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Introduction
The demand for diesel engines will rise as they contribute to serve more sectors such as 
transportation, logistics activities in industry, and power plants. Due to the high demand 
for diesel engines, there are anticipated concerns about the increase in the proportion of 
harmful emissions into the atmosphere, so searching for new strategies to develop and 
improve the engine performance has become mandatory and urgent. Emission percent-
age and combustion efficiency in diesel engines are affected by several parameters such 
as air to fuel ratio, compression ratio, air and fuel preheating, fuel blends, combustion 
chamber geometry, injection timing, injection pressure, and exhaust gas recirculation 
(EGR). Studying the mentioned parameters at different operating conditions experi-
mentally is costly and time-consuming. Modeling using computational fluid dynamics 
(CFD) is considered beneficial and effective, which facilitates and speed up the process 
of engine assessment when changing parameters [1–4].
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In the past decades, researchers have conducted many studies to improve diesel engine 
performance. Jayashankara et  al. [5] conducted a CFD study on the effect of injection 
timing and intake pressure on a direct injection diesel engine. Zhijun Peng et  al. [6] 
investigated numerically a multi-pulse injection strategy for premixed charge compres-
sion ignition (PCCI) combustion in a direct injection diesel engine, and reported that the 
emission formation and combustion inside the diesel engine are significantly influenced 
by the injection timing and fuel splitting proportion. Abdul Gafoor et al. [7] investigated 
the effect of initial swirl ratio and piston bowl geometry on a diesel engine performance 
using a CFD code. A rectangular piston bowl was the considered piston bowl shape in 
their study where they changed the bowl diameter and the corresponding swirl ratio 
more than once to examined the effect on emission and combustion characteristics. This 
study reported that a large swirl ratio with high turbulent kinetic energy (TKE) is impor-
tant to improve the combustion efficiency. Rakopoulos et al. [8] conducted a numerical 
simulation on the effects of speed and piston bowl geometry in a motored diesel engine 
and reported that the engine performance is greatly influenced by the in-cylinder gas 
flow, injection pressure and the geometry of the combustion chamber. Jaichandar et al. 
[9] investigated experimentally the effects of combustion chamber geometry and injec-
tion timing on a diesel engine fueled with biodiesel fuel and concluded that the piston 
bowl geometry contributed to the improvement of engine performance and the biodiesel 
fuel resulted in a high  NOx emission. Saito et al. [10] studied the effects of combustion 
chamber geometry on combustion characteristics of a DI diesel engine and reported 
that a re-entrant combustion chamber improved the combustion efficiency due to the 
higher turbulent flow velocity, which resulted in lower levels of soot inside the engine 
cylinder. Rajamani et al. [11] carried out a CFD simulation of the effect of piston bowl 
geometry and the nozzle configuration on a combustion system with an optimization on 
re-entrant piston bowl geometry. Previous works show that the piston bowl geometry 
significantly affects the diesel engine performance.

