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Abstract
This research was focused to present the inferences of the experimental studies on the performance and
combustion characteristics of diesel fuel for a single-cylinder direct injection diesel engine using response
surface methodology (RSM) based mathematical modeling which were developed taking 9 set of experimental
results. Experiments were carried out to study the effects of loads and injection pressures on performance
characteristics like indicated power (IP), brake thermal efficiency (BTE), specific fuel consumption (SFC),
volumetric efficiency (VE), air-fuel ratio (AFR) and combustion characteristics like net heat release (NHR),
maximum cylinder pressure (MCP) and mean gas temperature (MGT). The experiments were planned and
RSM based quadratic models were developed to establish the relationships between the process parameters
and the proposed characteristics using 3 hole, 4 hole (142°and 150°hole axis angle) and 5 hole nozzle. The
response surface analysis based on the experimental results revealed that by increasing loads from 2 kg to
10 kg would lead to the increased IP, BTE, NHR, MCP and MGT and decreased SFC, VE and AFR. The
better value of BTE, SFC and NHR were obtained from 3 hole nozzle. Increasing the number of nozzle holes
improved the combustion characteristics like MCP and MGT. 4 hole nozzle of 142°hole axis angle gave better
BTE, VE and MCP and while 4 hole nozzle of 150°hole axis angle improved the IP, SFC, AFR, NHR and MGT.
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1. Introduction

Diesel engines are the primary source of power for the
light, medium, and heavy duty applications. The
advantages of diesel engines are high fuel efficiency,
reliability and durability. The principle operation of
Diesel engines depends on the heat within the
compressed air to cause an ignition of the fuel charge.
The chemical energy stored in the fuel is then
converted into mechanical energy, which can be used
to power tractors, locomotives, trucks, etc. As no
ignition device is employed, it is often called a
compression-ignition engine. Nozzle, one of the
important part of fuel injection system is truly
considered and named as the heart of diesel engine.
Nozzle converts the liquid diesel into vapour and
which further creates vapour pressure on the piston of
the diesel engine and hence converts the linear motion

into rotational motion [1] .The efficiency of the diesel
engine very much depends on the quality of the
nozzle. Actually, diesel injector nozzles have a
significant influence on the quality of spray and
preparation of air–fuel mixture [4] . It regulates the
flow of fuel to the ultimate ignition compartment. The
main purpose of the Fuel Injection Nozzle is to direct
and atomize the metered fuel into the combustion
chamber.

This paper discusses the effect of number of nozzle
holes on the performance and combustion
characteristics of a single cylinder direct injection
diesel engine fueled with diesel for different injection
pressures and loads. RSM based mathematical
modeling using design of experiments (DOE) is found
to be a capable modeling tool [2] . The RSM is not
only useful in reducing the cost and time but also
furnishing the decisive information about the
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interaction effects of factors [3]. Hence, an effort has
been made in the research work to build the RSM
based quadratic models of performance and
combustion characteristics. The effects of load and
injection pressure on performance characteristic like
IP, BTE, SFC, VE and AFR and combustion
characteristics like NHR, MCP and MGT have been
analyzed for 3 hole, 4 hole (142°), 4 hole (150°) and 5
hole nozzle by developing second order RSM based
mathematical models.

1.1 Research Objectives

The main objective was to carry out experimental
investigation and mathematical modeling on effect of
number of nozzle holes and hole axis angles on
performance and combustion of diesel engine.

The specific objectives were:

• To find the performance characteristics like IP,
BTE, SFC, VE, AFR and combustion
characteristics like NHR, MCP and MGT using
3 holes, 4 holes and 5 holes nozzle.

• To study the effect of different hole axis angles
of 4 hole nozzle like 142°and 150°on
performance and combustion of diesel engine.

• To employ the response surface methodology
(RSM) based mathematical modeling for
effective analysis of results.

• To use design expert software for RSM based
modeling and their statistical testing.

