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Abstract - The idea of internal combustion engine was developed far back in 17th century  when Christiaan Huygens used 
gunpowder to drive water pumps, to pump water for the Versailles palace gardens, then in 1860 Jean Joseph Etienne Lenoir 
converted steam engine to Spark Ignition Engine, but present day only manufacturing these engines is not the issue, the 
greatest issue is to make these engines up to the desired standards of BSFC, Emissions and other requirements that could met 
the present day Legislative (Pollution Mandates) and Market (Economy)needs . 
 
The Engines are the main source of GHG emissions, Carbon Monoxide is mainly released in gasoline engines due to partly 
burnt fuel, The loosing of little amount of un-burnt fuel or power for the sake of knocking leads to increase in co emissions. 
The Gasoline direct injection engines have a good potential to reduce the CO emissions in the emission spectra of the gasoline 
engines. Efforts are made in the present study is done on the gasoline direct injection engine for optimizing the timing of 
injection and other injection parameters for the optimal emissions and having good efficiency as that of a diesel Engine on 
working at part load. The Optical Access is also utilized for the verification of combustion characteristics by capturing the 
Images of combustion. 
 
Index Terms - GDI Engine, Optical Access, Soot Particles, BSFC NOx, CO, Optimization. 

 
I. INTRODUCTION 
 
Gasoline Engines are the Engines designed to operate 
on the volatile fuel having high self ignition 
temperature. Gasoline The objective of this study is to 
optimize the injection parameters of the gasoline 
direct injection Engine to get the optimized least 
emissions and high flame velocity. Gasoline direct 
Engines are operated in three burning modes and this 
shows different power and emission characteristics in 
all three modes i.e., idling, power mode, cruising 
mode. The timing of injection is different in all modes 
i.e., in late compression stroke in idling, in intake 
stroke for normal loading conditions, rich mixture in 
intake stroke for power mode. The above stated 
objectives are attained by an existing single cylinder 
gasoline direct injection Engine using Taguchi’s 
Methodology of Optimization, Simultaneously a 
different optical approach has been deployed to justify 
the results obtained from the optimization tools. 
 
II. EXPERIMENTAL SETUP 
 
The Experiments were carried out on an existing 
single cylinder Gasoline direct injection engine using 
Gasoline as fuel. The engine is customized, assembled 
and coupled with an air cooled eddy current 
dynamometer. The details of experimental setup used 
for carrying out the present study are shown in Tables 
2.1, 2.2, 2.3, 2.4, and 2.5 given below.  

 
During experiment, the combustion images are taken 
by a high speed pike IEEE 1394b ccd camera, fuel 
consumption is measured by a burette and a stop 
watch, an AVL 415S and AVL DIGAS 444 gas 
analyzer is used to measure and calculate the soot 
content and gaseous emissions (CO, HC, CO2, O2 and 
NOx) respectively at the exhaust, of the Engine. 

Experimental Engine’s  Specification 
Bore 87.5 

Stroke 80 
Capacity 481 

Compression Ratio 10.5 
Engine speed 800-1500 

Valve train 4 Valve VVT 
Exhaust 

Fuel Type Gasoline 
Fuel System GDI Open loop 

Ignition System Spark ignition with 
Variable   timing 

Lubrication Forced 
Starting Electric start 

Sapphire liner 
length 15mm 

Quartz window 
diameter 25 mm radius 

Table No.2.1: Experimental Engine’s Specification 
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Table No.2.4: AVL Di-Gas analyser’s specification 
 
1) Engine Construction Details: 
The engine is directly coupled to an eddy current 
dynamometer using flexible coupling and a stub shaft 
assembly; the output of the eddy current dynamometer 
is fixed to a strain gauge load cell of electronic data 
acquisition system for measuring load applied to the 
engine. Automatic loading of the engine is done by the 
software as per the instructions provided by the 
operator; the applied torque on the engine is 
calculated by the load and the arm length of the 
dynamometer. 
 
