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Abstract:  

An experimental study was conducted on a four stroke single cy linder compression ignition engine to determine the performance , 

combustion and exhaust emission characteristics under different in jection timings. The different injection angles chosen were 16°, 

18° and 21° and the fuel chosen was standard diesel. The experimental results showed that brake thermal efficiency for the 

advanced as well as the retarded injection t iming was lesser than that for the normal inject ion timing (18° BTDC). In terms  of 

BSFC, retarded and advanced injection timings compared to the original injection timing gave negative results for all engine 

loads. When compared to the results of original inject ion timing (18° BTDC), NOx and CO2 emissions decreased, and unburned 

HC and CO emissions increased for the retarded injection timings (16° BTDC) at the all test conditions. On the other hand, with 

the advanced injection timings (21° BTDC), HC and CO emissions decreased, and NOx and CO2 emissions increased. A 

prediction of the combustion process was generated under the operating conditions in CFD. The CFD modeling results are 

generated to predict the combustion characteristic of maximum cy linder pressure. These results are then compared  with the 

experimental results and validated. The CFD results show that there is a good correlation with the experimental results.  
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I. INTRODUCTION 

 

The world is currently facing dual crisis of fossil fuel depletion 

as well as environmental degradation. Also due to ever 

increasing number of vehicles, energy demand is increasing; 

therefore steps have to be taken to reduce consumption. 

Moreover, in order to improve air quality, especially in urban 

areas, increasingly stringent emission regulations are being 

imposed. For diesel engines, a significant research effort has 

been directed towards using vegetable oils and their 

derivatives as fuels. Biodiesel is considered a promising 

alternative fuel fo r use in d iesel engines, boilers and other 

combustion equipment. Although biodiesel has many 

advantages over diesel fuel, there are several problems that 

need to be addressed such as its lower calorific value, h igher 

flash point, higher viscosity, poor cold flow properties, poor 

oxidative stability and sometimes its comparat ively h igher 

emission of nitrogen oxides. It is  found that the lower 

concentrations of biodiesel blends improve the thermal 

efficiency. Since the introduction of petroleum fuels, the 

development of compression ignition (CI) engines has been 

done keeping the properties of 'mineral d iesel' fuel in front. 

The present designs and operating parameters of available 

engines are standardized fo r this fuel only. For all other fuels, 

the operating parameters must be re-set based on the specific 

fuel properties. The performance and emission characteristics 

of diesel engines depends on various factors like fuel quantity 

injected, fuel in jection timing, fuel inject ion pressure, shape of 

combustion chamber, multip le in jection, inject ion system, 

nozzle specification, compression ratio, fuel spray pattern, air 

swirl etc. Injection pressure and compression ratio, have been 

studied with various engines and oils [ Dhananjaya et al., 

(2009), Huang Z. et al., (2004), Jindal S. (2011), Raghu, R. 

and Ramadoss, G., (2011), Park, S.H. et al., (2011), Pandian, 

M. et al., (2009), Muralidharan, K. et al., (2009), Jindal, S.,  

(2010)]. Most of the research studies concluded that in the 

existing design of engine and parameters at which engines are 

operating, a 20% blend of b iodiesel with diesel works well, but 

they indicated the need of research in the areas of engine 

modifications so as to suit to higher blends without severe drop 

in performance so that the renewability advantages along with 

emission reduction can be harnessed to a greater extent. An 

effort is made in this study to evaluate the effect of varying the 

injection t iming on the combustion, performance and 

emissions of a 3.5 kW engine fuelled with standard diesel for 

establishing the appropriate in jection timing. Lot of work had 

been done on alteration of inject ion timing for straight 

vegetable oils and other fuels, few works has been reported for 

diesel alone. The in jection timings were varied and the 

performance results were investigated under different loads. 

Kato et al., (1989) studied the effect of fuel inject ion pressure 

that played a vital role in engine exhaust emissions. Higher 

injection pressures create faster combustion rates which result 

in higher gas temperatures as compared to the conventional 

low pressure system. Nwafor. O.M.I., (2007) carried out a test 

over the effect of advanced injection timing on the emission 

characteristics of dual fuel engine running on Natural gas 

under various engine load and speed; it was found that 

advanced timing tended to incur a slight increase in  fuel 

consumption than standard injection  timing of 30°CA BTDC. 

