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ABSTRACT
Nowadays optimization is increasing in experiments on the engine tests studies. In this study, the test fuel obtained by mixing
isopropanol with n-heptane fuel under various engine conditions in HCCI mode was examined combustion, performance and
emissions. The study was carried out both experimentally and statistically. Set as engine parameters, different engine speed, test
fuel with isopropanol (IP20-IP40) and excess air ratio for experimental study. Engine speed is 800 rpm - 1200 rpm, excess air
ratio is 1.6 and 2.8, and isopropanol ratio in test fuel of 20% and 40%. From the experiment, investigations were made on effective
torque, indicated mean effective pressure, indicated thermal efficiency, maximum pressure increase rate, start of combustion
(SOC), combustion duration, COVIMEP, HC, CO and NOx. Before the experiments, experimental series were determined with
Response Surface Method, Central Compound Design matrix. Experiments were carried out with the experimental series obtained
and the data were analysed. Counter charts, ANOVA results and quartic models were obtained by entering the combustion, performance and output of the HCCI engine into the RSM interface. Then, the targeted response parameters were entered and optimization was made to determine the optimum input parameter. Response parameters under optimum operating conditions Effective Torque 11.438 Nm, IMEP 4.366 bar, MPRR 2.747 bar/°CA, COVIMEP 4.364%, CA10 2.315 °CA, CA50 7 °CA, CA10CA90 36.245 °CA, UHCs 324.562 ppm, CO 0.0118% and NOx 2.549 ppm were determined.
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1. Introduction

cylinder and compressing it [9-11]. HCCI combustion can occur
with liquid or gaseous fuels by making structural changes on the existing internal combustion engine [12]. In addition to combustion,
gasoline, diesel fuels, HCCI also allows its use with alternative fuels
such as biofuels, biodiesel, and hydrogen [13]. The use of alternative
fuels on the HCCI engine enables improvement in parameters such
as engine operating efficiency and emission values [14, 15].
It is aimed to improve the performance and emission values of the
HCCI engine by adding different additives to the fuels used on HCCI
engines [16]. Gainey et al., experimentally studied the input parameters of an HCCI engine and the combustion process by adding different additives to the fuels used. Isopropanol, butanol, ethanol and
methanol additives were added to the fuel. They saw that the reactivity of the isopropanol blended fuel is low and the ambient temperature must be high for the combustion to start. With the increase in

Today, an increase is observed in global warming and acid rain
events caused by the risk of depletion of fossil fuels and the rapid
increase in emission emissions [1-4]. Due to these concerns, researchers have turned to studies aimed at increasing efficiency and
reducing harmful emission gases in the energy conversion process.
Today, internal combustion engines are widely used for the production of mechanical energy, especially in mobile vehicles. Although
compression and spark ignition engines are mostly used in this internal combustion engine group, it is on the agenda for engines operating with the HCCI combustion principle, with high efficiency and
low emission gas values [5-8].
The basic operating principle of the HCCI engine can be defined
as the start of combustion by taking the fuel / air mixture into the
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ambient temperature, they achieved the highest NOx emission release with isopropanol additive [17]. Uyumaz et al., experimentally
investigated the effect of using isopropanol and n-butanol additive at
different concentrations and the inlet air temperature on the HCCI
engine. He observed that the start of combustion was delayed in all
fuel mixtures with the increase of inlet air temperature. Increasing
isopropanol concentration also advanced the initiation of combustion. It concluded that isopropanol fuel burns in a more controlled
manner than n-butanol fuel [18]. Calam et al., experimentally investigated the effect of isopropanol use on HCCI engine combustion
and emissions. They used pure n-heptane and n-heptane isopropanol
fuels as test fuel. They saw that the burning time was prolonged with
the use of the fuel added with isopropanol. They also observed a decrease in the rate of pressure increase with the fuel used in isopropanol [19]. Different optimization methods are used to determine optimum engine parameters and fuel mixtures. Ardebili et al. Aimed to
determine the optimum fusel oil concentration by using RSM in their
studies. They carried out experiments with a total of 5 different fuels
between 0% and 100%. Optimum results were obtained with a fuel
mixture with a concentration of 25% fusel oil [30]. Awad et al. Obtained successful results by using RSM in determining the optimum
additive concentration in the fuel mixture. It shows that this method
is suitable for use on internal combustion engines [20].
It is known that engine speed and lambda values, which are HCCI
engine input parameters, affect engine performance and emissions.
It is aimed to keep such parameters at the optimum level for the
HCCI engine. The response surface method (RSM) is widely used
in the optimization of internal combustion engine parameters.
Solmaz et al. used the RSM method for optimization of an HCCI
engine parameters. When they compared the values they obtained
after optimization with the results they obtained with the experimental method, they obtained successful results [11]. Mahla et al.
Optimized using the RSM method in a compression ignition engine
operating with biogas and diesel fuel. As a result of the study, it was
seen that the parameter values obtained by the optimization method
were consistent with the experimental results [21].
In this study, performance, emission, and combustion results of
HCCI engine mode under different isopropanol concentrations and
engine parameters conditions were obtained experimentally and statistically. Engine speed, excess air ratio and fuel types with different
isopropanol concentrations were used as variable parameters. The
effective torque, IMEP, ITE, MPRR, COVIMEP, UHCs, CO and
NOx values were examined. Statistical analysis was carried out using the RSM in the Design Expert 12 environment. Counter charts,
ANOVA results and quartic models were obtained by inputting the
performance, emission, and combustion values of the HCCI engine
to the RSM interface. Optimization was carried out in order to determine the optimum input parameters by inputting the targeted response parameters from the HCCI engine.

properties of the test engine are seen in Fig..1. and Table 1, respectively.

