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In this study, the effects of the combined use of diesel and Compressed Natural Gas (CNG) fuels on the 
performance, combustion and emissions were experimentally and statistically investigated in a 
Homogeneous Charged Compression Ignition (HCCI) engine. Diesel and CNG fuels were used at 
different ratios between 0% and 80% by mass, and tests were conducted at different engine loads. The 
experimental procedure was designed using the Response Surface Methodology (RSM) composite 
central design method. The experimental data were analyzed using MATLAB and entered into the RSM. 
In order to determine the response parameters predictably, model equations were created, counter graphs 
were drawn and optimization was carried out. Engine load and CNG ratio, which are the optimum input 
parameters, were determined as 68.36% and 2.864%, respectively. The response parameter values were 
obtained as 4.487 bar for Indicated Mean Effective Pressure (IMEP), 39.3% for Indicated Thermal 
Efficiency (ITE), 255.5 g/kWh for Brake Specific Fuel Consumption (BSFC), 3.343% for Coefficient 
of Variation of Indicated Mean Effective Pressure (COVIMEP), 0.247% for CO, 191.566 ppm for HC, 
579.538 ppm for NOx and 1.393 m-1 for smoke. This study, in which a combined diesel and CNG fueled 
engine operating in HCCI combustion mode is examined with experimental and statistical methods, will 
fill an important gap in the literature and provide researchers with a new perspective. 

 

 

 
 
 
1. Introduction  
The main power source of motor vehicles today is the 
internal combustion engine [1,2]. This situation brings with 
it disadvantageous consequences, such as the dependence on 
fossil fuels and the increase in emissions and environmental 
pollution [3]. Thus, improving the fuel consumption and 
emissions is of great importance for researchers [4,5]. For 
this purpose, most of the studies in the literature are 
conducted on alternative fuels and alternative combustion 
modes on internal combustion engines [6,7]. 

Internal combustion engines are divided into two classes 
as Compression Ignition (CI) and Spark Ignition (SI) engines 
[8]. Many structural changes are made and auxiliary systems  

 

are used in these engines to improve efficiency and emissions 
[9,10]. The Atkinson cycle, which is a modified version of the 
Otto cycle, is used in SI engines in hybrid electric vehicles 
[11,12]. In parallel with the improvements made in the engine 
cycles, studies on alternative combustion modes continue. The 
most popular of these combustion modes are Homogeneous 
Charged Compression Ignition (HCCI), Reactivity-Controlled 
Compression Ignition (RCCI) and pre-chamber combustion 
[13,14]. 

HCCI is a newly developed combustion mode with high 
thermal efficiency that simultaneously reduces NOx and soot 
emissions [15,16]. In HCCI engines, the fuel-air mixture is 
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homogeneous. There is no need for an additional device to 
ignite the mixture, and the fuel-air mixture is ignited 
spontaneously when it reaches the required ignition 
temperature as a result of compression [17]. This makes it 
difficult to control the HCCI combustion mode, torque, 
speed, lambda, etc. It also narrows the engine operating 
ranges depending on the parameter values [18]. The increase 
in CO and Unburned Hydrocarbon (UHC) emissions is one of 
the biggest disadvantages of the HCCI engines due to the low 
temperature combustion [19]. Engines working with HCCI 
combustion mode allow the use of fuel and fuel mixtures of 
diesel, gasoline, propane, methanol, butane, Compressed 
Natural Gas (CNG), hydrogen, etc. [20,21]. 

The physicochemical properties of the fuels will affect 
the combustion phase of the HCCI engine. Zhu et al. [15] 
investigated the mixed fuels formed with different 
concentrations of diesel and CNG fuels on a CI engine. If the 
CNG ratio was between 0% and 85%, they did not 
experience any disturbance in the combustion process. 
However, if the CNG ratio exceeded 85%, the combustion 
process was adversely affected. In addition, it has been tried 
to decrease the maximum pressure by delaying the start of 
combustion. Improvements were observed in the ratio of soot 
and UHC by increasing the CNG ratio on the CI engine. 
Ghaffarzadeh et al. [22] carried out experiments in a 
Reactivity Controlled Compression Ignition (RCCI) engine 
using diesel/CNG and biodiesel/CNG fuels. With the dual 
fuel application, they observed significant improvements in 
both engine performance and emissions at RCCI combustion 
mode. Aydın [23] investigated the use of CNG fuel on an 
RCCI engine due to its easy accessibility, low price, and less 
CO2, smoke and PM emissions. He used CNG with diesel 
and safflower biodiesel fuel mixtures at different 
concentrations. He concluded that the IMEP increased, the 
combustion time decreased and the NOx emissions improved 
with biodiesel and CNG fuels. Feroskhan et al. [24] 
investigated the effects of using biogas and Di-Ethyl Ether 
(DEE) on the performance, combustion and emissions of an 
HCCI engine. They made changes in input parameters such 
as fuel ratios and engine loads. They observed improvements 
in thermal efficiency and UHC emissions by reducing the 
methane concentration. As can be seen from the studies, it is 
clear that the use of different types of alternative fuels can 
lead to improvements in the performance, combustion and 
emission values of SI, CI, RCCI or HCCI combustion 
engines. Duan et al. [25] carried out experiments with 
methanol fuel in World Harmonized Transient Cycle (WTCH) 
and real road driving conditions in a spark-ignition 6-
cylinder 4-stroke heavy-duty vehicle. The results obtained 
using methanol fuel were compared with diesel, diesel-
gasoline and CNG fuels. When the results obtained under 
WHTC conditions are examined, the lowest CO, non-
methane HC, PM and NOx emission values were obtained 
when CNG fuel was used. Although the emission values 
obtained with methanol fuel are slightly higher than those 
with CNG fuel, they are significantly lower than the results 

