Kinematic viscosity, cSt 
 
Abbreviations 
BTE - Brake thermal efficiency   
C.I - Compression ignition 
CO - Carbon monoxide 
D.I - Direct injection 
HC - Hydrocarbon 
JSO -  Jatropha seed oil 
LHR - Low heat rejection 
PSZ - Partially stabilized zirconia 
SFC - Specific fuel consumption 
SVO - Straight vegetable oil 
TC  - Turbocharged engine  
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