Figure 1. Schematic view of the experimental setup

Equations must be numbered consecutively and located at the
right margin as in Eq. (1) below. Clear original figures in black and
white should be used.
Table 1. Properties of HCCI engine
Brand-Model
Number of cylinder
Volume (mL)
Bore x Stroke (mm)
Compression ratio
Maximum power (kW)
Maximum speed (rpm)
Maximum cylinder pressure
Fuel system
Cooling system

Ricardo Hydra
1
450
80.26 x 88.90
5:1-13:1
15 @ 4500 rpm
5400
120 bar
Port type
Water cooled

During the experiment, a homogeneous air-fuel mixture was taken
into the cylinder with the port injection system. The injection amount
of the injector was adjusted using the potentiometer. The injectors
were electronically controlled to determine fuel consumption and
keep the air / fuel ratio constant. Injection properties of all fuels are
determined before the tests are carried out. The potentiometer scale
was set to 1.0, 2.0, 4.0, 6.0, 8.0 and 10.0 and the test motor was run
at constant speed. The gas tank was placed on a precision scale (precision 0.01 g) and the fuel quantity was set at 120 seconds. In the
current system, the injector is adjusted according to the position of
the potentiometer.
In the experiments, the potentiometer was precisely adjusted for
each lambda value. The motor was placed in a McClure DC dynamometer capable of absorbing 30 kW of power. The heating system,
which heats the intake air, is in front of the intake manifold attached
to the cylinder block. A K type thermocouple was used to measure
the air inlet temperature. A closed loop controller was used to keep
the temperature constant. In-cylinder pressure was measured with
Kistler 6121 model piezoelectric pressure sensor and its technical
specifications are given in Table 2.

2. Material and Methods
2.1 Experimental Setup
The experiments were performed in a Ricarda Hydra single cylinder test engine. Besides, in the experiments, SI-HCCI was used as
the test engine. Schematic view of the experimental setup and the
64
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Table 2. Pressure sensor specifications
Brand – Model
Kistler – 6121
Measuring range (bar)
0 to 250
Sensivity (pC/bar)
14.7
Temperature (K)
223 to 623
Linearity (+/- %)
<0.5

2.2. Combustion Analysis Method
The in-cylinder pressure was calculated by averaging the fifty cycle data obtained. For this purpose, a special algorithm was designed
using the MATLAB. With the help of this algorithm, in-cylinder
pressure, heat release, IMEP, start of combustion, burning time and
specified thermal efficiency are calculated.

The measured signals were amplified in the Cussons P4110 model
combustion analyzer and analyzed using a National Instruments
brand USB 6259 model data acquisition card and recorded in the
computer. In addition, Opkon brand 0.36 CAD precision encoder
was used to determine the position of the piston in the cylinder. The
technical characteristics of the encoder are presented in Table 3.
Fifty consecutive data cycles were averaged to prevent cyclical differences that could occur during the experiment.

HRR is determined with the help of the first law of thermodynamics. Therefore, mass and gas leaks in a cycle are ignored. In calculating the heat dissipation, heat transfer from the cylinder wall to the
outside is included. HRR based on HCCI engine crankshaft angle is
calculated using Eq. (1)of the paper in font 9. They should be numbered consecutively. While referring a journal paper, volume, number, page numbers and year must be given. Standard APA referencing style must be used.

Table 3. Encoder specifications
Brand – Model
Output
Supply DC Voltage (V)
Shaft - Body Diameter (mm)
Pulse per Rotation
Temperature (K)
Max. Operating Speed (rpm)

dQ
k
dV
k
dP dQheat

p

V

d k  1 d k  1 d
d

Opkon
Line driver
5
8 - 50
1000
253 to 353
4000

Calculation of the amount of heat transfer occurring on the cylinder
walls of the internal combustion engine (ICE) based on Newton's
cooling principle is calculated with Eq. (2):
dQheat
1

 hg  A  Tg  Tw 
d
6 n

The engine was first started in spark ignition mode and then the spark
plug was turned off from the control panel to allow HCCI combustion. The engine coolant and lubricating oil temperatures were
checked to make the results more stable. As a result of this process,
the cooling water temperature was fixed at 343 K and the lubricating
oil temperature as 333 K. The experiments were carried out at an
engine speed of 800-1200 rpm and a constant intake air temperature
of 333 K. In this study, IP20, IP40 and n-heptane test fuels were used.
The properties of n-heptane and isopropanol are shown in Table 4 [6,
20, 22, 23].

RON
Density (kg/m3 at 15.4 °C)
Boiling point (K)
Low heating value (kJ/kg)

(2)

The ITE value of the HCCI engine was calculated with Eq. (3).

T 
m

Wnet

Q
fusel oil LHV fusel oil  mn  heptane QLHV n  heptane

(3)

The net work value of one cycle of the HCCI engine was calculated
with Eq. (4).

Table 4. Properties of fusel oil and n-heptane fuels [9]
isopropanol
107
809
355
30,447

(1)

Wnet   PdV

n-heptane
0
695
371
44.566

(4)

IMEP was calculated with Eq. (5).

Exhaust gas was analyzed using Bosch's BEA350 emission meter.
Table 5 shows the technical characteristics of the exhaust gas analyzer used in the test.

IMEP 

Wnet
Vstroke

(5)

Table 5. Exhaust gas analyser specifications
CO (%)
CO2 (%)
HC (ppm)
NOx (ppm)
O2
Opacity (%)
Lambda

Measuring range
0 – 14
0 – 18
0 – 9999
0 – 5000
0 – 25
0-100
0 - 4

3. Design of Optimization Parameters

Sensitivity
0.001
0.01
1
1
0.01
0.1
0.001

In optimization studies, the results obtained from engine tests are
expected to be statistically optimum. Therefore, the response surface
methodology (RSM) is used in this research study. The software
chosen for the response surface methodology is Design Expert 12.
Central Compound Design (CCD) was used in the design of the response surface methodology which is generally preferred in optimizations. The experiments were optimized using ANOVA (analysis
of variance) table. Engine speed (rpm), air excess coefficient and
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fuel type were determined as independent variables. The design matrix has been changed for the three variables and the limit parameters
are given in the Table 6. Total of 26 experiments were expected for
three determined dependent variables in order to provide optimum
working conditions.

4.1. Interaction Effects of Optimization
4.1.1. Effective torque

+1

+𝜶

1200

120
0

2,8

2,8

The optimization values about effective torque are shown in the
Table 7. According to the ANOVA results for effective torque, it is
seen that the established model has a significant effect on effective
torque. The p-value that measures the effect of engine speed, air excess coefficient and fuel type on effective torque is below 0.05. According to the F-value, it can be concluded that the fuel type is
more effective on the effective torque than the engine speed and the
air excess coefficient.