2. Experimental Setup

A four-stroke single cylinder water cooled direct
injection CI engine was used to perform the
experiments, which is equipped with a displacement
volume of 661 cc, compression ratio of 17.5:1 and
developing 5.2 kW power at 1500 rpm. The engine is
equipped with a traditional fuel injection system,
which was operated at a rated speed of 1500 rpm
throughout the experimentation period. Eddy current
dynamometer was used for loading the engine. The
injection pressure of the injector was manipulated for
research tests.The setup consisted of labview based
engine performance analysis software package
“Enginesoft” which were used for on line engine
performance evaluation.

Figure 1: Fuel injector nozzles

The experiment was carried out for three different
nozzle configurations of 3 hole (DLLA110S639), 4
hole nozzle of 142°hole axis angle (DLLA142S1142),
4 hole nozzle of 150°hole axis angle (DLLA150S187)
and five hole (DLLA158S769) nozzle to study its
effect on the performance and combustion of diesel
engine. Variation of load from 2 kg to 10 kg was only
taken as a sample for experimental investigation.
However, 4 stroke single cylinder diesel engine can be
used for generators, pumps and other light vehicles.
The nozzles used in the experiment and the
experimental setup are shown in figures 1 and 2
respectively.

Figure 2: Experimental Setup

3. Mathematical Modeling

In the thesis work, each controllable parameter was
investigated at three levels to explore the non-linearity
effects and hence, second order RSM based
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mathematical models for IP, BTE, SFC, VE, AFR,
NHR, MCP, MGT, etc. had been constructed with
injection pressure (P) and load (L) as the process
parameters. The quadratic mathematical model is of
the form [3]:

Y = b0 +b1L+b2P+b11L2 +b22P2 +b12LP
(1)

where, Y: response, i.e., BTE, SFC, VE, NHR, MCP,
MGT, etc.; b0,........,b12 : regression coefficients of
models are to be determined for each of the responses.
The regression coefficients of the proposed models are
calculated as [3]:

B = (XT X)−1XTY (2)

where, B: matrix of parameter estimates; X:
calculation matrix, which includes linear, quadratic
and interaction terms, XT: transpose of X and Y:
matrix of response. Design expert version 12 software
was used for the calculation of RSM based
mathematical models.

Table 1: Parameters and their levels

Table 2: Experimental layout plan

Table 3: Measured Values of performance and
combustion characteristics of 3 hole nozzle

Table 4: Measured Values of performance and
combustion characteristics of 4 hole nozzle (142º)

Table 5: Measured Values of performance and
combustion characteristics of 4 hole nozzle (150º)

Table 6: Measured Values of performance and
combustion characteristics of 5 hole nozzle

Three hole nozzle equations:

Four hole nozzle of 142º hole axis angle equations:
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Four hole nozzle of 150º hole axis angle equations:

Five hole nozzle equations:

4. Statistical Testing

The statistical testing of the developed quadratic
mathematical models were tested through F-test for
the analysis of variance (ANOVA) [4]. As per
ANOVA, the computed value of F-ratio of the
constructed model should be more than F value given
in the table for the model to be adequate. Using
Design Expert 12 Table 7 to table 10 were constructed
which represented the ANOVA results of the
developed models and found to be significant at 95%
confidence interval as F-ratio of all the models is
greater than 9.01 (F- table (5, 3, 0.05)). The adequacy
of the models was also verified through P-values
where the values less than 0.0500 indicate the model
terms are significant and coefficient of determination
R2 [3] that provides a measure of variability in the
observed values of the response and can be explained
by the parameters and their interactions. R2 values
given in the table were obtained closer to unity and
this showed a good correlation between the
experimental and the predicted values of the proposed
characteristics. Hence, these quadratic models are
used to predict the characteristics by substituting the
values of load and injection pressure within the ranges
of the process parameters selected. Formulas used for
statistical testing were:

F-test for ANOVA = Mean squares for Regression /
Mean squares for Residual

R2 = Model sum of squares / Total sum of squares

Table 7: ANOVA results for Quadratic Model and R2

values of 3 hole nozzle

Table 8: ANOVA results for Quadratic Model and R2

values of 4 hole nozzle (142°)