Optical access in this engine is provided through a 15 
mm length fused silica liner and a sapphire window in 
the piston crown. An extended piston allows a 45° 
mirror to be located between the upper and lower 
piston crowns allowing illumination or viewing into 
the cylinder from below, 180 frame per second 
camera, capable of taking shots at VGA (640 x 480) 
resolution, is aligned to the mirror to the combustion 
images and it is automatically triggered by the 
computer and programmed in a way to take 
photographs from various cycles and arranging it to 
one complete cycle the crank angle averaged and 

assembled images of the combustion event over a 
crank angle travel of 1000 averaged over 100 cycles.  
 
A maximum engine speed of 1500 rpm can be 
achieved by its light weight construction and good 
balancing. The piston is manufactured from 
aluminum while the piston crown is made from 
titanium, chosen due to the similarity in thermal 
coefficient of expansion between titanium and 
sapphires characteristics. However the experiments 
are carried out at the speed of 1250 RPM taking in to 
account the safety measures and the camera 
restrictions of taking images. 
 
A gas analyzer is used for the measurement of carbon 
monoxide (CO), nitric oxide (NOX), un-burnt 
hydrocarbon (HC), oxygen (O2), particulate matter 
(PM). CO was measured as percentage volume and 
NO, HC was measured as n-hexane equivalent, ppm, 
which is fitted at the exhaust, by this arrangement we 
can get the emission. The obesity in the Exhaust is 
measured by the AVL 415 S smoke meter in FSN, 
MG/M3 and %.  
 
The engine provides us various flexibilities for 
experimentation in the domain of injection parameters 
and the valve timing. The engine is capable of 
providing the variable Spark Advance Angle, variable 
Injection Start Angle timing, variable Injection 
Duration and variable Exhaust Valve timing. The 
details of these parameters are given in table below. 

 

 
Fig.2.1: Valve and Injection parameters timing Diagram 

 

 
Table No. 2.6: Valve and Injection parameters timing Diagram 

Manufacturer AVL India Pvt. Ltd. 
Type Di-Gas 444 

Model 5 gas analyzer 
Exhaus
t Gas 

Measuremen
t Range 

Resoluti
on 

Accuracy 

CO 0-10% vol. 0.01% vol. 

<0.6% vol.: 
± 0.03%, 

≥0.6%vol.:± 
5% of ind. 

val 

HC 0-20000 ppm 

≤2000:1 
ppm vol. 

>2000: 10 
ppm vol. 

<2000 ppm 
vol.:± 10 

ppm 
≥2000 ppm 
vol:± 5% of 

ind. val. 

CO2 0-20%vol. 0.1 % vol. 

<10%vol.:± 
0.5 %vol. 

≥10% vol.:± 
0.5% of ind. 

val. 

O2 0-22%vol. 0.01% vol. 

<2%vol.: ± 
0.1%vol. 

≥2% vol.:± 
5%of ind. val 

NOX 0-5000 ppm 1 ppm vol. 

<500 ppm 
vol.:± 50 

ppm. 
≥500 ppm 

vol:± 10% of 
ind. val 

Operation Timing 

Injection 
Start Angle 

(Variable, kept 2200 to 2800 BTDC during 
Experimentation) In Suction Stroke 

Spark 
Angle 

(Variable, kept 110  to 140 BTDC during 
Experimentation) In Compression Stroke 

Valve Opening Closing 

Inlet Valve 40 CA BTDC 2200 CA BTDC 
Exhaust 
Valve 2200 CA BTDC 40 CA ATDC 
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Figure 2.2: Schematic Diagram of test engine. 