40

40

Table 7. ANOVA table for effective torque (Nm)

Table 6. Operating range and levels for independent variables
Operating Range and Levels
Ind. varia
bles

Uni
t

Engine spe
ed

(rp
m)

Xi
−𝜶

Lambda
Isopropano
l ratio

(%)

-1

X1

800

800

X2

1,6

1,6

X3

20

20

0
10
00
2,
2
-

Sum of
Sq.
123,38

Mean S
q.
7,71

X1- Engi
ne speed

0,6006

0,6006

10,66

X2 -Lam
bda

11,39

11,39

202,22

< 0.0001 significant

X3 -Fuel

29,09

29,09

516,46

< 0.0001 significant

Residual

0,507

0,0563

Cor Total

123,88

Source

In the establised model, the engine speed was determined between
800 - 1200 rpm, and the air excess coefficient was determined between 1.6 - 2.8. IP20 (20% Isopropanol-80% Heptane) and IP40 (40%
Isopropanol-60% Heptane) were selected as the fuel type. Effective
torque (Nm), IMEP (bar), MPRR (bar/oCA), COVIMEP (%), CA10
(°), CA50 (°), CA10-CA90 (°), indicated thermal efficiency (%) and
CO (%), HC (ppm), and NOx (ppm) emissions were determined as
dependent variables (response variables). The quartic model was
chosen for the optimization of all dependent variables. General equation of the quartic model [24]:
k

k

k

k

i 1

i 1

i 1

i 1

k

  0   i xi   ii xi2   iii xi3  iiii xi4 

k



i 1 j 1,i  j

136,89

p-value

Remarks

< 0.0001 significant
0,0098

significant

In the analysis which is using the quartic model, the R2 value of
the goodness of fit is checked to determine the correlation fit of the
input parameters used in the research. For the effective torque, the
R2 value was seen as 0.9959 and the regulated R2 (Adj. R2) value
was obtained as 0.9886. Since the difference is less than 0.02, it has
been seen that the results are within acceptable limits and compatible.
The quartic model Eq. (7) for effective torque generated by the response surface method.

ij xi x j

(6)

 0 means constant,  i ,  ii ,
iiii are regression coefficients, ij means quartic coeffi-

In Eq. (6) , η is the response,

iii and

Model

F-value

cient, and xi denotes input variable. The significance level F-value

Tef  Nm60,388 X11,688 X 2 1,584 X 3
0,431X1X 20,113 X 2 X 3 1,638 X12
20,394 X X X 0,569 X 2 X
0,888 X 2
1 2 3
1 2
2
2 0,52 X 2 X
0,155 X1 X 30,606 X1X 2
2 3
2 2
2
2
1,394 X1 X 2 0,344 X1 X 2 X 3  0,894 X1X 2 X 3

and p-value of the independent variables are determined. In dependent variables, the fact that the large F-value and small p-value
are increases the importance level. The p-value shows the effect of
input parameters on response values. If the p-value of any input parameter is less than 0.05, that parameter has a great effect on the
model [25]. The indicator that the regression statistics are compatible is expressed with goodness of fit (R2). The R2 value indicates
the agreement of the statistical model results with the experimental
results [26].

(7)

The effective torque value in internal combustion engines is important parameters in terms of performance. Figures 2a and 2b there
are graphs of IP20 and IP40 fuels, respectively. The graphs show the
effect of air excess coefficient on effective torque depending on engine speed. The increase in the amount of isopropanol in the fuel
mixture has increased the effective torque value. Isopropanol's highoctane number and its density in the mixture is the reason for the
increase. In addition, as the excess air coefficient increases in the
experiments, the torque value decreases. Reason for this is that the
air / fuel ratio in the cylinder is a lean mixture. While a maximum
torque of 6.5 Nm was obtained in the experiments with IP20, maximum torque values of 12.4 Nm were reached with IP40 [9, 27].

4. Analysis of the Model
The model which to coherent the between parameters are fine
because the difference between R2 and the goodness of predictions
(Adj. R2) of the regression statistics in all the analysis results are
less than 0.02. Emission and performance values have been examined and optimized by taking into account parameters such as engine speed, air excess coefficient and different fuel type, which we
have determined as input values in the HCCI engine that we conducted the experiments. The values obtained were analysed and interpreted in detail under separate titles and detailed graphics. In ad-
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For the indicated mean effective pressure (IMEP), the correlation
coefficient R2 was 0.9990 and the adjusted correlation coefficient
R2 (Adj. R2) was 0.9980. Since the difference is less than 0.02, it
has been seen that the results are within acceptable limits and compatible. The quartic model Eq. (8) generated by the response surface
method for indicated mean effective pressure.
IMEPbar 3,2450,215 X10,63 X 2 0,566 X 3 0,13 X1X 2
2
2
0,068 X1X 3 0,395 X 2 X 3  0,676 X1 0,216 X 2
2
2
2
0,077 X1X 2 X 3  0,229 X1 X 2  0,458 X1  0,128 X1X 2
2
2
2
 0,231X 2 X 3  0,177 X1 X 2 X 3  0,161X1X 2 X 3

(8)

a) IP20

a) IP20

b) IP40
Figure 2. Effect of lambda and engine speed on effective torque(a and
b)

4.1.2. Indicated mean effective pressure (IMEP)
ANOVA results with IMEP values are shown in Table 8. As seen
in the table, it is significant in terms of the IMEP of the model. It is
seen that the effect of independent variables on IMEP is significant
(p-value <0.05). The p-value is less than 0.05 in all input parameters.
The p-value is <0.0001 in all parameters of engine speed, air excess
coefficient and fuel type. The fuel type has the highest F value than
others. This means that the fuel is an effective parameter on IMEP.
Table 8. ANOVA table for indicated mean effective pressure (IMEP)
Source
Model
X1- Engi
ne speed
X2 -Lam
bda

Sum of
Sq.

Mean S
q.