obtained with diesel and diesel-gasoline mixture. When the 
results obtained from the tests carried out under real road 
tests are examined, the HC emission value of methanol fuel 
was obtained to be lower than CNG fueled engine and 
partially close to diesel fueled engine. When NOx emissions 
were examined, the emission values of CNG and diesel 
fueled engine were higher than methanol fueled engines. The 
NOx emission, which was 256 mg/km with methanol fuel, 
was 2734 mg/km on average in the experiments carried out 
with CNG fuel, and an average value of 6245 mg/km was 
obtained with diesel fuel.  

However, in the experimental studies, it was seen that too 
many tests were carried out to determine the results. In 
addition, it was observed that the results obtained with the 
experiments were interpreted, but the optimum input 
parameters that would reach the targeted values for the 
results were not obtained. Ardebili et al. [26] investigated the 
use of fuel oil/DEE mixtures on an HCCI engine. They 
reduced the number of experiments using Response Surface 
Methodology (RSM) and created model equations for 
response parameters. In addition, they determined the 
optimum input parameters required to reach the targeted 
response parameters. After their optimization, 41.72% DEE 
ratio, 884 rpm engine speed and 2.08 lambda ratio values 
were obtained as the optimum input parameters. They 
provided the obtained optimization results with a desirability 
rate of 82%. Ganji et al. [27] investigated the effects of 
compression ratio, injection start and fuel injection pressure 
on the performance and emissions using RSM. They 
obtained optimum results of the selected parameters and 
achieved successful results. The RSM method provides 
advantages in terms of both time and cost, with a reduction 
in the number of experiments. It creates models that are used 
to predict response parameter results based on input 
parameters. In addition, depending on the targeted response 
parameters, it plays an important role in determining the 
optimum input parameter values.  

When the literature studies are evaluated, it has been 
observed that the use of a certain amount of CNG in addition 
to diesel fuel in a CI engine can lead to improvements in 
performance, efficiency and emissions. The novelty of this 
study is that examines the effect on engine performance, 
combustion and emissions using experimental and RSM 
methods by using CNG and diesel fuel together on an engine 
operating with HCCI combustion mode. Within the scope of 
this study, it is aimed to create a model for the response 
parameters and optimize them by performing experiments 
with HCCI engine at different concentrations of CNG and 
diesel fuels at different engine loads. 

2. Materials and methods 
In this study, the effects of the use of diesel and CNG fuels 
on the performance, combustion and emissions in an HCCI 
engine were experimentally investigated. The experimental 
set was determined using RSM. Response parameters were  
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Table 1. Technical data of the test engine. 
Brand-model 6LD 400 

Bore × stroke 86 mm × 68 mm 
Compression ratio 18:1 
Maximum power 5.4 kW @ 3000 rpm 
Maximum torque 19.6 Nm @ 2200 rpm 
Maximum speed 3600 rpm 
Injection pressure/time 180 bar/24°CA 
Injector hole number/diameter 4 × 0.24 mm 
Injector tip angle 160° 

 

 
Figure 1. A schematic view of the test rig. 

calculated with the help of numerical models created in the 
MATLAB environment; the data obtained as a result of the 
experiment. 

2.1. Test rig 

A schematic representation of the test rig is given in Figure 1 
[28]. Technical details of the Antor 6 LD 400 singe cylinder 
four-stroke engine used in the experimental study are given in 
Table 1. 

Loading of the engine was carried out with a Cussons P8160 
brand Direct Current (DC) electrical dynamometer. The 
dynamometer has the capacity to absorb 10 kW of power at 
4000 rpm. The determination of the engine crankshaft position 
was carried out with the help of an encoder with 1000 
pulse/revolution sensitivity. A liquid-cooled, AVL 8QP500c 
model in-cylinder pressure sensor was used to measure in-
cylinder pressure. The pressure sensor can measure 0-150 bar 
with 11.96 pC/bar precision and ± 0.6% measurement tolerance. 
The crankshaft position and in-cylinder pressure values were 
converted into digital signals by a data acquisition card. The 
measurement of the diesel fuel consumption was carried out 
with a Dikomsan JS-B brand precision balance with 1 g 
sensitivity. The storage pressure of 200 bar CNG tube was 
reduced to 1 bar with a pressure regulator. CNG was sent to the 
intake line of the engine. The CNG mass flow rate was adjusted 
and precisely measured with the help of the Cole-Parmer brand 
gas flow control device.  