 

 
Fig.2.3: Experimental Apparatus 

 
2) Design Factors And Response Values : 
The following three parameters to be considering at 
the performance and emission study of an IC engine: 
(A) Throttle, (B) Spark Advance Angle, (C) Injection 
Start Angle. These three factors are considered as 
main design factors each factor is subdivided into four 
levels. The table shows the design factors with their 
levels. The level of throttle were chosen as 10% , 14%, 
18%, and 22%, as the experimentation was completed 
on part load condition. The levels of start of injection 
was taken at 2200, 2400, 2600 and 2800 crank angle 
BTDC, in a similar way the Ignition angle (Spark 
Advance angle before TDC) was taken as 110, 120, 
130 and 140 crank angle BTDC. 

 

 
Table2.7: Design Factors and their levels 

 
3) Experimental Data : 
In the present study, using Taguchi methodology of 
L16 orthogonal array, total number of 16 experiment 
were performed on the Engine, the array with design 
factors, levels and responses for engine performance 
and emissions are given in the table 3.1. 

  
From the Experimental Instrument as supplied by the 
manufacturer and subsequent validation of the same it 
was depicted that the SFC of the engine remained 
nearly constant throughout the range of the throttle 
opening of 10% to 22% i.e. during the course of 
experimentation as the duration of injection is mapped 
with the throttle opening as shown in the graph, 
beyond these two points the SFC varied drastically. 
During the range of throttle opening of 10% to 22% 
the duration of injection of fuel is in nearly 750±10µs. 
Since the objective of the present study is mainly 
concentrated for the minimisation of three main 
emission parameters. It was imperative that the entire 
scope of the experimentation should be carried out at 
10% to 22% throttle opening where SFC is not 
changing. This methodology ensures no variation in 
SFC of the Engine. 

  
Since SFC of the engine is nearly constant but the 
different value of load corresponding to different 
throttle openings will lead to different BSFC as it as a 
function of engine output (i.e. speed and load) hence 
BSFC is taken into account for the optimization study. 

Exp No. Throttle 
% 

SA 
0CA 

ISA 
0CA 

BSFC 
Gm/KwH 

NHC 
Ppm 

CO 
Ppm 

Soot 
(mg/m3) 

1 10 11 220 1117.64 286 0.20 1.26 
2 10 12 240 1190.90 115 0.30 1.99 
3 10 13 260 1149.76 177 0.33 1.37 
4 10 14 280 1111.27 236 0.34 0.90 
5 14 11 240 1090.86 289 0.19 1.29 
6 14 12 220 952.76 304 0.18 0.45 
7 14 13 280 940.80 363 0.10 2.49 
8 14 14 260 948.67 370 0.15 1.12 
9 18 11 260 910.39 478 0.13 2.33 
10 18 12 280 901.08 439 0.11 1.65 
11 18 13 220 920.47 401 0.16 1.06 
12 18 14 240 924.47 481 0.14 0.56 
13 22 11 280 878.23 515 0.14 1.23 
14 22 12 260 877.26 596 0.10 0.28 
15 22 13 240 874.48 446 0.08 0.94 
16 22 14 220 874.47 454 0.14 0.71 

Table 3.1: Experimental data of Performance and Exhaust Emissions 
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Fig 3.2: BSFC Vs Throttle Graph 

 

 
Fig 3.3: CO Emissions Vs Throttle Graph 

Fig. No. 3.4: NHC Vs Throttle Graph 
 

 
Fig No. 3.5: Soot emissions Vs Throttle Graph 

4) Grey Relation Grade Generation: 
All the grey relation grades are needed to be converted 
into “ONE” grey relation grade to perform the 
optimization process. To find out the optimum 
combination of Throttle, Injection Start Angle, 
Ignition Angle (Spark Angle), we have to depend on 
the output responses. The engine exhaust emission 
parameters owe different weighting factors towards 
them as they have different impacts upon the study. 
The weighting factors are to be decided as per 
requirement. Our main goal is to optimize the 
Injection Parameters, yet maintaining, more or less, 
the same performance. We assigned equal weight-age 
to all the emission parameters (NHC, CO, Soot). 
Instead of some common way to reduce the emission 
as, now a day adopted, to attach some external 
equipment in the exhaust manifold, like EGR (exhaust 
gas recirculation) which reduces undesirable emission 
the input parameters are varied for low emissions. 
By giving the weighting factor to all the grey relation 
coefficient of each response the grey relation grade is 
achieved by which we can compute the optimum 
combination of the design factors, i.e. Throttle, 
Injection Start Angle, Ignition Angle (Spark Angle). 
 