F-value

p-value

10,7

0,669

798,9

< 0.0001

0,1846

0,1846

220,43

< 0.0001

1,59

1,59

1897,57

< 0.0001

4438,59

< 0.0001

X3 -Fuel

3,72

3,72

Residual
Cor Total

0,0075
10,71

0,0008

Remarks

b) IP40
Figure 3. Effect of lambda and engine speed on indicated mean effective
pressure (IMEP) (a and b)

significan
t
significan
t
significan
t
significan
t

Figures 3a and 3b shows the effect of the air excess coefficient
and engine speed on IMEP of the HCCI engine operating with IP20
and IP40 fuels, respectively. In both fuel types, the IMEP air excess
coefficient was 1.6 and the lowest IMEP coefficient was obtained
under 2.8. The engine could not be started in conditions where the
air excess coefficient is lower than 1.6. The reason for this is that the
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engine knocks due to the rich mixture of the fuel taken into the cylinder [28]. The conditions with an excess air coefficient of 1.6 to 2.8
indicate the operating range in HCCI engines for n-heptane isopropanol mixture fuel. At values where the excess air coefficient is
higher than 2.8, the combustion in the HCCI engine could not be
fully achieved because the engine did not work properly. Combustion slows down as the octane number of the fuel obtained by mixing
isopropanol with n-heptane fuel increases [18, 29].

rpm. Under the same conditions, the maximum pressure rise rate of
IP20 fuel was found to be 1.34 bar/°CA, which is the lowest MPRR
value among the measured values in IP20 fuel. Although the low
MPRR value is aimed for internal combustion engines, it is seen that
it is at an acceptable level up to 10 bar/°CA [31].

4.1.3. Maximum pressure rise rate (MPRR)
ANOVA results for maximum pressure rise rate (MPRR) is
showed the statistical values of this study are shown in Table 9. According to the ANOVA results, it is seen that the model is significant
and important in terms of MPRR. The p-value measuring the effect
of the model formed by the air excess coefficient and fuel type on
the maximum pressure increase rate is below 0.05. However, the pvalue of the engine speed is above 0.05. So the engine speed has a
non-significant effect on the MPRR. These values also show that the
change of the maximum pressure increase rate does not depend on
the engine speed. When the ANOVA analysis is examined, the air
excess coefficient has the highest F-value among the other two input
parameters. In this case, it is seen that the air excess coefficient is
effective on the MPRR.

a) IP20

Table 9. ANOVA table for maximum pressure rise rate (MPRR)
(bar/°CA)
Source

Sum of
Sq.

Mean S
q.

F-value

p-value

Model

439,02

27,44

79,25

< 0.0001

0,9487

0,9487

2,74

89,7

89,7

259,08

7,46

7,46

21,55

Residual

3,12

0,3462

Cor Total

442,14

X1- Engi
ne speed
X2 -Lam
bda
X3 -Fuel

Remarks

significan
t
not signif
0,1322
icant
significan
< 0.0001
t
significan
0,0012
t

About the maximum pressure rise rate (MPRR), the correlation coefficient R2 was 0.9930 and the adjusted correlation coefficient R2
(Adj. R2) was 0.9804. It was seen that the correlation values were
within acceptable boundary conditions. The quartic model Eq. (9)
for maximum pressure rise rate generated by the response surface
method.





MPRR bar/CA  2,04 4,736 X 2  0,802 X 3  0,86 X1X 2
2
2
1,337 X1 3,726 X 2  0,606 X1X 2 X 3
2
2 2
2
1,378 X1 X 3 1,238 X1 X 2 1,974 X1 X 2 X 3

b) IP40
Figure.4. Effect of lambda and engine speed on maximum pressure rise
rate (MPRR) (a and b)

(9)

4.1.4. COVIMEP
ANOVA results with COVIMEP values are given in Table 10. As
seen in the ANOVA table, the effect of engine speed, air excess coefficient and fuel type on COVIMEP is significant. When the table
was examined, it was seen that the model was meaningful. The pvalue of the model and all input parameters is less than 0.0001. When
the ANOVA table is examined according to the F-value, it is seen
that the air excess coefficient is more important on COVIMEP than
the others.

Figures 4a and 4b show the effect of IP20 and IP40 fuels on maximum pressure rise rate, respectively. A decrease was observed in
MPRR values with the increase of excess air in both fuels. Reason
for this is that the amount of fuel taken into the cylinder is reduced
due to the lean mixture caused by the excess air. In addition, the
MPRR value of IP40 fuel is lower than IP20. This is because high
octane fuel slows down the combustion [19, 29, 30]. In the experiments conducted with IP40 fuel, the lowest maximum pressure rate
was measured as 0.84 bar/°CA at 2.8 air excess coefficient at 1200
68
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Table 10. ANOVA table for COVIMEP (%)
Source
Model
X1- Engi
ne speed
X2 -Lam
bda

Sum of
Sq.
64,58

Mean
Sq.
4,04

3,79
13,08

F-value

p-value

Remarks

484,94

< 0.0001

significant

3,79

455,73

< 0.0001

significant

13,08

1571,91

< 0.0001

significant

1344,77

< 0.0001

significant

X3 -Fuel

11,19

11,19

Residual

0,0749

0,0083

Cor Total

64,65

The coefficient R2 of the model created for COVIMEP was
0.9988 and the adjusted correlation coefficient R2 (Adj. R2) value
was 0.9968. These results show that the created model is congruent.
The quartic model Eq. (10) generated by the response surface
method for COVIMEP:
a) IP20
COVIMEP %3,987  0,974 X11,809 X 2  0,982 X 3
 0,341X1X 2  0,874 X1X 3  0,524 X 2 X 3
2
2
2
2
0,971X1  0,348 X 2 1,228 X1 X 2  0,163X1 X 3
2
2
2 2
0,658 X1X 2 0,745 X 2 X 31,623X1 X 2
2
2
 0,641X1 X 2 X 3 0,563X1X 2 X 3

(10)

Figures 5a and 5b show COVIMEP values of IP20 and IP40 fuels,
respectively. The charts are based on the excess air rate and engine
speed. An increase in COVIMEP values was observed with the increase of excess air in the use of both types of fuels. This increase
causes an increase in the probability of engine knock. In addition,
the increase in the amount of isopropanol in the fuel caused an increase in the COVIMEP value. The reason for this is that the octane
number slows down the combustion and causes the combustion process to be delayed. Also, the latent heat of vaporization of isopropanol is higher than n-heptane, causing an additional delay of combustion [19, 32]. Under these conditions where the engine speed is 1200
rpm and the excess air ratio is 2.8, approximately 8% COVIMEP
value was obtained with IP40 fuel and approximately 4.40% with
IP20 fuel. The maximum value of COVIMEP should not exceed the
10% threshold [33].