Several studies have discussed the effect of fuel type on diesel engine performance. 
Biodiesel fuel is the most common fuel that considered for study because it is a biode-
gradable and renewable fuel and is considered environmentally friendly [12]. Biodiesel 
fuel sources may be vegetable oils or animal fats. Biodiesel fuel is produced by a com-
mon method, namely transesterification. Through this method, a chemical reaction 
takes place between the oil and alcohol in the presence of a catalyst, and the reaction 
results in fatty acid methyl esters (FAMES) and glycerol. Figure 1 shows the transesteri-
fication reaction of triglyceride (vegetable oil) with methanol alcohol in the presence of 
potassium hydroxide. The chemical and physical properties of biodiesel fuel are differ-
ent from conventional diesel fuel, this difference will have a significant impact on the 
combustion and emission within the diesel engine [13, 14]. Climate change, rising crude 
oil prices, energy security, and increased air population have prompted the scientific 
society to look for alternatives to conventional fossil fuels [15, 16]. Biodiesel fuel derived 
from various sources, including jatropha, pongamia, mahua, and nerium, was investi-
gated in India [17]. Kiat Ng et al. [18] carried out a numerical investigation of the effects 
of three types of biodiesel fuels on a DI diesel engine performance and concluded that 
the combustion of biodiesel fuel is significantly influenced by the physical and chemical 
properties of the fuel, especially the proportion of unsaturated fatty acids. Bai-Fu Lin 
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et al. [19] studied the effects of eight types of biodiesel fuels on a DI diesel engine and 
reported that the biodiesel fuel achieves a significant increase in brake specific fuel con-
sumption (BSFC) as well as an increase in  NOx emissions compared to conventional die-
sel fuel. Canakcı M [20] studied the effect of soybean biodiesel fuel and its blends with 
conventional diesel fuel on a diesel engine performance and concluded that all blends of 
biodiesel provided a reduction in particulate matter (PM), hydrocarbon (HC) and car-
bon monoxide (CO) emissions except  NOx. Previous studies agreed that biodiesel fuel 
positively affects the diesel engine by reducing the proportion of harmful emissions, 
meanwhile having a negative effect on the engine performance, such as increasing the 
 NOx emissions and decreasing the engine torque. In the recent years, researchers have 
moved toward the study of biodiesel combustion improvement. EL-Seesy et al. [21] con-
ducted an experimental study on the improvement of combustion and emissions of a 
diesel engine fueled with diesel/jojoba oil blends and butanol additive and concluded 
that the addition of butanol to the blends results in an increase in peak pressure and 
heat release rate inside the engine cylinder, whereas the  NOx, CO, and HC emissions are 
reduced. Senthilkumar et al. [22] carried out a study of the effect of diesel-waste plastic 
oil on a single cylinder, 4-stroke, DI diesel engine performance and emissions. This study 
reported that the increase of the biodiesel in fuel blends reduces the thermal efficiency 
and the emissions of CO and HC, but the  NOx emissions increase. Sivakandhan et al. 
[23] conducted an experimental investigation on a diesel engine fueled with sardine oil 
methyl ester and diesel fuel with manganese oxide  (MnO2) nanoparticles and reported 
that the  MnO2 additives improved the engine performance and reduced the emissions.

The main objective of the present work is to analyze the effects that result from the use 
of three configurations of piston bowl geometry; hemispherical, toroidal and rectangular 
on a DI diesel engine, in addition to study the effects resulting from the use of biodiesel 
fuel that is derived from soybean oil.

Experimental methodology
The present work was conducted on a direct injection, four-stroke, water cooled, nat-
urally aspirated, single cylinder diesel engine. Table 1 shows the diesel engine speci-
fications. A direct current (DC) universal dynamometer is coupled to the crank shaft 
of the diesel engine and can be used as a motor to drive the engine at the start or as 
a generator to absorb the output power from the engine. The dynamometer rotor it 

Fig. 1 Transesterification reaction
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coupled to the engine crank shaft and rotate at the same speed of the engine. The 
dynamometer housing is free to turn but it is restricted by a torque arm of 25 cm and 
connected to a spring scale. The dynamometer housing attempts to turn when the 
engine is loaded due to the generated electromagnetic field. By increasing the engine 
load, the field strength increases and the spring scale indicates the force (F) exerted 
by the housing in Newtons (N). A magnetic tachometer device is used to measure the 
rotational speed (ω) of the engine. The engine power is determined by the following 
equation:

The exhaust gas temperature is measured by a type K thermocouple, which has a 
sensitivity of 41 μV/oC and standards error of + 2.2 oC. The inlet air mass flow rate 
is measure by an orifice mounted on a damping reservoir and an inclined manometer 
installed underside the damping reservoir to indicate the pressure difference across 
the orifice in mm  H2O. The inlet air mass flow rate ( ṁair ) is determined by the follow-
ing equation:

Where K is a constant and its value is based on the test conditions, the considered 
value of K was 5.902, h is a manometer reading in mm  H2O. The fuel mass flowrate 
( ṁfuel ) is determined as

Where t is the time during which a certain volume (V) of fuel is consumed, ρ is the 
fuel density. The pressure inside the engine cylinder is measured by a Piezoelectric 
sensor, which has a measurement limit up to 206.85 bar and a sensitivity of 1 pC/
psi. Once the pressure inside the engine rises, the Piezoelectric sensor sends a signal 
through a high temperature coaxial cable to a dual mode charge amplifier, which has a 
limit up to 100,000 pC of the input charge, a converting range from 0.1 to 10,000 mV/
pC, and an output range of ± 10 V. The output signal from the amplifier is directly 

Engine Power = 0.25(F ω)