Table 9: ANOVA results for Quadratic Model and R2

values of 4 hole nozzle (150°)

Table 10: ANOVA results for Quadratic Model and
R2 values of 5 hole nozzle
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5. Graphical Analysis

The data obtained from the experiment were
graphically analyzed. The effects of process
parameters on performance characteristics for 3 hole,
4 hole 142 degree, 4 hole 150 degree and 5 hole
nozzles are presented in figures 3 to 10. These plots
were generated considering two parameters namely,
injection pressure and load at a time.

Figure 3: Interaction effect of injection pressure and
load on indicated power for nozzles of different holes

Figure 4: Interaction effect of injection pressure and
load on brake thermal efficiency for nozzles of
different holes

Figure 5: Interaction effect of injection pressure and
load on specific fuel consumption for nozzles of
different holes

Figure 6: Interaction effect of injection pressure and
load on volumetric efficiency for nozzles of different
holes

Figure 7: Interaction effect of injection pressure and
load on air fuel ratio for nozzles of different holes

Figure 8: Interaction effect of injection pressure and
load on net heat release for nozzles of different holes
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Figure 9: Interaction effect of injection pressure and
load on maximum cylinder pressure for nozzles of
different holes

Figure 10: Interaction effect of injection pressure and
load on mean gas temperature for nozzles of different
holes

Indicated Power (IP):
The interaction effects of injection pressure and load
on indicated power for 3, 4 (142°and 150°) and 5 hole
nozzles are shown in figure 3. Indicated power is
the amount of power developed in the cylinder by the
combustion of fuel and can be considered as the power
exerted on the piston. Generally, high indicated power
is preferred for diesel engine. From the figure 3, it is
clear that indicated power increases with the increase
of load for all 3 hole, 4 (142°and 150°) hole and 5 hole
injector nozzles. The maximum IP obtained was 4.12
kw at 245 bar at 10 kg for 3 hole nozzle. From the
graphs of 4 hole (142°), it was clear that IP increases
with the increase of injection pressure (in the range
of 220 to 245 bar) for loads of 6 kg, 8kg and 10 kg.
The hole axis angle of 142º gave the maximum IP of
4.01 kw at 245 bar at 10 kg load. In the graphs of 4
hole (150°), it was found that IP increases from 210 to
220 bar and again IP decreases with further increase
in injection pressure till 240 bar. The hole axis angle
of 150º gave the highest IP of 4.25 kw at 200 bar at 10
kg. Graph of 5 hole nozzle showed different behavior

compared to the other hole nozzle injectors. Though
IP increased with increase in load but the value of IP
went on decreasing with increase of injection pressure
from (210 to 230) bar. 3.86 kw was the higher value
of IP that was obtained at 210 bar at 10 kg load for 5
hole nozzle.

Brake Thermal efficiency (BTE):
BTE is brake power of a heat engine as a function of
thermal input from the fuel. It is used to evaluate how
well an engine converts the heat from a fuel to
mechanical energy. Graphs in the figure 4 exhibit
brake thermal efficiency in relation to load and
injection pressure for different nozzles. It is observed
that, for any specified value of injection pressure, the
BTE increased with the increase in load. Graph of 3
hole nozzle gave higher BTE at 220 bar pressure
which is largely due to the improved atomization,
spray characteristics and air-fuel mixing which results
in better combustion. For the 3 hole injector, the
highest BTE of 28.653 % was achieved at 210 bar for
10 kg load. The highest BTE achieved for 4 hole
injector of 142 degree hole axis angle was 23.431 %
at 210 bar for 10 kg load. It is revealed from the graph
that, increase in injection pressure leads to decrease in
BTE because high injection pressure may be
responsible to higher velocity of droplet which will
pass away without mixing air properly and thus lower
BTE due to improper combustion. The behavior of
BTE graphs for 4 hole nozzle of 150°hole axis angle
was different compared to 4 hole injector of 142°hole
axis angle. Graph of 5 hole injector illustrated that the
highest BTE obtained was 26.53 % for 10 kg load at
220 bar.