b) IP40
Figure 5. Effect of lambda and engine speed on COVIMEP(a and b)
CA10  2,880,27 X1 2,82 X 2 1,407 X 3 0,63X1X 2
2
2
0,45 X1X 3  0,96 X 2 X 3  0,27 X1 1,56 X 2
2
2
0,18 X1X 2 X 3 0,66 X1 X 2  0,206 X1 X 3
2
2
2 2
 0,54 X1X 2 0,304 X 2 X 3  0,57 X1 X 2
2
2
0,51X1 X 2 X 3  0,27 X1X 2 X 3

4.1.5. CA10
ANOVA results with CA10 values are given in Table 11. As seen
in the ANOVA table, the p-value of the input parameters is less than
0.05. This shows that the effect of engine speed, air excess coefficient and fuel type for CA10 value is significantly important. The pvalue of the created model is less than 0.0001. Considering the Fvalue, it is seen that the input parameters with a high effect are excess
air ratio, fuel and engine speed, respectively.
The correlation coefficient (R2) of the model created for CA10 (°)
was 0,9994 and the adjusted correlation coefficient R2 (Adj. R2)
value was 0,9984. These results show that the created model is congruent. The quartic model Eq. (11) for CA10 (°) generated by the
response surface method.

(11)

Figures 6a and 6b shows the start of combustion (SOC) in HCCI
engine with use of IP20 and IP40 test fuels, respectively. The graphs
are based on the excess air rate and engine speed. In internal combustion engines, the crank angle position corresponding to different
percentages of heat dissipation in the cylinder (10%, 50% and 90%)
are expressed as CA10, CA50 and CA90, respectively. The crank
angle position (CA10) corresponding to a heat dissipation of 10% is
considered to be the SOC. The start of combustion in HCCI combustion depends on the chemical kinetics and the pressure-temperature history in the combustion chamber [34]. shows. For this reason,
the combustion starts at earlier crank angles. It is seen that the start
of the combustion is delayed for all test fuels with the depletion of
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the mixture, ie the increase in the excess air coefficient. The main
reason for this is the low reactivity of the mixture at high air excess
coefficient values [28] (lambda 2.2 and engine speed 1000 rpm).
IP20 fuel starts combustion 1.44°CA after TDC, and IP40 fuel starts
to burn only 4.32°CA after TDC.

4.1.6. CA50
ANOVA results with CA50 values are given in Table 12. As seen
in the ANOVA table, the effect of the engine speed (p-value =
0.0714) is not significant, while the effect of the air excess coefficient and fuel type on the model, whose p-value is less than 0.05
which is significant. However, the generally created model is meaningful. The p-value of the created model is less than 0.0001. Considering the F-value, it is seen that the fuel type is more effective than
other input parameters.

Table 11. ANOVA table for CA10 (°)
Source

Sum of
Sq.

Mean S
q.

F-value

p-value

Model

138,17

8,64

978,24

< 0.0001

0,2916

0,2916

33,03

X1- Engi
ne speed
X2 -Lam
bda

31,81

31,81

3603,43

X3 -Fuel

22,96

22,96

2601

Residual
Cor Tota
l

0,0794

0,0088

Remarks

significan
t
significan
0,0003
t
significan
< 0.0001
t
significan
< 0.0001
t

Table 12. ANOVA table for CA50 (°)
Source

Sum of
Sq.

Mean S
q.

F-value

p-value

Model

437,39

27,34

55,05

< 0.0001

2,07

2,07

4,18

49,28

49,28

99,25

X3 -Fuel

175,69

175,69

353,82

Residual
Cor Tota
l

4,47

0,4966

X1- Engi
ne speed
X2 -Lam
bda

138,25

Remarks

significan
t
not signif
0,0714
icant
significan
< 0.0001
t
significan
< 0.0001
t

441,86

The correlation coefficient (R2) of the model created for CA50 (°)
was 0.9899 and the adjusted correlation coefficient R2 (Adj. R2)
value was 0.9719. These results show that the created model is congruent. The quartic model Eq. 12 for CA50 (°) by the response surface method.
2
CA508,463,51X 2 3,89172 X 3 1,62 X1X 3 1,53X 2

(12)

Figures 7a and 7b show the crank angle CA50 values at which 50%
of the cumulative heat dissipation occurs for HCCI combustion in
the use of IP20 and IP40 test fuels, respectively, and the location of
the CA50 significantly affects the thermal efficiency. The octane
number is increasing and the fuel is more difficult to evaporate. With
the increase in the amount of isopropanol in the fuel mixture, the
combustion degree is delayed. The situation that causes this is, as the
mixture becomes leaner, the reaction rate decreases and the combustion slows down. Accordingly, the CA50 is delayed [35, 36]. CA50
value, which represents the crankshaft angle at which 50% of the
combustion occurs, should occur when the piston exceeds TDC by
7-11 °CA [37]. It is seen that the CA50 values are lower in the use
of IP20 fuel mixture compared to the use of the IP40 fuel mixture,
because the resistance to combustion increases with the increase of
isopropanol concentration in the fuel.

a) IP20

b) IP40
Figure 6. Effect of lambda and engine speed on CA10(a and b)
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Table 13. ANOVA table for CA10-CA90 (°)
Source
Model

Sum of S
Mean Sq.
q.

F-value

p-value

Remarks

124,17

7,76

69,27

< 0.0001

significant

2,62

2,62

23,42

0,0009

significant

29,16

29,16

260,28

< 0.0001

significant

10,74

10,74

95,83

< 0.0001

significant

Residual

1,01

0,112

Cor Total

125,17

X1- Engin
e speed
X2 -Lamb
da
X3 -Fuel

a) IP20

a) IP20

b) IP40

Figure 7. Effect of lambda and engine speed on CA50(a and b)

4.1.7. CA10-CA90
ANOVA results with CA10-CA90 values are given in Table 13.
As seen in the ANOVA table, the p-value of all input parameters is
less than 0.05. Generally, the created model is meaningful. The pvalue of the created model is less than 0.0001. Considering the Fvalue, it is seen that the excess air coefficient is more effective than
the other input parameters.
The correlation coefficient (R2) of the model created for CA10CA90 (°) was 0.9919 and the adjusted correlation coefficient R2
(Adj. R2) value was 0.9776. Since the difference between them is
less than 0.02, it shows that the created model is compatible. The
quartic model Eq.13 for CA10-CA90 (°) generated by the response
surface method.