The 3.5° CA inject ion advance BTDC (33.5° BTDC) results in 

significant reduction of CO2 and CO emissions compared to 

standard injection timing. HC emission showed slightly high 

value throughout the loading conditions. The engine ran 

smoothly at light load conditions in dual fuel with this advance 

compared to standard timing. At h igh load, co mbustion 
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temperature became the dominant factor, which increases the 

evaporation rate of the in jected fuel with reduction in  delay 

period. So  in jection advance is recommended only at light load 

conditions. Such experiments were also conducted on rapeseed 

oil [Nwafor et al., (2000)]. On studying the influence of 

injection timing on the engine performance and exhaust 

emissions of a naturally aspirated, single cy linder d iesel engine 

which has been experimentally investigated using ethanol 

blended diesel fuel from 0 to 15% in  an increment of 5% under 

two engine loads 15 and 30 Nm, it was found advanced 

injection timing showed increase of NOX and CO2 while HC 

and CO emission decreased as determined by Cenk Sayin A 

and Mustafa Canakci, (2009). Over the past decade, CFD 

modeling was improved to simulate 3D flows, mixture 

formation, burning and pollutant formation for d irect injection 

engines. In the engine development process, CFD modeling of 

direct injection engine is used to analyze the interaction 

between the fuel and the motion of the intake air inside the 

combustion chamber. In the last years, due to an intense world 

request, a lot of simulation models have been developed using 

CFD code. Combustion is described by a single step global 

chemical reaction. Combustion research is more extensive, 

diverse and interdisciplinary due to powerfu l modeling tool 

like CFD. In CI engine them in cylinder mult iphase fluid 

dynamics like fuel spray, chemical reaction kinetics influences 

the combustion. In past, the diesel ignition and combustion 

process has been modeled with several diverse models. The 

combustion model needs to consider scale fluctuations, in 

homogeneities in the flow field, wall effects and turbulence 

level. To take account of flow features that are relevant to 

compressibility and turbulence, the RNG kε demonstrates 

considerable accuracy, when compared with experimental data 

[Rutland C.J et al., (2003)]. The recognized sub models for CI 

DI diesel combustion includes spray, droplet break up and 

collision, combustion and wall interaction. The combustion 

model gives the quantity of fuel atomized, vaporized and 

burned. Several studies performed  with different CFD codes 

and methods to investigate spray pattern details of diesel 

injection and its effects on combustion process [Peter S. et al., 

(2000), Hountalas D.T. et al., (2004), Philipp A. et al., (2002), 

Ubertini S., (2006), Bianchi G.M. et al., (2001), Watanabe T et 

al., (2000), Abani N. et al., (2008)]. Further, micro scale 

phenomena of spray break up and co llision having impact on 

overall modeling of combustion. In this investigation the 

STARCD is used to simulate diesel combustion. Experiments 

were performed on CI DI engine for combustion parameter 

measurement. Assessment between modeling and experimental 

data reveals that the model predicts results of less error. The 

objective of this work is also to perform modeling in CFD and 

to study the combustion characteristics of diesel in DI engine 

under various injection timings. 

 

TABLE.1 . NOMENCLATURE 

Nomenclature:   

BP Brake power BTE 

Brake thermal 

efficiency 

CA  Crank angle  HRR Heat release rate 

CO Carbon monoxide  HC Hydro carbon 

CO2 Carbon dioxide  NOx Nitrogen oxides 

CPmax 

Cylinder pressure 

maximum O2 Oxygen 

CR Compression ratio BSFC 

Br a k e s pe ci fi c fu el  

co ns u m pt ion  

CFD 

Computational 

Flu id Dynamics  IA Injection Angle 

 

II. EXPERIMENTAL S ETUP AND PROCEDURE  

 

 The performance, combustion and emission tests were carried 

out on a four stroke, single cylinder, naturally aspirated, water 

cooled Kirloskar d iesel engine having a power capacity of 3.5 

kW. It  is connected to an Eddy current dynamometer for 

loading. Temperature and pressure sensors are installed at the 

necessary locations in the test setup. The temperature sensors 

measure temperatures at inlet & outlet of water jacket; 

calorimeter water and calorimeter exhaust gas. It is also 

provided with pressure sensors to measure combustion 

pressure inside cylinder and also to measure the fuel line 

pressure during injection. An encoder is used to measure the 

crank angle. The signals from these sensors are interfaced with 

a computer to an engine indicator to d isplay P–V and fuel 

injection p ressure vs. crank angle plots. The provision is also 

made for the measurement of volumetric fuel flow. The built in 

program in the system calculates indicated power, brake 

power, thermal efficiency, volumetric efficiency and heat 

balance. The software package is fully configurable and 

averaged P–V plot and liquid fuel in jection pressure diagram 

can be obtained for various operating conditions. A Qrotech 

401 exhaust gas analyzer is used to measure 5 emissions in the 

engine exhaust. The emissions measured are CO, CO2, O2, 

HC and NOX. Specificat ions of the engine are given in Table 1 

whereas the specifications for emission analyser are given in 

Table 2. Fuel properties of diesel are d isplayed in Tab le 3. The 

experimental setup is depicted in Figure 1. 