Specific Fuel Consumption (SFC):
SFC measures how efficiently an engine is using fuel
to produce power. Lower specific fuel consumption is
desirable for the diesel engine. All the four graphs in
the figure 5 for SFC presented that for any specified
value of injection pressure, SFC decreases with
increase in load. Graphs of 3 hole nozzle showed that
lowest SFC obtained was 0.196 kg/kwh at 215 bar for
4 kg load.SFC increases and decreases for 3 hole
nozzle at 2 kg load because at this lower load the
actual combustion process was incomplete as enough
air was not present in the cylinder to oxidize the fuel
completely. Graph of 4 hole injector of 142°hole axis
angle represented that SFC increases with the increase
in injection pressure. This could be due to the fact that
with increase in injection pressure, not only the fuel
droplet size decreases but also increases the
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momentum of the droplets. Therefore, too high
increase in pressures would have developed even
small droplets but with increase in momentum the
droplets could have got impinged on the cylinder
inner wall and to develop same power, the fuel
consumption should have increased. Therefore, effect
of increasing injection pressure increases the SFC.
Graph of 4 hole injector 150 °hole axis angle
represented the similar nature of graphs for SFC as
that of 3 hole nozzle. The lowest SFC is 0.199 kg/kwh
at 200 bar for 10 kg load. Graph of 5 hole injector
showed opposite nature of graph compared to 3 hole
nozzle. Thus, at the prevailing conditions, an injection
pressure of 220 bar yielded lower SFC. Rohit Sharma
et. al, 2013 on similar study found out that the same
result of increase in SFC with the increase in injection
pressure [5].Lowest SFC achieved was 0.308 kg/kwh
at 200 bar for 10 kg load. It is also clear from the
graphs that for same injection pressure and load,
increasing number of nozzle holes from 3 to 5
resulted in increased SFC.

Volumetric Efficiency (VE):
Figure 6 illustrated the interaction effects of injection
pressure and load on volumetric efficiency for
different nozzles. VE is defined as the volume flow
rate of air into the intake system divided by the rate at
which volume is displaced by the piston. Lower value
of volumetric efficiency is preferable for the diesel
engine. All four figures presented that for any
specified value of injection pressure, VE decreases
with increase in load. This may be because the
combustion is improved due to higher in-cylinder
temperature after successive working of engine at
high load and this high temperature in cylinder
decreases the volumetric efficiency. Graph for 3 hole
nozzle showed that the lowest VE is 80.275 % at 240
bar for 10 kg load. Graph of 4 hole axis angle of
142°nozzle showed that VE increases with increase in
injection pressure of (200-210) bar and then tends to
decrease with further increase in injection pressure for
6 kg, 8 kg and 10 kg load. While 2 kg and 4 kg load
shows a little different nature with increase in VE
from 230 to 240 bar.The lowest VE was 78.4 % at 245
bar for 10 kg load. Graph of 4 hole 150°hole axis
angle represented the different nature of graph for VE
compared to 4 hole 142°hole axis angle. The lowest
VE was 80.338 % at 200 bar for 10 kg load.The
lowest VE achieved for 5 hole injector nozzle was
78.816 % at 250 bar for 10 kg load.

Air Fuel Ratio (AFR):