b) IP40
Figure 8. Effect of lambda and engine speed on CA10-90(a and b)

CA10-CA9038,880,81X1 2,7 X 2  0,962069 X 3
2
2
2
 0,54 X 2 X 3 0,81X1 1,44 X 2  0,675 X1X 2 (13)
2 2
2
1,125 X1 X 2 0,585 X1 X 2 X 3

Combustion duration (CD) is named as CA10-CA90 in combustion analysis. Figures 8a and 8b show the combustion durations of
the IP20 and IP40 test fuels, respectively, CA10 indicates the point
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ITE %  40,16 2,923 X1 2,690 X 3 1,883 X 2 X 3

where 10% of the cumulative heat release emerges (also the beginning of the combustion), while CA90 indicates the point where 90%
of the cumulative heat release emerges in combustion analysis and
the combustion is finished. It is considered as the moment [6].
CA10-CA90 expresses the combustion duration as the crank angle.
As the fuel rich mixture taken into the cylinder, the combustion duration has decreased. Therefore, the combustion duration was shorter
in the tests with low excess air coefficient. In addition, the increase
in the octane number of the fuel increased the combustion duration.
Increasing the octane number delays low and high temperature oxidation zones in HCCI combustion and causes the negative temperature zone to expand [38]. Therefore, the combustion duration of IP40
fuels took longer than IP20 fuels. In the experiment performed with
2.8 air excess coefficient and 800 rpm using IP40 fuel, the highest
combustion duration (41.4 °CA) was realized, while the lowest combustion duration (33.84 °CA) IP20 fuel was 1.6 air excess coefficient
and 800 rpm. has also been realized.

2
2
1,438 X 2  0,621X1X 2 X 3 1,909 X1 X 2
(14)
2
2
2
 2,583 X1 X 3  2,556 X1X 2  0,853 X 2 X 3
2 2
2
2
1,731X1 X 2 3,204 X1 X 2 X 3 1,334 X1X 2 X 3

4.1.8. Indicated thermal efficiency
ANOVA results obtained for the indicated thermal efficiency are
given in Table 14. As seen in the ANOVA table, the model created
is meaningful and significant (p-value <0.0001). Among the input
parameters, engine speed and fuel type p-value is less than 0.05.
While the effect of engine speed and fuel type on the indicated thermal efficiency is high, the air excess coefficient is not significant.
When the F-value is examined, it is seen that the fuel type has a more
important effect than the other input parameters.

a) IP20

Table 14. ANOVA table for indicated thermal efficiency (%)
Source

Sum of
Sq.

Mean S
q.

F-value

p-value

Model

444,84

27,8

71,2

< 0.0001

X1- Engi
ne speed

34,16

34,16

87,49

< 0.0001

X2 -Lam
bda

0,0462

0,0462

0,1184

0,7387

X3 -Fuel

83,95

83,95

214,98

< 0.0001

Residual

3,51

0,3905

Cor Total

448,36

Remarks
significan
t
significan
t
not signif
icant
significan
t
b) IP40
Figure 9. Effect of lambda and engine speed on indicated thermal efficiency(a and b)

The correlation coefficient (R2) of the model created for the indicated thermal efficiency (%) was 0.9922 and the adjusted correlation
coefficient R2 (Adj. R2) was 0.9782. Since the difference between
them is less than 0.02, it shows that the created model is compatible.
The quartic model Eq. 14 for the Indicated thermal efficiency (%)
by the response surface method.

Figures 9a and 9b show the indicated thermal efficiency values
depending on the air excess coefficient and engine speed of the IP20
and IP40 test fuels, respectively. In the use of IP20 fuel, the occurrence of CA50 just after TDC has increased the indicated thermal
efficiency. The highest indicated thermal efficiency for IP20 fuel
was realized at 1200 rpm motor speed with an air excess coefficient
of 2.8 and the CA50 7.02°CA after TDC. The indicated thermal efficiency here was 43.35%. In the use of IP40 test fuel, the indicated
thermal efficiency was lower than the IP20 test fuel because most of
the combustion occurred in the expansion time. While the indicated
thermal efficiency was 41.87% under conditions where CA50 was
realized 8.64 °CA after TDC, it was realized 14.76 °CA after TDC
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CA50 in operating conditions where the air excess coefficient was
2.8 at 800 rpm engine speed as a result of the depletion of the mixture.
As a result of this situation, it caused the indicated thermal efficiency
to decrease up to 34.21%.

at the end of the combustion decrease with the depletion of the mixture. As the amount of isopropanol in the mixture fuels increased,
HC emissions increased, the reason for this is the expansion of the
volume as a result of the shift of the combustion to the expansion
time and the slowdown of in-cylinder oxidation reactions. Comparing the results of the experiments conducted under the same conditions under the same conditions at 1200 rpm engine speed, the test
results were 308 ppm in the IP20 test fuel, while it increased 14% in
the IP40 test fuel and became 354 ppm.

4.2. Interaction Effects of Exhaust Emissions
4.2.1. Unburned hydrocarbon emissions (UHCs)
ANOVA results for unburned hydrocarbon emissions are shown
in Table 15. As seen in the ANOVA table, the model created is
meaningful and significant (p-value <0.0001). The input parameters
of engine speed, air excess coefficient and fuel type p-value are less
than 0.05. All intake parameters have an impact on unburned hydrocarbon emissions. When analysed in terms of F-value, it is seen that
engine speed has a more important effect than the other two input
parameters.
Table 16. ANOVA table for unburned hydrocarbon emissions (ppm)
Source

Sum of
Sq.

Mean S
q.