After getting the grey relation grade with weighting 
factor with the help of MINITAB software we can 
analyze the Taguchi design of L 16 orthogonal array. 
The array should be with design factors without their 
values and without the value of levels. It should be in 
form of 1, 2, 3, and 4 in case level and design factors. 
Then the grey relation grade with weighting factor 
should be put at the response column and analyze it by 
the S/N ration curve, the S/N ratio is selected as larger 
the better as the higher value of grey relational grade is 
considered as the stronger relational degree between 
the ideal sequence and the given sequence. 

Exp No. GRG SRNA Order 
1 0.634693 -3.94872 13 
2 0.595278 -4.50561 16 
3 0.599933 -4.43795 15 
4 0.62485 -4.08448 14 
5 0.638787 -3.89288 12 
6 0.751432 -2.4822 5 
7 0.745487 -2.5512 7 
8 0.699382 -3.10571 11 
9 0.702982 -3.06112 9 
10 0.750025 -2.49849 6 
11 0.700145 -3.09625 10 
12 0.762347 -2.35695 4 
13 0.726589 -2.77422 8 
14 0.955256 -0.39761 1 
15 0.872878 -1.18093 2 
16 0.769955 -2.27069 3 

Table No 4.1: Tabulated Datasheet of Grey relational grade and 
order 
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The formula for introducing the weighting factor is, 

Where, Σβ=1 
The β is the weighting factor as required. 
The weighting factor applied to the responses is given 
below:  
BSFC=0.1,CO Emission: 0.3,NHC Emission: 
0.3,Soot Emission mg/m3 =0.3 
After giving these weighting factors to the individual 
grey relation grade the average grey relation grade 
with corresponding S/N ratio and its order to compute 
the value of GRG in the above table. 
 
5) Analysis of Signal to Noise Ratio and Grey 
relational grade.                                                                                                 
The traditional method does not capture the variability 
of the results within a trail condition; it looks after 
only at the simple average of the results. So the signal 
to noise ratio is introduced to analyze with the grey 
relation grade. The signal to noise ratio for overall 
grey relation grade is calculated by using the higher 
the better (HB) criteria. The results expressed in the 
term of S/N ratio and the mean of grey relational 
grade.            The response for the signal to noise 
ratio is shown in the figure 5.1.                                                                                                                                 

 
Table 5.1: Table of Signal to Noise Ratios Larger the better 
 

The total Mean S/N Ratio = -2.91525 
The response for the mean of grey relational grade is 
given in Table 5.2 

Table 5.2: Table of Response Table for Mean 
 
The total Mean Grey relation grade = 0.720633333 
The corresponding main effect plots are shown in the 
graph. In the main effect plot, if the line for particular 
parameter is nearly horizontal, the parameter has less 
significant effect. On the other hand, a parameter for 
which the line has the highest inclination will have the 
most significant effect. From the main effect plot, the 
parameter SA (Spark advance angle) has the most 
significant effect among these three parameters. The 

optimum process parameter combination for 
minimum emission and better engine performance is 
the one which has the maximum value for signal to 
noise ratio and grey relational grade. Thus, from the 2 
plots of means, the optimum process parameter 
combination is found to be A4B2C2, i.e. Throttle at 
22%, Spark Angle at 120 CA BTDC, Injection Start 
angle 2400 CA BTDC. 
 
In other word, the optimum combination is Throttle at 
22%, Spark Angle at 120 CA BTDC, Injection Start 
angle 2400 CA BTDC, where exhaust emissions is 
minimum. 
 