Figure 7 illustrated the interaction effects of injection
pressure and load on AFR for 3 hole, 4 hole (142°and
150°) hole axis angle and 5 hole nozzles. Thermal
engines use fuel and oxygen (from air) to produce
energy through combustion. AFR is the ratio between
mass of air to mass of fuel in the air-fuel mixture used
by an engine when running. Diesel engines always
run on lean air-fuel mixture. The figures for AFR
represent that for any specified value of injection
pressure, AFR decreases with the increase in load.
Graph for 3 hole showed that AFR tends to increase
with further increase in injection pressure in the range
of (225-240) bar. Again, after 245 bar injection
pressure, AFR tends to decrease. The lowest AFR was
22.766 at 250 bar for 10 kg load. Graphs for 4 hole
nozzle of 142°hole axis angle depicted that AFR
almost tends to decrease with increase in injection
pressure for most of the variation of loads. The lowest
AFR was 24.178 at 240 bar of 10 kg. Figure for 4
hole nozzle of 150°hole axis angle represented the
lowest AFR as 15.417 at 250 bar for 10 kg load. It
was clear from the graph of 5 hole nozzle that AFR
increases with injection pressure of 220 bar to 245 bar
and almost every load has lower AFR at 250 bar
except 2 kg and 10 kg. The graphs depicted the lower
AFR of 28.726 at 240 bar for 10 kg load.

Net Heat Release (NHR):
The interaction effects of injection pressure and loads
on net heat release rate were shown in figure 8 for 3
hole, 4 hole (142°), 4 hole (150°) and 5 hole nozzle. It
was clear from the graphs that NHR increases with the
increase in load. Minimum NHR is obtained at lower
load due to more heat transfer to cylinder
surface.From the graph of 3 hole nozzle, it was clear
that with increase in injection pressure, NHR
increases for any specified value of load. The highest
NHR obtained was 63.762 J/deg at 250 bar at 10 kg
load. 4 hole nozzle of 142°hole axis angle showed
that for higher loads NHR increases with increase in
injection pressure but with further increase in
injection pressure from 220 bar to 245 bar, NHR
decreases. This may happen due to the delayed
injection, which adverse the effect on the fuel air
mixture formation. The highest NHR obtained was
47.909 J/deg at 250 bar at 10 kg load. 4 hole nozzle of
150°hole axis angle showed the similar nature of
graph of 3 hole nozzle for 2 kg, 4 kg, 6kg and 8 kg
load. Here, NHR increases from 220 bar to 250 bar
due to increase in cylinder pressure and combustion
temperature. This may be due to improved premixed
combustion phase which could be due to better
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atomization and improved air fuel mixing. Higher
value of NHR was 50.106 J/deg at 250 bar at 6 kg.
The graphs of 5 hole nozzle showed different nature
of NHR for different loads with increase in injection
pressure.5 hole nozzle gives the higher NHR of
59.476 J/deg at 245 bar at 10 kg.

Maximum Cylinder Pressure (MCP):
Figure 9 showed the interaction effect of injection
pressure and loads on MCP for 3 hole, 4 hole of 142°,
4 hole of 150°and 5 hole nozzles. It was clear from
the graphs that for any specified value of injection
pressure, MCP increases with increase in load. For 3
hole injector nozzle, MCP first decreases with the
increase in injection pressure from 200 to 215 bar
then again it increases with further increase in
injection pressure. On a diesel engine, the occurrence
of MCP mainly depends on amount of fuel burnt in
the uncontrolled combustion phase and ignition delay
period. 65.129 bar was maximum cylinder pressure
for 3 hole nozzle at 240 bar at 10 kg. Similarly, for
different nozzle holes and hole axis angle of 142°and
150°, MCP first slightly decreases with increase in
injection pressure which may be due to longer delay
period because of improper mixing of fuel leading to
improper combustion, and again MCP increases with
increase in injection pressure. Among two hole axis
angle of 142°and 150°, maximum cylinder pressure of
65.33 bar was given by 4 hole 142º hole axis angle at
240 bar at 10 kg. The graph of 5 hole nozzle gave
maximum cylinder pressure of 64.655 bar for 10 kg
load at 210 bar injection pressure.