ṁair = K
√
h

ṁfuel =
ρV

t

Table 1 Engine specifications

Engine model Petter PH1W

No. of cylinder 1

Bore × stroke (mm) 87.3 × 110

Displacement  (cm3) 659

Compression ratio 16.5:1

Speed (rpm) 1500

Connecting rod Length (mm) 192.5

Max. power (kw) 5.07 kw at 1500 rpm

Max. torque (Nm) 25 Nm at 1500 rpm

Intake valve closing IVC 35.5o aBDC

Exhaust valve opening EVO 35.5o bBDC
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transferred to a two-channel storage oscilloscope through a coaxial cable for analy-
sis and recording. An ADC gas analyzer, model MGA3000, was used to measure the 
exhaust emissions of the combustion process. This model is capable of measuring the 
concentration of CO,  CO2, NO, HC, and  O2 emissions. These emissions have been 
measured based on the non-dispersive infrared principle, the paramagnetic principle 
and the flame ionization detector. Figure 2 shows the engine test bench. Accuracies 
and uncertainties of the measured parameters are given in Table 2.

Numerical method
Closed cycle simulation method is employed in the present study, during which the 
diesel engine simulation starts from the point of intake valve closure to the point of 
exhaust valve opening. Due to the symmetry of the engine cylinder and fuel injector, 

Fig. 2 Engine test bench

Table 2 Accuracy and uncertainty of measured parameters

Measured parameter Accuracy Uncertainty (%)

Air flow rate ± 0.2 mm H2O 1.64

Diesel fuel flow rate ± 8.27 ×  10−3 kg/h 1.51

Engine brake power ± 0.15 kW 2.9

In‑cylinder pressure ± 2% 4.92

Crankshaft position ± 1% 3.9

NO ± 5 ppm 5.88

CO ± 1% 3.28

HC ± 3 ppm 3.08
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the piston geometry is divided into sectors in order to reduce computational time. 
One eighth sector is used to represent the computational domain.

Figure  3 depicts three configurations of piston bowl geometry, which are hemi-
spherical, toroidal, and rectangular. The hexahedron mesh is generated through a 
commercial CFD code with a cell height of 1.6 mm, the cell expansion ratio from 
piston was 1.01 and the cell expansion ratio from head was 1.01 (see Fig. 4). Accord-
ing to the spherical coordinate system, the nozzle direction angles are set to θ = 
 42o and φ = 22.5o, as shown in Fig. 5. Boundary and initial conditions are given in 
Table 3.

The tested fuels are diesel and soybean biodiesel fuels and their physical and chem-
ical properties are tabulated in Tables 4 and 5, according to European Union EN 590 
and EN 14214 standards. Biodiesel fuel contains saturated and non-saturated fatty 
acid methyl esters and the proportion of these acids affects the chemical and physi-
cal properties of the fuel and, therefore, will significantly affect the combustion of 
biodiesel fuel. Table 6 shows the saturated and non-saturated fatty acid methyl esters 
content in soybean biodiesel fuel.

For fuels chemistry, n-heptane reaction mechanism by [24] is used as a surrogate 
fuel model to represent the chemical kinetics of the diesel fuel and for the soybean 
biodiesel fuel, a combination of methyl decanoate MD, methyl-9-decanoate MD9D 
and n-heptane is used as a reaction mechanism to represent the saturated and non-
saturated of the oxygenated hydrocarbon chain of biodiesel fuel, which includes 247 
species and 1129 reactions [25].

Fig. 3 a Hemispherical, b toroidal, and c rectangular piston bowl

Fig. 4 Sector mesh of a hemispherical, b toroidal, and c rectangular piston bowl geometry
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Fig. 5 Model configuration

Table 3 Boundary and initial conditions

Head temperature (K) 470

Liner temperature (K) 420

Piston temperature (K) 500

Initial pressure (bar) 1

Initial temperature (K) 370

Injected fuel mass (mg/cycle) 7.03

Inflow droplet temperature (K) 320

Start of injection 17 CA  bTDC

Injection duration (CA) 15

Initial swirl ratio 1.5
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Table 4 Conventional diesel fuel properties

Specification Test method Test results

Typical formula C14.16H25.21

Average molecular weight (g/kmol) 195.5

Lower heating value (MJ/kg) 42.93

Density at 15 oC (kg/m3) EN ISO 3675, EN ISO 12185 838

Flash point (oC) EN ISO 2719 64

Sulfur content (mg/kg) EN ISO 8754 2117

Cetane index EN ISO 4264 53.8

Kinematic Viscosity 40 oC  (mm2/s) EN ISO 3104 2.317

Ash content (wt%) EN ISO 6245 0.0063

Polycyclic aromatic hydrocarbons (wt%) EN ISO 12196 7

Table 5 Soybean biodiesel fuel properties

Specification Units Test method EN 14214 limits Test results

Min. Max.