 
F ig u re .1 .E xp erim ent a l S et up  

 

Table. 2. Engine S pecifications  

 

Kirloskar TV1, single cy linder, 4 

stroke, water cooled  

Engine constant speed diesel engine 

Rated Power 5.2 KW 

Speed 1500 rpm 

Bore 87.5 mm 

Stroke 110 mm 

Dynamometer Arm 

Length 185 mm 

Compression ratio 17.5:1 

Crank angle sensor Kubler, pulses per revolution : 360 

Cylinder Volume 0.661 litre  

Intake valve opens 4.5° BTDC 

Inlet valve closes 35.5° ABDC 

Exhaust valve opens 35.5° BBDC 

Exhaust valve closes 4.5° ATDC 

Original fuel injection  18° BTDC 

Temperature sensor RTD, Digital PT 100 
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Ta ble .3.Dies el p ro p erties  

Property Unit 

Density Kg/m
3
 

Kinemat ic Viscosity (at 30°) cSt 

Lower Calorific value  MJ / kg K 

Flash Point °C 

 

Table.4.Exhaust emission an alyser specifications 

Exhaust emission analyser  

Model Qrotech 401 

No. of emissions measured 5 

 

Range 

CO: 0–  9.9 % 

CO2: 0 – 20 % 

HC: 0–  9999 ppm 

O2: 0 – 25 % 

NOX: 0 – 5000 ppm 

 

The procedure followed during the experiments is given 

below: 

 

I. Initially engine was run with neat diesel for the 

compression ratio of 18 (normal value) at a normal injection 

timing of 18° BTDC. Engine was run from no load to 75% of 

full load condition with an increment of 25% of load in each 

run.  

 

J. Once the steady state was reached the parameters such as 

fuel consumption rate, brake power and the exhaust 

emissions CO2, CO, O2 NOX and HC were measured.  

 

K. Performance parameters and the emissions were recorded.  

 

L. Injection t iming was advanced by 3° BTDC by rotating 

an adjustment nut, and the above experiments were repeated. 

The injection timing was then retarded by 2° than the normal 

value by rotating the adjustment nut in the opposite direction 

and the above set of experiments were repeated. In the 

present study performance, combustion and emission 

parameters at different operating loads were discussed.  

 

III. RES ULTS AND DISCUSSION 

 
3.1 Performance characteristics 

 

3.1.1 Brake specific fuel consumption (BSFC)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figurer.2.Comparative Graph BS FC v/s injection timing  

 

Figure 2 shows the variation of brake specific fuel 

consumption with in jection timings at different loads. It is 

seen that the is an increase in  brake specific fuel 

consumption as the injection timing is retarded as well as 

when advanced when compared with the standard injection 

timing of 18° CA. While retarding incomplete combustion 

takes place that result in higher BSFC. There is a drop in 

brake mean effective pressure at advanced timings and 

hence result in higher BSFC when injection timing is 

advanced. 

 

3.1.2 Brake thermal Efficiency (BTE) 

 

 
Figure.3. Comparative Graph - ηbth v/s injection timing  

 

Figure 3 shows the variation of brake thermal efficiency with 

injection t imings under different loads. It is observed that the 

brake thermal efficiency of retarded as well as advanced 

injection timings is lower than standard injection timing. For 

advanced injection timing, the brake thermal efficiency was 

slightly lower than the standard injection timing. This maybe 

because of the decreasing mean effective brake power 

produced at advanced injection t imings and higher fuel 

consumption. This was also due to improved combustion when 

advanced and poor combustion while retarding.  

 

3.1.3 Exhaust gas temperature 

 
 

Figure.4.Comparative Graph - Exhaust gas Temperature 

v/s Injection Timing  
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Figure 4 shows the variation o f exhaust gas temperature with 

injection t imings under different loads. It is seen that there is 

an increase in exhaust gas temperature when in jection timing is 

advanced. Advanced injection timing caused earlier start of 

combustion relative to TDC and hence complete combustion 

will take p lace. This leads to higher pressure as well as higher 

temperature withen the cylinder.  