Mean Gas Temperature (MGT):
The figure 10 showed the interaction effect of
injection pressure and loads on MGT for 3 hole, 4
hole of 142°, 4 hole of 150°and 5 hole nozzles. Mean
gas temperature is the average gas temperature present
inside the cylinder. It is clear from the graphs that for
any specified value of injection pressure, MGT
increases with the rise in load from 2 kg to 10 kg.
Low temperature combustion brings benefits to
engines in terms of both heat transfer (heat losses at
the walls) and heat rejection to the exhaust. The graph
of 3 hole nozzle and 4 hole nozzle of 142°hole axis
angle showed that MGT slightly decreases in the
range of (200-220) bar and then increases with the
further increase in injection pressure. The lowest
MGT given by 3 hole and 4 hole of 142°hole axis
angle were 871.868 ºC and 857.683 ºC at 210 bar and
2 kg load respectively. 4 hole nozzle of 150°hole axis
angle showed the different nature compared to

142°hole axis angle where MGT decreases in the
range of 225 bar to 240 bar and the lowest MGT
obtained was 836.86 ºC at 240 bar at 2 kg. For 5 hole
nozzle, MGT decreases in the range of 215 bar to 250
bar for 2 kg, 4 kg, 8 kg and 10 kg load. For 6 kg load,
MGT shows slightly different nature. The lowest
MGT of 781.404ºC was given by 5 hole nozzle at 250
bar for 2 kg load.

6. Conclusions

The research work dealt with the experimental
investigation on performance and combustion
characteristics of a single-cylinder direct injection
diesel engine when fueled with diesel for 3 hole, 4
hole of 142°hole axis angle, 4 hole of 150°hole axis
angle and 5 hole nozzles using RSM based quadratic
models constructed to explore the effects of the two
process parameters: loads and injection pressure.
Based on the experimental results and subsequent
graphical analysis it was known that IP, BTE, NHR,
MCP and MGT were increased and SFC, VE and
AFR were decreased with the increase in load for any
specified value of injection pressure for all different
nozzles. 3 hole nozzle is best for given experimental
engine because the value of vital engine parameters
for performance like BTE and SFC and combustion
like NHR were obtained better with 3 hole nozzle.

• IP increased with the increase in injection pressure
after 230 bar onwards for 3 hole nozzle. The better
value of IP was given by 220 bar for 4 hole nozzle
of 150°hole axis angle. For 5 hole nozzle, IP went
on decreasing with increase in injection pressure.

• It was revealed that for same load and injection
pressure, among different 3, 4 and 5 hole nozzles, 3
hole nozzle had the higher BTE of 28.653% at 210
bar for 10 kg load. Also, among different hole axis
angles of 4 hole nozzle, 142°hole axis angle had
better BTE.

• Lowest SFC of 0.196 kg/kwh was obtained from 3
hole nozzle for 215 bar at 4 kg load. Increasing the
number of nozzle holes from 3 to 5 resulted in the
increased value of SFC.

• Lower value of VE is desirable for the diesel engine.
Lowest VE of 78.41% was obtained from 4 hole
nozzle of 142°hole axis angle at 245 bar for 10 kg
load.
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• For the similar injection pressure and load,
increasing number of nozzle holes from 3 to 5
resulted in increased AFR. 4 hole nozzle of
150°hole axis angle had lowest AFR of 15.417
compared to other hole nozzles.

• NHR for 3 hole and 4 hole nozzle of 150 degree
increased with the increase in injection pressure due
to the increase in cylinder pressure and combustion
temperature. 4 hole nozzle of 142°showed that NHR
decreases with further increase in injection pressure.
The better value of 63.762 J/deg was given by 3 hole
nozzle at 250 bar at 10 kg load.

• For every different nozzle holes, with increase in
injection pressure, MCP first slightly decreased and
again MCP increases with increase in injection
pressure. This may be due to proper atomization,
better air fuel mixing and hence combustion. The
maximum cylinder pressure of 65.33 bar was
obtained for 10 kg load of 4 hole 142°hole axis
angle at 240 bar injection pressure.

• MGT slightly decreased in the range of (200-220)
bar and then increased with the further increase in
injection pressure for 3 hole and 4 hole nozzle (142°)
hole axis angle. 4 hole nozzle of 150°hole axis angle
had different nature of MGT compared to 4 hole
142°. For 5 hole nozzle, MGT decreased in the

range of 215 bar to 250 bar for most of the loads.
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