Typical formula C18.74H34.51O2

Average molecular weight g/kmol 291.2

Lower heating value MJ/kg 37.4

Density at 15 oC kg/m3 EN ISO 12185 ـــــــــــ 900 883.4

Flash point oC EN ISO 3679 120 ـــــــــــ 123

Sulfur content mg/kg EN ISO 20884 ـــــــــــ 10 1.3

Cetane index EN ISO 5165 51 ــــــــــــ 54.1

Kinematic viscosity 40 oC mm2/s EN ISO 3104 3.5 5 4.512

Cold filter plugging point oC EN 116 ــــــــــ + 5 oC (sum‑
mer) – 15 oC 
(winter)

– 18

Water content mg/kg EN ISO 12937 ــــــــــــ 500 357

Oxidation stability at 
110 oC

Hours EN 14112 6 ـــــــــ 7.1

Acid value mg KOH/g EN 14104 ــــــــــــ 0.5 0.36

Iodine value g lodine/100 g EN 14111 ـــــــــ 120 115

Methanol content wt% EN 14110 ــــــــــــ 0.2 0.11

Free glycerin wt% EN 14111 ــــــــــ 0.02 0.01

Monoglyceride content wt% EN 14105 ــــــــــــ 0.8 0.5

Diglyceride content wt% EN 14105 2 0.2 0.12

Triglyceride content wt% EN 14105 ــــــــــ 0.2 0.16

Table 6 Fatty acid methyl esters FAMEs content in soybean biodiesel fuel

Fatty acid Relative 
percentage

Methyl palmitate (C16:0) 9.4

Methyl stearate (C18:0) 4.1

Methyl oleate (C18:1) 22

Methyl linoleate (C18:2) 55.3

Methyl linolenate (C18:3) 8.9
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Models and validation

The models used to describe the reaction mechanism of both diesel and biodiesel fuel 
are n-heptane and a combination of methyl decanoate MD, methyl-9-decanoate MD9D 
and n-heptane, heir details, and validation are available in the literature [24, 25].

A solid cone injector is used in the present study where the spray atomization and 
droplet breakup are modeled by the Kelvin-Helmholtz/Rayleigh-Taylor (KH/RT) hybrid 
model. The solid cone spray is divided into two zones, the first one starting from the 
nozzle exit and during which the fuel jet still dense but some droplets leave the jet, this 
zone is associated by Kelvin-Helmholtz modeling. At the end of the first zone, the fuel 
jet turns into small droplets, this zone is associated by Rayleigh-Taylor modeling, details 
and validation are available in [26, 27]. When the spray droplets impinge on wall surface, 
this impingement will result in the occurrence of sticking, rebound, spread or splashing 
(see Fig. 6), and this is determined by the Reynolds number and Weber number [28], as 
follows:

1. Stick Wen ≤ 5
2. Rebound 5 < Wen ≤ 10
3. Spread Wen > 10 and Wen Ren

0.5 < Hcr

4. Splash Wen Ren
0.5 ≥ Hcr

Wen = ρU
2D
σ

 , Ren = ρUD
µ

 , and Hcr = [1500 + 650
β0.42 ][1 + 0.1Ren

0.5mim(δ,0.5)]

Where Wen is the Weber number,  Ren is the Reynolds number, ρ is the liquid density, 
U is the normal velocity of the droplet to the impact surface, D is the droplet diameter, 
σ is the surface tension, μ is the liquid viscosity, β is the roughness height to incident 
droplet diameter ratio, δ is the film thickness to incident droplet diameter ratio and Hcr 
is the splash threshold proposed by [29]. Splash impingement regime is employed in the 
present work.

Turbulence is modeled by the renormalization group RNG k-ε, and the model used for 
NOx formation is based on thermal mechanism, their details and validation are available 
in the literature [30, 31], also the details of the soot model are available in [31].