 

3.2 Combustion Characteristics 

 
3.2.1 Max cylinder pressure (CPmax) 

 

 
 

Figure.5.Cylinder Pressure Maximum v/s Injection Timing 

 

Figure 5 illustrates the variation of maximum cylinder pressure 

with inject ion timings. The maximum pressure main ly depends 

on the combustion rate in the init ial stages of combustion. This 

is influenced by the quanity of fuel taking part in the 

uncontrolled heat release phase. The maximum cylinder 

pressure of retarded inject ion timing is lowered compared to 

other inject ion timings. The peak pressure increases as the 

injection timing is advanced, which provides sufficient time 

for mixing  and complete combustion. Advancing fuel injection 

timing would increase the fraction of burned fuel in the 

premixed burning phase, causing higher value of CPmax.  

 
3.2.2 Net Heat release rate (HRR) 

 

 
Figure.6. Heat Release Rate Maximum v/s Injection 

Timing  

 

Figure 6 shows the variation of maximum Heat Release Rate 

with inject ion timings. With the advancement of injection 

timings the maximum heat release rate increases. With 

retardation a larger amount of heat is released in controlled 

mixing  combustion regime resulting in lower mean pressure in 

the cycle. Advancing fuel inject ion timing would increase the 

fraction of burned fuel in the premixed burning phase, causing 

higher value of CPmax and HRR max. 

 

3.3Emission Characteristics 

 

3.3.1 Carbon monoxide (CO) 

 
Figure.7.Comparative Graph - CO Emission v/s Injection 

Timing  

 

Figure 7 shows the variation of carbon monoxide with 

injection t iming at different loads. It was found that diesel 

showed a slight reduction in carbon monoxide emissions when 

injection t iming is advanced. Advancing the injection timing 

produced higher cylinder pressure and aided in better oxidation 

of carbon monoxide to carbon dioxide. 

 
3.3.2 Carbon dioxide (CO2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure.8.Comparative Graph – CO2 Emission v/s Injection 

Timing  

 

Figure 8 shows the variation of carbon dioxide with injection 

timing at different loads. Carbon dioxide emissions increased 

as the injection timing  is advanced. This is because advanced 

injection t iming created higher cylinder temperature which 

boosted the chemical combustion reaction speed of diesel. 

Oxygen becomes more react ive at higher temperatures and 

combines with carbon to form carbon dioxide. As a result 

higher emissions of carbon dioxide were obtained. 

 
3.3.3 Hydrocarbons (HC)  

 

 

 

 

 

 

 

 

 

 

 

 

Figure.9.Comparative Graph– HC Emission v/s Injection 

Timing  
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Figure 9 shows the variation between hydrocarbon emissions 

with in jection timing at different loads. A decrease in 

hydrocarbon emission can be seen as the injection t iming is 

advanced. Increasing the injection timing resulted in higher 

cylinder temperature, which in turn reduced the flame 

quenching layer thickness. Thus the unburned HC emissions 

decreased. 

 

3.3.4 Oxides of nitrogen (NOX) 

 

 
Figure.10. Comparative Graph –  NOx Emission v/s 

Injection Timing  

 

Figure 10 shows the variation o f NOx emissions with d ifferent 

injection timings at different loads. When the injection timing 

was retarded a decrease in in NOx emissions was observed. 

NOx emissions are highly dependent on the cylinder 

temperature. Retarding the injection timing decreases the peak 

cylinder pressure because more fuel burns after TDC. Lower 

peak cylinder pressures result in lower peak temperatures. As a 

consequence, the NOx concentration starts to dimnish. 

 

IV. CFD VALIDATION 

 
4.1 Modelling and Meshing: 

 

In this present work, the geometry has been modeled and 

meshed in pre-processor GAMBIT. The combustion chamber 

is a bowl in piston type, which is having a hemispherical 

groove at the piston top surface. The geometry  has been 

modelled at 180° crank position (BDC position). In order to 

obtain realistic simulat ions, computation must include true 

combustion geometry with in let and exhaust valve positions. 

Hence a 3D model of the combustion chamber has been 

developed for the Kirloskar TV1 engine. Both the manifo lds 

have been meshed with a structured mesh. The combustion 

chamber has been meshed with a cooper mesh, keeping the 

mesh size as unity. Figure 11 illustrates the meshed 

combustion chamber. 