A Bosch BEA 350 exhaust gas analyzer and an AVL 4000 
DiSmoke smoke measuring device were used to measure 
engine-out emissions. The smoke measuring device can 
measure 0%–100% opacity  values with  0.1  precision  and  

Table 2. Technical data of the Bosh BEA 350 exhaust gas 
nalyzer. 
Parameters Range Sensitivity 

CO (%) 0 – 10 0.001 
UHC (ppm) 0 – 9999 1 
NOx (ppm) 0 – 5000 1 
O2 0 – 22 0.01 
CO2 (%) 0 – 18 0.01 
Lambda 0.5 – 9.9999 0.001 

 
Table 3. Specifications of the test fuels. 
Fuel properties Diesel CNG 

Chemical formula C17H34 CH4 
Molar mass (g/mol) 238 16 
Carbon content (%) 85.7 75 
Hydrogen content (%) 14.3 25 
Cetane number 40-50 - 
Octane number - >120 
Autoignition temperature (K) 483 853 
Stoichiometric air/fuel mixing ratio 14.7 17.16 
Lower heat value (kJ/kg) 42500 47140 
Liquid density (kg/m3) 831 465 

 
0-99.99 m-1 K values with 0.01 precision. The technical data of 
the Bosch BEA 350 exhaust gas analyzer are given in Table 2. 

2.2. Test fuels 

In the experiments, standard diesel and CNG fuels were used 
in the HCCI mode by controlling them at different 
concentrations as pure diesel fuel, 40% CNG-60% diesel fuel 
and 80% CNG-20% diesel fuel. In Table 3, the technical 
specifications of pure diesel and CNG fuels are given. It is 
seen that CNG fuel needs more air than diesel fuel for 
stoichiometric combustion. Although the lower calorific 
value of CNG is higher than that of diesel fuel, it is seen that 
its density is almost half.  

Deviations in response parameters may occur depending 
on the sensitivity of the devices and equipment used in 
experimental studies [29]. The error rate is obtained by 
calculating these deviations with uncertainty analysis. The 
total uncertainty value is defined by Eq. (1) [30]: 

( ) ( )
( ) ( ) ( ) ( )
( )

2 2 2

2 2 2 2

2

Torque BSFC (IMEP)
Total uncertainty    + ITE UHC CO NO

   + smoke

+ +
= + + +     (1) 

Uncertainty values of the response parameters are given in 
Table 4. In Table 4, the uncertainties of the response 
parameters are replaced in Eq. (1). As a result of the 
calculation, the error rate of the experimental study was 
found to be 4.07%. 

2.3. Numerical analysis 

The experimental data were numerically analyzed using 
MATLAB and the response parameters were obtained. The 
heat release rate was calculated by entering the crankshaft 
position and in-cylinder pressure data obtained using 
experimental methods in Eq. (2). In Eq. (2), k is the 
isentropic coefficient, P is the in-cylinder pressure, V is the  
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Table 4. Uncertainty values of performance and emission 
response parameters. 

Response parameters Uncertainity 
Torque (Nm) ± %0.25 

Pressure ± %0.6 
BSFC ± %1.38 

ITE (%) ± %1.16 
UHC (ppm) ± %1.2 

CO (% hacim) ± %1.6 
NO (ppm) ± %2.3 
Smoke (%) ± %1.9 

cylinder volume, and Qheat is the amount of heat released 
from the cylinder [31]. 

,
1 1

heatdQdQ k dV k dPp V
d k d k d dθ θ θ θ

= + +
− −

       (2) 

Wnet is calculated using Eq. (3) [32]. 

.netW PdV= ∫           (3) 

The thermal efficiency was calculated by using Eq. (4). In 
this equation, m  indicates mass of diesel and CNG fuels and 
Q indicates the lower heating value of these fuels [33]. 

.net
T

diesel diesel CNG CNG

W
m Q m Q

η =
× + × 

        (4) 

It is inevitable to observe differences in in-cylinder pressure 
data between cycles. To minimize the error occurring in the 
cycles, the average data of 50 cycles were taken. The cyclical 
differences were called Coefficient of Variation of Indicated 
Mean Effective Pressure (COVIMEP) and calculated by using 
Eq. (5) [34]. 𝑋̄𝑋 represents the standard deviation, and sigma 
represents the average of the in-cylinder pressure values. 

100.IMEP
IMEPCOV

X
σ

= ⋅         (5) 

2.4. RSM design 

In this study, extrapolation equations, counterplot graphics 
and optimization for the values of different engine response 
parameters depending on the ratio of CNG fuel and engine 
load were performed using the RSM method. The use of 
RSM was conducted in the Design Expert 11 environment. 
Box-Behnken design and Central Composite Design (CCD) 
methods are widely used in RSM [35]. In this study, the 
experimental set was designed using the CCD method. Two 
numerical differences were included as variable parameters 
for the CCD design. The minimum and maximum variable 
parameter values were determined by evaluating the 
operating conditions of the engine and are given in Table 5. 
Because of the created design, it was seen that results should 
be obtained for 13 different experiments. The design was 
created for 11 different response values. 