Fig. 6 Surface impingement regimes
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An experimental test is conducted on the diesel engine with a hemispherical piston 
bowl (HPB) and fueled with conventional diesel fuel. Figures 7 and 8 show the compari-
son of average in-cylinder pressure, as well as heat release rate (HRR) plots at 1500 rpm 
of engine speed; a good agreement is attained between the computational results and 
experimental results but, there is a deviation in the peak pressure value by about 1.7%, in 
addition to a deviation in the first peak of HRR by about 2.4%.

Results and discussion
The effect of piston bowl shape

Figure  9 shows the mean in-cylinder pressure and heat release rate (HRR) versus 
crank angles (CA) for the diesel-fueled engine with hemispherical piston bowl 
(HPB), toroidal piston bowl (TPB), and rectangular piston bowl (RPB). In the case 
of RPB, the pressure deviation is observed from the beginning of the compression 

Fig. 7 Average in‑cylinder pressure

Fig. 8 Heat release rate
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of charge inside the engine cylinder, where the pressure is significantly increased 
than other cases, indicating a non-smooth start. The two cases of HPB and TPB are 
closely similar, but the area under the pressure curve on the right-hand side for TPB 
is larger than other cases, which indicates that the diesel engine with TPB gives the 
largest network done, where the network done (W) by the engine is determined by 
the following equation:

Where P is the pressure and V is the volume.
Combustion in diesel engine occurs in two phases, namely pre-mixed and diffu-

sion. The pre-mixed phase is responsible for the rapid combustion, whereas the dif-
fusion phase begins after the rapid combustion, which is responsible for any change 
that takes place in the temperature and pressure inside the cylinder, and it can be 
controlled through the mixing of fuel with air [32–34]. From this context, the forma-
tion of the first peak in the HRR plot is due to the pre-mixed combustion phase, and 
its greater width indicates a good mixing and a large quantity of fuel is consumed 
during this phase. The presence of the second peak in HRR plot is a consequence of 
the diffusion combustion phase, and its size indicates the amount of fuel consumed 
during this phase. It is observed in the case of RPB that the first peak of the HRR 
plot appears thin and the second peak is larger than other cases, this indicates poor 
mixing which leads to higher emission concentrations.

As shown in Fig. 10, the vector plots refer to turbulent regions being formed inside 
the toroidal piston bowl (TPB), which resulted in better combustion characteristics 
and lower concentrations of soot emission. Figure  11 shows the emission develop-
ment of carbon monoxide (CO), unburnt hydrocarbons (UHC) and nitric oxide 
(NO) inside the three shapes of piston bowl. It is observed that the emission concen-
trations of the three shapes stabilized at  55o CA, where the emission concentrations 
from TPB and HPB converged on each other. The emissions from RPB are higher 
than TPB and HPB due to the poor mixing. The higher nitric oxide that is exhausted 
from the RPB may be due to the higher spatial temperature, as seen in Fig. 10.

W =
BDC

TDC
PdV

Fig. 9 a Mean in‑cylinder pressure and b heat release rate at different piston bowl shapes
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The effect of biodiesel fuel

Diesel engine with hemispherical piston bowl (HPB) is taken into consideration for 
comparing the combustion and emission of biodiesel and conventional diesel fuels. As 

Fig. 10 Spatial distributions of temperature, NO and soot emission as well as vector plots inside different 
piston bowl shapes

Fig. 11 Emission development of a carbon monoxide, b unburnt hydrocarbon, and c nitric oxide inside the 
three shapes of piston bowl
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shown in Fig. 12, the rapid combustion stage of biodiesel fuel began earlier than con-
ventional diesel fuel by about  5o CA, indicating that the biodiesel fuel has a shorter 
ignition delay period than diesel fuel. The shorter ignition delay period of biodiesel is 
due to its higher cetane number. The in-cylinder peak pressure of diesel fuel is about 
5.4 bar higher than that of biodiesel fuel, this is due to the quantity of diesel fuel 
injected into the combustion chamber during the pre-mixed combustion phase being 
higher than that of biodiesel fuel. Furthermore, the area under the pressure curve of 
diesel fuel on the right-hand side is higher than that of biodiesel, which indicates the 
net work done by the diesel-fueled engine is higher than that of biodiesel fuel. It is 
observed that the HRR of biodiesel fuel decreased by 18.88% compared to diesel fuel, 
because the lower heating value of biodiesel is 12.8% lower than diesel fuel, as shown 
in Tables 3 and 4.