The NHC emission footprints are found higher on the 
optimized point of the experimentation compared to 
the rest of other experiments of the described Taguchi 
Matrix however the other parameters such as BSFC 
and CO Emission are at a lower value. This is in the 
essence that when the multi-objective optimization is 
performed, where the optimized point yield a distinct 
tradeoffs, The optimum point of operation is attained 
on the expense of some parameter. The minimum 
BSFC and CO Emission but with increase in NHC is 
in the line with the same essence that the 
multi-objective optimization could be attained on the 
cost of some parameter. 
 

 
Fig No. 5.1: The main effects of S/N Ratio 

 
6) Combustion Images : 
 
The capturing of images is just a qualitative approach; 
nothing quantitative has been performed on them. 
They are only utilized for the visual justification of the 
optimum combustion process during the 
experimentation 
 
It is evident from the low COV of IMEP that the 
inter-cyclic variations are very less hence neglecting 
the inter-cyclic variation, assuming stable engine 
operation and similarity in combustion event, the 
images are captured and a complete cycle of images is 

Level 1 2 3 4 Delta Rank 

Th -4.244 -3.00
8 -2.753 -1.656 2.588 1 

SA -3.419 -2.47
1 -2.817 -2.954 0.948 2 

ISA -2.949 -2.98
4 -2.751 -2.977 0.233 3 

Level 1 2 3 4 Delta Rank 
Th 0.6137 0.7088 0.7289 0.8312 0.2175 1 
SA 0.6758 0.763 0.7296 0.7141 0.0872 2 
ISA 0.7141 0.7173 0.7394 0.7117 0.0277 3 
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formed for each 10 crank angle interval, averaged over 
100 cycles. 
 
The Quantitative approach on the images can be 
applied on the captured photographs later in further 
part of study where the color based chromatography 
can be used to detect the wavelength of the emitted 
light during combustion which can further help in 
detection of temperature during combustion, can 
provide a view in the formation of exhaust emissions 
by giving a support to their temperature window based 
chemical kinetics 
 
The combustion images are found in the context with 
the Taguchi’s results, justifying the results obtained in 
the performance parameters, the images of optimum 
parameter of combustion ensures prompt and rapid 
combustion, as a result of which the combustion 
occurs in a short duration of time compared to the 
other configurations under study, this clarifies that the 
pressure peaks near to TDC resulting in high torque, 
less BSFC, CO, PM, Soot. The high luminosity of the 
flame corresponds to high temperature that results in 
high NOx formation. 
 

Table No 6.1: Comparison of Combustion Images 
10% Th, 110 

SA 
,2200 ISA 

0 Crank 
Angle ATDC 

22% Th, 120 
SA, 

2600 ISA 

 

-12 

 

 

-6 
 

 

0 

 

 

6 

 

 

12 

 

 

18 

 

 

24 

 

 

30 

 
 
CONCLUSION 
 
The spark-ignited direct-injection gasoline engines 
enjoys relative merits of lean-burn, direct-injection 
system of Diesel Engines with homogeneous charge 
system of gasoline engines Less complexity in intake 
system of direct injection system increase the 
volumetric efficiency and compression ratio under the 
optimal condition decreasing the UBHC, Particulate 
matter. The present study reveals shows that among 
all the injection parameters, throttle plays the most 
important role having the maximum slope in S/N 
ratio, followed by spark advance angle and the 
injection start angle. 
 

 BSFC is highly dependent upon Throttle that 
is a replica of Load. Other parameters have 
significant effect in lower Throttle range. 

 CO is also dependent on Throttle opening 
simultaneously having effects of other 
Injection Parameters also i.e. Spark Advance 
Angle and Injection Start Angle. 

 NHC follows the Diesel like trend with 
Throttle. 

 The  Optimal  point  of  Operation  deviates  
from  the  set  parameters  as  the 

 Optimum Injection start angle is 2600CA 
BTDC instead of 2350CA BTDC as per the 
manufacturer setting. 
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