Experiments were carried out according to the desired 
conditions in the experimental set created by RSM. The data 
obtained  because of the experiments were entered into the  

Table 5. Independent variables levels. 

Independent variables Codes  Level  
-1 0 +1 

Engine load (Nm) A 50 75 100 
CNG ratio (%) B 0 40 80 

RSM interface. Because it gives high regression values, the 
cubic model was selected as the process order. 

3. Results and discussions 
The effects of the use of diesel and CNG fuel mixtures in 
HCCI combustion mode on the combustion, performance, 
and emissions were determined and a detailed evaluation 
was made. As response parameters, IMEP, thermal 
efficiency, 3.2.3. Brake Specific Fuel Consumption 
(BSFC), COVIMEP, Crack Angle (CA) 10, CA 50, 
Combustion Duration (CD), CO, UHC, NOx, and smoke 
emissions were determined and evaluated. 

3.1. Analysis of Variance (ANOVAs) 

F-value, P-value and remarks were determined for all 
response parameters and are given in Table 6. F-value and P-
value were analyzed depend on the model, engine load and 
CNG ratio input parameters. The effect of the variable 
parameters on the response parameters is indicated by the F-
value. If the P-value is less than 0.05, it means that the 
variable parameter is significant for that response parameter 
[36-38]. In addition, a low P-value indicates a high effect 
rate. The models appear to be significant for all response 
parameters. For engine load variable parameters, IMEP, 
BSFC, COVIMEP, CO, UHC, NOx and smoke values are 
significant, but not significant for other response parameters. 
For the variable parameters, CNG ratio, thermal efficiency, 
COVIMEP, CA50, CD, UHC, NOx and smoke values are 
significant, but not significant for other response parameters. 

R2 and adjusted R2 were used to evaluate the accuracy of 
the statistical results. The R2, adjusted R2, and their 
corresponding differences obtained in this study are 
presented in Table 7. The closeness between the R2 and 
adjusted R2 values indicates the robustness and reliability of 
the statistical analysis [39,40]. 

3.2. Examination of performance, combustion and 
emission values 

For all response parameters, model equations were created 
that allow them to be calculated based on different input 
parameters. Counter graphs were created for all response 
parameters, and the effect of variable parameters on response 
parameters was explained in detail. 

3.2.1. IMEP 

IMEP is an important parameter in determining and 
evaluating an engine performance. Eq. 6 shows the model 
used to calculate the IMEP based on different input 
parameters. 
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Figure 2. The variation of the IMEP with the CNG ratio and engine 
load. 
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The variation of the IMEP with the CNG ratio of the blended 
fuels and the engine load is given in Figure 2. A continuous 
increase in IMEP was observed with increasing engine load 
because of the increase of the amount of fuel and, 
accordingly, the amount of heat generated by combustion. 
The temperature increase is caused by the increase of the in-
cylinder pressure. It is seen that a maximum pressure of 
6.036 bar is obtained under the conditions of 100% engine 
load and 80% CNG fuel use. Under the same engine load 
conditions, a slight increase in the IMEP value was observed 
when the CNG ratio was 40%. The reason for this is that the 
combustion start is not delayed more than necessary when the 
CNG ratio is 40%. In full load conditions,  IMEP continuously 

 
Figure 3. The variation of the ITE with the CNG ratio and engine 
load. 

increased with the increase in the CNG ratio. As the CNG 
ratio increases, the start of combustion is delayed and the 
heat generated during the combustion process spreads in the 
larger cylinder volume, causing a decrease in the pressure 
increase. 

3.2.2. Thermal efficiency  

The ratio of the chemical energy of the fuel entering the 
cylinder to the heat energy released as a result of combustion 
is called thermal efficiency. Eq. (7) is used to calculate the 
thermal efficiency depending on different input parameters. 

2 2

2 2

0.35  0.002 0.0427 0.0458
              0.0325 0.0114
              +0.017 0.00

(%)

33 .

A B AB
A B

ITE

A B AB

+ − +
− −

−

=
      (7) 

The variation of the thermal efficiency with the CNG ratio 
of the blended fuel and the engine load is given in Figure 3.  

Table 6. Analysis of Variance (ANOVA) results. 
 Model  Engine load  CNG ratio 

Response F- 
value 

P- 
value Remarks  F-value P- 

value Remarks  F- 
value 

P- 
value Remarks 

IMEP 20.86 0.002 Significant  42.59 0.0013 Significant  0.0304 0.8683 Not 
significant 

Thermal 
efficiency 7.26 0.0221 Significant  0.0213 0.8897 Not 

significant  9.54 0.0272 Significant 

BSFC 2623.01 <0.0001 Significant  1863.79 <0.0001 Significant  0.1759 0.6923 Not 
significant 

COVIMEP 308.2 <0.0001 Significant  7.92 0.0374 Significant  1067.78 <0.0001 Significant 

CA10 9.38 0.0127 Significant  0 1 Not 
significant  3.09 0.1392 Not 

significant 

CA50 11.38 0.0083 Significant  2.14 0.2029 Not 
significant  10.38 0.0234 Significant 