Fig. 12 Comparison of diesel and biodiesel fuels in terms of a in‑cylinder pressure and b heat release rate

Fig. 13 Comparison of diesel and biodiesel fuels in terms of a carbon monoxide, b unburnt hydrocarbon, 
and c nitric oxide emissions
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Figure  13 shows a comparison between the emissions from conventional diesel 
and biodiesel fuels in terms of CO, UHC and NO emissions. The formation of CO 
and UHC emissions inside the engine cylinder are influenced by the fuel type, fuel 
atomization and turbulence. It’s observed that the emissions of CO and UHC from 
biodiesel fuel are significantly reduced as compared to diesel fuel, despite the higher 
viscosity, higher density and lower atomization rate of biodiesel fuel. The reduction in 
CO and UHC emissions of biodiesel fuel is due to its oxygen content, which improves 
the combustion efficiency and stimulates the conversion of CO to  CO2 emissions. As 
shown in Fig.  13c, the concentration of nitric oxide stabilized at  55o CA, where its 
value increased in the case of biodiesel fuel by about 17.78% compared to conven-
tional diesel fuel, and this increase is due to its content of oxygen and unsaturated 
fatty acids.

Figure  14 depicts the fuel spray development, where the jet core of biodiesel fuel 
appears thicker and longer than conventional diesel fuel due its higher viscosity. 
Moreover, the atomization and vaporization rate of conventional diesel fuel are much 
better than those of biodiesel fuel.

Conclusions
The combustion chamber geometry and fuel type have a significant impact on the 
combustion and emission characteristics of diesel engines. The effects of three con-
figurations of piston bowl shape and soybean biodiesel fuel on a diesel engine com-
bustion and emission are investigated at an engine speed of 1500 rpm. The considered 
piston bowl shapes are hemispherical, toroidal and rectangular piston bowls. The 
main conclusion points can be summarized as

1. The effects of piston bowl shapes

Fig. 14 Fuel spray development of diesel and biodiesel fuels
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• In the case of a toroidal shape, the area under the in-cylinder mean pressure curve 
on the right-hand side is larger than in other cases, so the power delivered is a 
higher one.

• In the case of a rectangular shape, a non-smooth starting is observed, where a 
noticeable deviation in pressure occurs from the beginning of the compression of 
charge inside the engine cylinder.

• The toroidal shape provides a lower concentration of soot emission than other 
shapes, which turbulent regions with higher intensity are formed inside the toroi-
dal piston bowl.

• The concentrations of CO, UHC, and NO emissions of the three shapes are stabi-
lized at  55o CA, and it is observed that the emissions of the rectangular shape are 
higher than those of the toroidal and hemispherical shapes.

2. The effect of biodiesel fuel

• The rapid combustion stage of biodiesel fuel began earlier than the base diesel fuel 
by about  5o CA, which indicates that the biodiesel fuel has a shorter ignition delay 
period than diesel fuel.

• The in-cylinder mean peak pressure of diesel fuel is about 5.4 bar higher than that 
of biodiesel fuel.

• The heat release rate (HRR) of the biodiesel fuel decreased by 18.88% compared 
to diesel fuel, because the lower heating value of soybean biodiesel fuel is about 
12.8% lower than diesel fuel.

• The oxygen content in biodiesel fuel enhanced the combustion efficiency and 
improved the conversion of CO into  CO2

• Due to the oxygen content in biodiesel fuel, the emissions of carbon monoxide 
(CO) and unburnt hydrocarbon are reduced, but the nitric oxide (NO) increased 
by about 17.78% at  55o CA, compared to diesel fuel.

• It is observed that the jet core of the biodiesel fuel appears thicker and longer than 
conventional diesel fuel due its higher viscosity so, the atomization rate of bio-
diesel fuel is lower than diesel fuel and may be enhanced by increasing the injec-
tion pressure.

• For optimization, preheating with exhaust gas recirculation (EGR) of biodiesel fuel 
contributes to reduce the emissions of nitrogen oxides  (NOx) and improve the 
atomization rate.

• The results of the present study indicate that biodiesel fuel is an environmentally 
friendly fuel which provide a lower concentration of harmful emissions as well as 
diesel engine with a toroidal piston bowl enhanced the turbulence intensity, which 
results in higher combustion efficiency and lower emissions.
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DI  Direct injection
CA  Crank angle
aTDC  After top dead center
bTDC  Before top dead center
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