 
 

Figure.11. Meshed Combustion Chamber  

 

4.2 Inputs for Analysis: 

 

4.2.1 General Inputs: 

 

Inlet valve is selected as pressure inlet while exhaust valve is 

selected as velocity outlet. Injector position is placed between 

2 valves, as per the dimensions of the combustion chamber. 

Inclination  of in jector is given as 15 degrees. Time was 

specified in angles and speed was set to 1500 rpm with initial 

position of 0 degree. Boundary conditions: wall type was 

specified for default boundary region i.e the combustion 

chamber, while pressure for inlet and velocity type for outlet. 

The start and end of ignition was set at 345 and 370 degree 

respectively. Emission models fo r NOX and soot were turned 

on. The inlet and exhaust had stagnation pressures of 2 bar, 

while the in let air was at a temperature of 303K i.e 27°C.  

The reaction chosen was 

 

C12H26 + 18.5 O2 →12CO2 + 13H2O 

 

4.2.2 Models Applied: 

 

Turbulence Model: K-epsilon/RNG 

 

Spray breakup Model: Reitz-Diwakar model 

with 3D domain  

 

Combustion Model: Shell auto ignition  

 

4.3 Combustion Simulation: 

 

This is the actual simulation process. It was carried out in 

STAR CD software. STAR CD is the long-time leading 

provider of CFD technology to the automotive industry, with 

over two decades of intake-to-tailp ipe industrial know -how, 

CD-adapco (its developer) is dedicated to solve such 

combustion research. Here the start of ignition, end of the 

ignition, start of combustion, end of combustion and the 

injection pressure and velocity are specified as mentioned 

already. 

 

4.3.1 Maximum Cylinder Pressure:  

 

The maximum pressure developed inside the cylinder is 

determined by the quantity of fuel vaporized  during the 

ignition delay and occurs during combustion. Figure 12 

displays the combustion simulation results for IA  18. A 

maximum pressure of 70.01 bar is reached. Similarly results 

were also obtained for other injection timings of 16 and 21 

degrees. 

 

 
Figure.12. Combustion Simulation for maximum pressure 

at IA 18 
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4.4 Validation 

The maximum pressure obtained for the injection timings 16, 

18 and 21 are taken from the combustion characteristics 

curves. The theoretical value is taken from the STARCD 

output file. The experimental results and theoretical results 

are then compared. Figure 13 shows the comparison, while 

Table 4 depicts the error occurred. It is seen that there is a 

maximum error of 2.73%, which highlights the accuracy of 

CFD pred iction. 

 

Injection 

Timing 

T he or et ic al  

Max Pressure 

Experimental 

M a x P r essu re  

Percentage 

Error 

° C A , B T D C  bar bar %  

16  66.22 68. 08  2.73 

18  70.01 69. 62  - 0. 56  

21  71.23 69. 91  - 1. 88  

 

 
Figure.13. Comparison of theoretical and experimental 

data 

 

V. CONCLUS ION 

 

In this study, the influence of injection timing on the engine 

performance and emissions of a diesel engine has been 

experimentally investigated using diesel fuel. When the 

injection timing was advanced, CO emission decreased due to 

improving the react ion between fuel and oxygen. This caused 

increase in the CO2 emissions. Advancing the injection timing 

caused an earlier start of combustion relative to the TDC. 

Because of this, the cylinder charge, being compressed as the 

piston moves to the TDC, had relatively h igher temperatures 

and thus, lowered the unburned HC emissions and increased 

NOx emissions. Advancing the injection timing 3° CA BTDC 

(21°CA BTDC) gave the best results for the unburned HC and 

CO emissions. On the other hand, retarding the injection 

timing 2° CA BTDC (16° CA BTDC) presented the minimum 

results of NOX and CO2 emissions. At these working 

conditions, when advanced injection timing, the ignition delay 

will be longer and speed of the flame will be shorter. These 

lead to reduction in the engine output power. Thus, fuel 

consumption per output power will augment. On the other 

hand, retarded injection timing means later combustion, and 

therefore, cylinder pressure increased only when the cylinder 

volume was getting higher rapidly and the results was a 

reduced effective pressure to do work. Further combustion 

chamber was modelled  using CFD software and analyzed. The 

cylinder peak pressure was found out. These results were 

validated with experimental results and show a great 

correlation. This experimental work highlights the importance 

of CFD in combustion research. 
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