CD 7.67 0.0197 Significant  6.25 0.054 Not 
significant  9.77 0.0261 Significant 

Carbon 
monoxide 54.54 0.0002 Significant  24.26 0.0044 Significant  4.26 0.0941 Not 

significant 
UHC 38.41 0.0005 Significant  11.87 0.0183 Significant  43.09 0.0012 Significant 
NOx 28.84 0.0009 Significant  29.56 0.0029 Significant  17.83 0.0083 Significant 
Smoke 863.22 <0.0001 Significant  242.83 <0.0001 Significant  576.91 <0.0001 Significant 
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Table 7. Response R2 and adj. R2 value results. 
Response R2 Adj. R2 Difference 

IMEP 0.9669 0.9205 0.0464 
Thermal efficiency 0.9104 0.7850 0.1254 
BSFC 0.9997 0.9993 0.0004 
COVIMEP 0.9977 0.9945 0.0032 
MPRR 0.9873 0.9695 0.0178 
CA10 0.9292 0.8301 0.0991 
CA50 0.9409 0.8582 0.0827 
CD 0.9148 0.7956 0.1192 
Carbon monoxide 0.9871 0.9690 0.0181 
Hydrocarbon 0.9817 0.9562 0.0255 
NOx 0.9758 0.9420 0.0338 

There was no steady increase or decrease in thermal 
efficiency with an increase in engine load. However, the 
thermal efficiency decreases depending on the increase in the 
engine load in the range of 80% to 100% engine load. It is 
necessary to send a richer mixture into the cylinder to 
increase the engine load. In this case, it can be observed that 
the homogeneity is broken and some of the fuel is thrown out 
without burning, and a decrease in thermal efficiency can be 
observed. It is observed that the thermal efficiency decreases 
continuously with the increase in the CNG ratio. The auto-
ignition temperature of CNG fuel is much higher than diesel 
fuel. The HCCI engine does not have an extra actuator for 
combustion control. Because of the increase in the CNG 
ratio, it is inevitable to increase the auto-ignition value of the 
blended fuel. Thus, the combustion moves away from the 
targeted crankshaft angle and causes a corresponding 
decrease in the thermal efficiency. The highest thermal 
efficiency was obtained as 39.69% with pure diesel fuel and 
62.94% with engine load conditions. 

3.2.3. Brake Specific Fuel Consumption (BSFC) 

The BSFC was calculated by using Eq. (8) based on different 
input parameters. 

2 2

2 2

248.29 32.425 0.315 23.3
            +55.2343 2.59431
            +25.405 2.045 .

A B AB
A B

A

B F

B

S

AB

C − − −
+

=

+
       (8) 

The variation of the BSFC with the CNG ratio of the blended 
fuels and the engine load is given in Figure 4. It has been 
determined that there is a significant improvement in the 
BSFC value when the engine load is between 60% and 90%. 
It has been determined that the Indicated Thermal Efficiency 
(ITE) value is also high in this engine load operating range. 
The reason for this is that the high CA10 and CA50 values 
are lower between 60% and 90% of engine loads due to the 
lack of preheating of the engine operating in HCCI mode. 
Since the lower calorific value of CNG fuel is higher than 
diesel fuel, a decrease in BSFC is expected. However, 
depending on the increase in CNG ratio, a serious increase 
was observed in the BSFC. This is caused by the delay of the 
ignition time as the CNG value increases and it is thought to 
cause an increase in the BSFC. The lowest BSFC was 
obtained as 241.55 g/kWh at 82.62% engine load and 
70.29% at CNG ratio conditions. 

 
Figure 4. The variation of the BSFC with the CNG ratio and engine 
load. 

 
Figure 5. The variation of the COVIMEP with the CNG ratio and 
engine load. 

3.2.4. COVIMEP 

Eq. (9) shows the model used to estimate the COVIMEP based 
on different input parameters. 

2 2

2 2

IMEP 9.72 0.7527   8.7408 0.0412
                     2.20898 1.9378
                     2.8881 1.0732 .

(%) A B ACO B
A B

A B AB

V + + −
− +
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=
            (9) 

The COVIMEP variation with the CNG ratio of the blended fuels 
and the engine load is given in Figure 5. There is no stable 
increase or decrease in the COVIMEP depending on the engine 
load. The significant change in the COVIMEP value is seen to be 
CNG as the blended fuel. It is seen that the CNG ratio is 0%, 
that is, the COVIMEP value is around 3.2% in the use of pure 
diesel fuel. It is known that pure diesel fuel ignites more easily 
than CNG fuel due to its characteristic features such as 
cetane/octane number and auto–ignition temperature.  Easier  
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Figure 6. The variation of the CA10 with the CNG ratio and 
engine load. 

ignition results in a more balanced operation of the HCCI 
engine. In this case, it causes a decrease in the differences in 
pressure values between cycles. The highest COVIMEP value 
was obtained as 20.23 bar at 80% CNG fuel mixture ratio 
and 74.97% engine load conditions. 

3.2.5. CA10 (CA) 

Eq. 10 shows the model used to estimate the CA10 based on 
different input parameter values. 