F-value

Model

69865,27

4366,58

324,17

< 0.0001 significant

7744

7744

574,91

< 0.0001 significant

p-value

Remarks

X1- Engi
ne speed
X2 -Lamb
da
X3 -Fuel

3844

3844

285,38

< 0.0001 significant

1001,8

1001,8

74,37

< 0.0001 significant

Residual

121,23

13,47

Cor Total

69986,5

a) IP20

The correlation coefficient (R2) of the model created for unburned
hydrocarbon emissions (ppm) was 0.9983 and the adjusted correlation coefficient R2 (Adj. R2) was 0.9952. This result shows that the
created model is compatible. The quartic model Eq. 15 for unburned
hydrocarbon emissions (ppm) generated by the response surface
method:
2
2
UHCsppm370 44 X 31X 9,293 X 19,125 X X 14 X X 5 X 8,5 X
1
2
3
1 2
1 3
1
2
24,875 X1X 2 X330,375 X12 X 224,474 X12 X317,875 X1X 22
2
2 2
2
2
9,026 X X 12,625 X X 12,625 X X X 12,125 X X X
2 3
1 2
1 2 3
1 2 3

(15)

HC emissions occur as an incomplete combustion product.
Among the reasons for the formation of HC emissions, incomplete
combustion air-fuel mixture in the regions close to the cylinder walls
and the occurrence of incomplete combustion, especially at low engine speeds, depending on the operating conditions of the engine
[39]. In HCCI engines, UHCs emissions are similar to those of the
SI engine. In particular, UHCs emissions occur as a result of HCCI
combustion at low temperature [40]. Figures 10a and 10b show the
air excess coefficient of the IP20 and IP40 test fuels in the HCCI
engine and unburned hydrocarbon values depending on the engine
speed, respectively. As the air excess coefficient increases, it is seen
that HC emissions increase all fuels [41]. This is because the amount
of energy released as a result of combustion and the gas temperatures

b) IP40
Figure 10. Effect of lambda and engine speed on UHCs(a and b)

4.2.2. Carbon monoxide emissions (CO)
ANOVA results for carbon monoxide emissions are shown in Table 17. As seen in the ANOVA table, the model created is meaningful and significant (p-value <0.0001). The air excess coefficient and
fuel type p-value, which are the inlet parameters, are less than 0.05.
However, the p-value of the engine speed is over 0.05. Therefore,
engine speed has no effect on carbon monoxide emissions. When
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examined in terms of the F-value, it is seen that the air excess coefficient has a more important effect.
Table 17. ANOVA table for carbon monoxide emissions (%)
Source

Sum of
Sq.

Mean S
q.

F-value

Model

0,2395

0,015

39,65

0,0019

0,0019

5,01

0,0588

0,0588

155,81

< 0.0001 significant

0,0231

0,0231

61,29

< 0.0001 significant

Residual

0,0034

0,0004

Cor Total

0,2429

X1- Engi
ne speed
X2 -Lamb
da
X3 -Fuel

p-value

Remarks

< 0.0001 significant
0,0519

not signif
icant

The correlation coefficient (R2) of the model created for carbon
monoxide emissions (%) was 0.9860 and the adjusted correlation coefficient R2 (Adj. R2) value was 0.9661. This result shows that the
created model is compatible. The quartic model Eq. (16) for carbon
monoxide emissions (%) generated by the response surface method:
2
CO%0,2090,121X 2 0,045 X 3 0,082 X1
2 2
2
0,054 X1 X 2 0,028 X1X 2 X 3

a) IP20

(16)

CO emissions are a type of emission that occurs when there is not
enough oxygen in the cylinder or when oxidation reactions are disrupted due to low temperature. As can be seen from the ANOVA
table, CO emissions are sensitively affected by the changes in the
excess air coefficient. CO emissions are constantly increasing under
rich mixture conditions where the excess air coefficient is low. However, even if there is sufficient oxygen in the cylinder under extremely lean mixing conditions, CO emissions increase again due to
the low gas temperatures in the cylinder. The low temperature inside
the cylinder prevents the conversion of CO to CO2 [6, 42]. Figures
11a and 11b, show the air excess coefficient of the IP20 and IP40
test fuels in the HCCI engine and carbon monoxide emission values
depending on the engine speed, respectively. CO emissions increased with the depletion of the mixture in both test fuels. Comparing the results of the experiments conducted under the same conditions at an engine speed of 2200 rpm, the test results were 0.084% in
the IP20 test fuel and 0.212% in the IP40 test fuel.

b) IP40
Figure 11. Effect of lambda and engine speed on CO(a and b)
Table 18. ANOVA table for nitrogen oxide emissions (ppm)
Sum of
Sq.

Mean Sq.

F-value

p-value

Remarks

Model
X1- Engine
speed
X2 Lambda

9691,83

605,74

21,29

< 0.0001

significant

0

0

0

10.000

not significant

169

169

5,94

0,0375

significant

X3 -Fuel

40,97

40,97

1,44

0,2608

not significant

Residual

256,06

28,45

Cor Total

9947,88

Source

4.2.3. Nitrogen oxide emissions (NOx)
ANOVA results for nitrogen oxide emissions are shown in Table
18. As seen in the ANOVA table, the model created is meaningful
and important (p-value <0.0001). The p-value of the air excess coefficient for the input parameter is less than 0.05. However, the p-value
of the engine speed and fuel type is over 0.05. Therefore, fuel type
and engine speed have no effect on nitrogen oxide emissions.

The correlation coefficient (R2) of the model created for nitrogen
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oxide emissions (ppm) was 0.9743 and the adjusted correlation coefficient R2 (Adj. R2) was 0.9285. This result shows the created
model within the boundaries. The quartic model Eq. (17) for nitrogen oxide emissions (ppm) generated by the response surface
method:
NO x ppm 6,5 X 2  5,875 X1X 2 6,5 X 2 X 3
2
 7,625 X1X 2 X 3 16,375 X1 X 2
2
2 2
6,578 X1 X 3 16,63 X1 X 2
2
2
13,88 X1 X 2 X 3 7,38 X1X 2 X 3

efficient and engine speed. The reason for this is that the gas temperature in the cylinder is high, as the rich mixture has a better combustion and oxidation rate. However, it is seen that the amount of NOx
emission decreases when the excess air ratio and engine speed values
increase in both test fuels.