2

2 2 2
1.24  0.54 0.81 0.8752

                   +1.0552 0.63 0.45 .
10( ) B AB A

B A
C

A
C

B
A

B
A +

− +
= − +      (10) 

The variation of CA10 with the CNG ratio of the blended 
fuels and the engine load is given in Figure 6. It was observed 
that there was no stable change in CA10 value with engine 
load and CNG ratio. The reason for this is that the resistance 
to self-ignition increases with the increasing CNG ratio, the 
combustion cannot be carried out regularly and, in this case, 
it leads the engine to work irregularly. It is thought that as 
the CNG ratio approaches 80%, the CA10 value is shifted, 
and this is because of the high-octane number of the CNG 
and its resistance to ignition. On the other hand, it is observed 
that the CA10 increases with the engine load approaching 
100%. With the increase of engine load, it is expected that 
the in-cylinder temperature will increase and accordingly, 
the ignition onset of HCCI combustion will be brought 
forward. Since the laminar flame speed of CNG is higher 
than diesel fuel, gaseous CNG fuel burns faster than liquid 
diesel fuel. Since the diesel fuel mass is higher in full load 
mode than in other load positions, delays are observed in the 
combustion time. As the laminar flame velocity of CNG is 
higher than diesel fuel, CNG ends the combustion phase 
faster than diesel fuel [41]. 

3.2.6. CA50 (CA) 

In internal combustion engines, the crank angle at which 
50% of the cumulative heat dissipation occurs is called CA50  

 
Figure 7. The variation of the CA50 with the CNG ratio and 
engine load. 

[42]. Eq. 11 shows the model used to estimate the CA50 
based on different input parameter values. 

2

2 2 2
15.8 0.9 1.98 1.44 1.2103

                  +1.570
50

3 0.18 0.36 .
( )CA CA A B AB A

B A B AB
+ − − +

− +
=     (11) 

The variation of the CA50 with the CNG ratio of the blended 
fuels and the engine load is given in Figure 7. The CA50 
value was increased with the increase of the engine load 
ratio. It was stated that the increase in the CNG ratio delayed 
the start of combustion. However, the CA50 value delayed 
with the increase of CNG ratio. This is caused by the higher 
laminar flame velocity of CNG compared to diesel fuel. The 
highest CA50 was calculated as 23.24 CA using pure diesel 
fuel at full load. It was concluded that the lowest CA50 was 
15.17 CA at 62.79% CNG ratio and 71.67% at engine load. 

3.2.7. Combustion Duration (CA) 

The CD is expressed as the value of CA passing between 
CA10 and CA90 [43]. Eq. (12) shows the model used to 
estimate the CD based on different input parameters. 

2 2 2 2
59.26 7.92 9.9 2.88

              +5.3379 4.0779 0.54 3.24 .
A B AB

A B A B
C

AB
D(CA) + − −

+ − −
=     (12) 

The variation of the CD with the CNG ratio and engine load 
is given in Figure 8. The CD decreased with the CNG ratio 
increased. Although the octane number and auto-ignition 
temperature of CNG fuel are high, the laminar flame velocity 
is also high [44]. Although the initial ignition time delays 
with the increase in the CNG fuel ratio, it can complete the 
combustion process in a shorter time after ignition. It is seen 
that the minimum CD value was obtained with a CA of 
53.46, a CNG ratio of 66.54%, and an engine load ratio of 
61.66%. The maximum combustion value was determined as 
86.28 CA in pure diesel fuel and full load condition. It was 
obtained that the increase of engine load increased the CD. 

3.2.8. Carbon monoxide emissions (%) 

The  CO emissions was calculated depend on different input  
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Figure 8. The variation of the CD with the CNG ratio and engine 
load. 

 
Figure 9. The variation of the CO with the CNG ratio and engine 
load. 

parameters by using Eq. (13): 

2 2 2 2
0.29 0.2865 0.12 0.439

              +0.1924 0.0429 0.275
(%)

5 0.174 .
A B AB

A B A
C

B
O

AB
+ − −

+ −
=

+
  (13) 

The variation of the CO emissions with the CNG ratio and load 
is given in Figure 9. CO emissions are caused by the low 
combustion temperatures, the inhomogeneity of the mixture, 
and the lack of oxygen. As the load increases, it is expected 
that the CO emissions will improve as the combustion end 
temperature increases. However, a continuous increase in the 
CO emissions were observed with increasing engine load. 
Because to increase the engine load the quantity of fuel sent 
into the cylinder is increased and this is caused the oxygen 
deficiency. Improvements were observed in CO emissions 
with the increase in the CNG ratio. It is thought that the reason 
for this may be that CNG fuel contains less carbon than 
diesel fuel. In addition, due to the low density of CNG fuel, 
it  provides support to obtain a more homogeneous mixture. 

 
Figure 10. The variation of the UHC with the CNG ratio and 
engine load. 

This helps to dampen the homogeneity problem, which is 
one of the biggest criteria of CO formation. 

3.2.9. Unburned hydrocarbon emissions (ppm) 

Eq. (14) shows the model used to estimate the UHC based 
on different input parameters: 

2 2 2 2
297.76 47.5 90.5 71.5

                    6.1551 7.1551
(ppm)

32 37 .
U A B AB

A B B AB
H

A
C − +

− + +
= −

−
    (14) 

The variation of the UHC emissions with the CNG ratio of 
the mixed fuel and the engine load is given in Figure 10. The 
formation of UHC emissions is caused by low combustion 
end temperature, excess fuel and the inability to obtain a 
homogeneous mixture. It is expected that the UHC emissions 
will decrease depending on the engine load. UHC emissions 
increased with the increase of CNG ratio. It is thought that 
the reason for this is the need for more air due to the excess 
stoichiometric air/fuel mixing ratio value of the CNG fuel. It 
was observed that the maximum UHC emission was 498 
ppm, at 50% engine torque and 80% engine load. 

3.2.10. NOx emissions (ppm) 

Eq. (15) shows the model used to estimate the NOx based on 
different input parameters: 

2 2

2 2

699.38 141 109.5 115.75  
                 

(
  56.3276 1.8276

                   6.75 18.2

p

.

pm)

5

x A B AB
A B

A

NO

B AB

+ + +
− −
− +

=
    (15) 

The variation of NOx emissions with the CNG ratio of the 
blended fuel and the engine load is given in Figure 11. The 
main causes of NOx emission are high end-of-combustion 
temperature and inhomogeneous fuel-air mixture [45]. The 
highest NOx emission was 1036 ppm with 80% CNG ratio 
and full load conditions. An increase in NOx was observed 
with increasing engine load. With the increase in engine load, 
the increase in the combustion end temperature is inevitable, 
which triggers the formation of NOx emissions. NOx 
emissions increased depending on the increase in engine load  
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Figure 11. The variation of the NOx with the CNG ratio and 
engine load. 

 
Figure 12. The variation of the smoke with the CNG ratio and 
engine load. 

and CNG ratio. This increase is caused by the slight increase 
of the temperature at the end of the combustion due to the 
high lower calorific value of the CNG. 

3.2.11. Smoke 

Eq. (16) shows the model used to estimate the smoke based 
on different input parameters. 

1

2 2

2 2

0.422 0.665 1.025 1.1275
                     +0.2865 0.6465
                     0.

Smok

2225 0.5225

e(m )

.

A B AB
A B
A B AB

− + − −
+

− +

=
    (16) 

The variation of the smoke emissions with the CNG ratio and 
engine load is given in Figure 12. HCCI engines operate 
continuously with a lean mixture [46]. However, if the 
amount of fuel is increased to increase the engine loads, there 
is a decrease in the lambda value. In this case, it is inevitable 
that smoke emissions will increase [47]. The increase in 
engine load also causes to increase the smoke K-factor. This is 
thought to be due to the enrichment of the mixture at high engine 

loads. A decrease in the smoke K-factor was observed with the 
increase in the CNG ratio. Wategave et al. [48] have reduced the 
smoke emissions to almost zero by using CNG instead of using 
biodiesel on the engine operating in RCCI mode. 

3.3. Comparison of experimental results and statistical 
results 

Consistency of experimental and statistical results increases 
the reliability of the study. In order to meet these results, 
parts containing the data belonging to the answers and 
preserved can be created. In this study, these graphics were 
created in the design expert environment. Figures 13 and 14 
show the comparison of actual and predicted results for the 
response parameters used in the Optimization.  The results 
for IMEP, ITE, COVIMEP and BSFC are shown in Figure 13. 
For COVIMEP and BSFC response parameters, there is almost 
no difference between the estimated and actual values. There 
are negligible differences between the limits of the IMEP and 
ITE response parameters. 

The results for CO, UHC, NOx and smoke are presented 
in Figure 14. It is clearly seen that there is no difference 
between the estimated and actual values for the smoke 
response parameter. Acceptable deviations are observed for 
CO, UHC and NOx parameters. It is seen that the actual and 
estimated values are close to each other. This situation 
strengthens the reliability of the data obtained by the 
statistical study. 

3.4. Optimization 

RSM optimization module was used the determine the 
optimum input parameters to obtain the targeted response 
parameters. The input parameters to be optimized are the 
engine torque ratio and the CNG ratio taken throughout the 
run. During the optimization process, it was aimed to have 
the IMEP and ITE values at the maximum, the BSFC, CO, 
NOx, UHC and smoke values at the minimum, and the 
COVIMEP value within a certain range. The target value for 
CA10 and CD response parameters was not included because 
there was no target value. As a result of the experiments, it 
was determined that the CA50 value was between 15.48 and 
23.04°CA. CA50 minimum and maximum values could not 
be included in the optimization because they were within the 
targeted range of 7-11°CA. After the optimization, IMEP, 
ITE, BSFC, COVIMEP, CA10, CA50, CD, CO, HC, NOx and 
smoke values were determined. Input and response 
parameters used in the optimization are shown in Table 8. 
The optimum variable parameter values were found to be 
engine load 68.364 Nm and CNG ratio 2.864%. In the study, 
optimization was carried out depending on combustion, 
performance and emission response parameters. When 
evaluated individually, it is clearly seen that the CNG ratio 
has a large effect on each response parameter. Negative 
effects  on some performance and combustion parameters 
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Figure 13. Comparison of experimental and statistical results for IMEP, ITE, COVIMEP, BSFC. 