(17)

a) IP20

Figure 13. Predicted and Experimental values of Effective Torque, ITE,
IMEP, MPRR, COVIMEP

4.3. Optimization and Validation
In this study, engine speed, excess air coefficient and fuel type are
used as input parameters. The response values predicted with the experimental data obtained in line with the experiments performed
were optimized and verified. Optimization was made with the response surface methodology and the Design Expert 12 program was
used. When the values shown in Fig. 13 and Fig. 14 are examined,
the experimental data and the estimated data are almost exactly the
same. Considering these results, it is seen that the model created is
successful. The deviations in the graphs are quite low, since the R2
and adjusted R2 correlation values are in appropriate intervals in all
responses. The high correlation values and the close experimental
and estimated data proves the accuracy of the quartic equation used

b) IP40
Figure 12. Effect of lambda and engine speed on NOx(a and b)

Reason for NOx emission formation is that the end-of-combustion
temperature exceeds approximately 2073 K [43]. Figures 12a and
12b show the nitrogen oxide emission values of the IP20 and IP40
test fuels, respectively, depending on the HCCI engine air excess co75
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in the model.
As a result of the response surface methodology optimization, it
is concluded that the optimum operating parameters are an engine
speed of 1200 rpm and an excess air ratio of 1.725 by using IP40test
fuel. Response parameters under optimum operating conditions Effective Torque 11.438 Nm, IMEP 4.366 bar, MPRR 2.747 bar/°CA,
COVIMEP 4.364%, CA10 2.315 °CA, CA50 7 °CA, CA10-CA90
36.245 °CA, UHCs 324.562 ppm, CO 0.0118% and NOx 2.549 ppm
were determined. The results obtained in the MPRR, COVIMEP and
CA50 responses were within the target range. The desirability value
of this optimization was found to be 0.857. The fact that the result is
close to 1.000 shows that the optimization made is compatible with
the experimental study.
In order to run the engine's responses with the desired data, the
optimum input parameters must be determined. One of the most important factors in determining the optimum input parameters is the
establishment of optimization criteria. Optimization criteria are
given in Table 19. The input parameter values were determined as
800-1200 rpm for the motor speed, 1.6 - 2.8 for the excess air ratio
value and 20% and 40% for the isopropanol density in the heptane
(IP20-IP40). Among the targeted response parameters, IMEP, effective torque and thermal efficiency values are aimed to be maximum,
while HC, CO and NOx emission values are aimed to be minimum.
MPRR values are at acceptable levels between 1 - 8 (bar/°CA) and
COVIMEP values are 1 - 6 (%) It is aimed that the CA50 value,
which directly affects the effective torque and the indicated thermal
efficiency value, is between 7 - 11 (°CA).
Table 19. Respond Surface Methodology optimization criteria
Parameter

Approach

Engine
speed

Limits

Importance

Lower

Upper

in range

800

1200

3

Lambda

in range

1,6

2,8

3

Fuel

in range

20Izo

40Izo

3

Effective
Torque

maximize

3

12,4

3

IMEP

maximize

1,69452

4,63569

3

MPRR

in range

1

8

3

COVimep

in range

1

6

3

-1,8

6,84

3

7

11

3

CA10

none

CA50

in range

CA10CA90

none

33,84

41,4

3

Indicated
Thermal Efficiency

maximize

27,14

43,35

3

HC

minimize

255

526

3

CO

minimize

0,044

0,371

3

NOx

minimize

0

64

3

Figure 14. Predicted and Experimental values of CA10, CA50, CA10CA90, UHCs, CO, NOx

5. Conclusions
The dates of manuscript received, revised and accepted will be In
this study, the effect of isopropanol heptane mixture test fuels (IP20
and IP40) on combustion and exhaust emissions at constant intake
air inlet temperature (60 °C) at different engine speed (800 rpm 1200 rpm) and air excess coefficient (1.6 - 2.8) in an HCCI engine.
The aim is to determine the optimum input parameters required to
obtain the appropriate response parameters by analysing and optimizing with the response surface method. With this research, effective torque, indicated mean effective pressure, indicated thermal efficiency, maximum pressure increase rate, COVIMEP, CA10, CA50,
CA10-CA90 values and HC, CO and NOx emissions were determined as response parameters. Engine speed, excess air ratio and
isopropanol in fuel. It has been observed that the effective torque and
the indicated thermal efficiency values increase with the increase of
the input parameters. The increase in the input parameters caused the
CA50 value to approach the targeted values. Also, the addition of
isopropanol to n-heptane fuel caused the working range to narrow.
The main reason for this is which, due to the high-octane number of
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isopropanol, combustion is delayed and most of the heat dissipation
occurs in the expansion time. The maximum effective torque value
of the engine used was obtained as 12.4 Nm at 2,8 air excess coefficient at 1200 rpm by using IP40 test fuel. Maximum indicated thermal efficiency value in IP20 test fuel use was found as 43.35% at
1200 rpm engine speed and 2.8 excess air ratio value conditions.
When the value of indicated air pressure was examined, the maximum indicated air pressure value was found as 1.6 air excess coefficient at 1200 rpm using IP40 test fuel as 4.64 bar. For the maximum
pressure rise rate (MPRR), as the air excess coefficient decreased,
that is, as the mixture got richer, the maximum pressurise rate increased. The high-octane number of isopropanol slowed the combustion and kept the pressure increase rate below the critical level.
At 1000 rpm conditions where the air excess coefficient is 1.6, the
pressure increase rate of IP20 and IP40 fuels is approximately 10.52
bar/°CA, while IP20 and IP40 are 1.2095 bar/°CA and 0.8416 bar,
respectively, when the air excess coefficient is 2.8 under the same
conditions. While the COVIMEP value is higher in IP40 test fuel, it
decreases in IP20 test fuel. In the use of IP20 test fuel, the start of
combustion and started later than IP40 fuel. Due to its high-octane
number, the place of CA50 in IP40 fuel starts later than IP20. The
combustion duration is expressed with the CA10-CA90 value. In the
use of IP40 test fuel, the combustion shifted to the expansion time
and lasted quite long. With IP20 fuel, the highest indicated thermal
efficiency was obtained at high air excess coefficient values. The
highest indicated thermal efficiency was recorded as 43.35% in the
use of IP20 fuel under conditions where the air excess coefficient at
1200 rpm is 2.8. Increasing the concentration of isopropanol in the
test fuel mixture causes the combustion to shift mostly to the expansion time under lean mixture conditions. Therefore, the temperatures
at the end of combustion decreased and CO and HC emissions increased simultaneously in engine speeds and fuel types with high air
excess coefficient. NOx emission, which is generally measured as 0,
has increased in the regions where the mixture is rich. It is seen that
it is appropriate to use isopropanol as fuel in HCCI engines with high
compression ratio. According to the optimization results of the experimental data, the desirability value was obtained as 0.857.
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