 
Figure 14. Comparison of experimental and statistical results for CO, UHC, NOx, Smoke. 



 O.K. Demirci et al./ Scientia Iranica (2025) 32(11): 7433 11 
 

 

Table 8 Optimization parameters and results. 

Parameter Approach 
Limits Optimized input and 

 response parameters Unit 
Lower Upper 

A-Engine load In range 50 100 68.364 Nm 
B-CNG ratio In range 0 80 2.864 % 
IMEP Maximize 3.21 6.03 4.487 bar 
ITE Maximize 24.95 39.26 39.3 % 
BSFC Minimize 247.9 384.4 255.5 g/kWh 
COVIMEP In range (1-6) 3.14 20.74 3.343 % 
CA10 None 1.08 4.32 1.45 °CA 
CA50 None 15.48 23.04 18.415 °CA 
CD None 54.36 84.6 70.31 °CA 
CO Minimize 0.061 1.86 0.247 % 
HC Minimize 110 498 191.566 ppm 
NO Minimize 468 1036 579.538 ppm 
Smoke Minimize 0.02 4.89 1.393 m-1 

 

 
Figure 15. Desirability rate of optimization. 

been observed with the use of CNG and the reasons are  
clearly stated. As a result of optimization, the best targets were 
determined for each response parameter. For this reason, it is 
thought that a low CNG value is obtained after optimization. 

In order to evaluate the accuracy and reliability of the 
optimization, the desirability value must be high [49]. 
Desirability value being close to 1 indicates closeness to 
reaching the targeted value [50]. In the graph in Figure 15, 
there are input parameters, response parameters, and 
desirability values calculated together. The combined 
desirability value was determined as 0.7792, which 
strengthens the reliability of the optimization. 

4. Conclusion 
In this study, the effects of using standard diesel and 
Compressed Natural Gas (CNG) fuels on combustion, 
performance, and emissions were experimentally and 
statistically investigated in a Homogeneous Charged 
Compression Ignition (HCCI) engine. The results of this 
study, which will give researchers a new perspective, will 
make a significant contribution to the literature. The 
following results were obtained; 

• With the increase in CNG ratio, Brake Specific Fuel 
Consumption (BSFC), Coefficient of Variation of 
Indicated Mean Effective Pressure (COVIMPE), 
Unburned Hydrocarbon (UHC) and NOx values 
increased; Indicated Thermal Efficiency (ITE), CA50, 
Combustion Duration (CD), Crank Angle (CA) and 
smoke values decrease; and unstable behavior was 
detected in IMEP and CA10 values; 

• With the increase in engine load, Indicated Mean 
Effective Pressure (IMEP), CA50, CD, CO, NOx and 
smoke increased, ITE and BSFC decreased; and 
unstable behavior was observed in COVIMEP, CA10 
and UHC values; 

• After the optimization, the combined desirability ratio 
was obtained as 0.779. Among the optimum input 
parameters, engine load was determined as 68.36% 
and CNG ratio as 2.864%; 

• The response parameter values were obtained as 4.487 
bar for IMEP, 39.3% for ITE, 255.5 g/kWh for BSFC, 
3.343% for COVIMEP, 1.45°CA for CA10, 18.415° CA 
for CA50, 70°CA for CD, 0.247% for CO, 191.566 
ppm for HC, 579.538 ppm for NOx and 1.393 m-1 for 
smoke; 

• It can be concluded that the use of CNG on the HCCI 
engine delays the CA10 and CA50 more than desired, 
and accordingly, disadvantageous situations occur in 
many response parameters; 

• It is recommended to include the CA50 within the 
targeted values by using preheating on the system, in 
order to improve combustion, performance, and 
emissions. 

Nomenclature 
BSFC Brake Specific Fuel Consumption 
BTDC Before Top Dead Center 
CA Crank Angle 

CA10 Crank angle location of 10% accumulated HRR 
(°CA) 
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CA50 Crank angle location of 50% accumulated HRR 
(°CA) 

CCD Central Composite Design 
CD Combustion Duration 
CI Compression Ignition 
CNG Compressed Natural Gas 
CO Carbon Monoxide 

COVIMEP Coefficient of Variation of Indicated Mean Effective 
Pressure 

DC Direct Current 
DEE Di-Ethyl Ether 
IMEP Indicated Mean Effective Pressure 
 
ITE 

 
Indicated Thermal Efficiency 

k  Polytropic index 
n  Engine speed 
NOx Nitrogen Oxides 
P In-cylinder pressure 
Q Heat release rate 
RCCI Reactivity-Controlled Compression Ignition 
RI Ringing intensity 
RSM Response Surface Methodology 
SOC Start of Combustion 
θ  Crank angle 

gT
 In-cylinder temperature 

wT  Cylinder wall temperature 
UHC Unburned Hydrocarbon 
V  Cylinder volüme 
WHTC World Harmonized Transient Cycle 
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