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In this study, the effects of engine speed and lambda input parameters of a single-cylinder HCCI engine on the
performance, combustion and emissions with the use of fuels with different concentrations were investigated. As
finding of the best operating point of the engine perfomance is vital, therefore, in this research work the
Response Surface Method waas used to model and optimize the process. The processes of determining the
experimental sets, creating the model equations of the response parameters and performing the optimization
were carried out with the RSM method. The engine speed was determined as 800-1600 rpm, the lambda value
was 1.8-2.6 and the naphtha ratio in the mixed fuel was 0-100 %. As a result of the study, ANOVA tables, model
equations, contour graphics of response parameters were created and the effects of input parameters were
examined in detail. The accuracy of the model equations created by comparing the estimated and actual response
parameter values has been strengthened. After the optimization, the optimum input parameters were calculated
as 75 % naphtha ratio, 1166.75 rpm engine speed and 2.12 lambda value. The response parameter values ob-
tained depending on the optimum input parameters are effective torque 6.26 Nm, indicated thermal efficiency
33.09 %, BSFC 196.79 g/kWh, CA10 0.77 °CA, CA50 5.6 °CA, combustion duration 28.84 °CA, COVipep 1.46 %,
MPRR It was determined as 6.24 bar/°CA, UHC 375.96 ppm and CO 0.05 %.

mode has some advantages such as high thermal efficiency and low
emissions, which can be an alternative to SI and CI engines [8,9].
Although electric vehicles will be widely used in the automotive in-
dustry in the future, these vehicles still have some problems to be solved.

1. Introduction

Industrial pollution and wastes from energy conversion plants make
agricultural areas unusable and pollute the atmosphere rapidly [1-4].
Exhaust emissions caused by millions of vehicles used in the automotive
industry are among the factors that threaten the atmosphere.
Compression ignition (CI) engines, which are widely used in heavy-duty
road vehicles, ship industry and rail systems, cause high nitrogen oxide
(NOx) and soot emissions. Exhaust emissions of spark ignition (SI) en-
gines are at more controllable levels than in CI mode. However, fuel
consumption is high and thermal efficiency is low in SI mode [5-7].

Homogeneous charged compression ignition (HCCI) combustion

* Corresponding author.

The main of these problems are charging time, battery life, range and
how to supply the electrical energy needed by millions of vehicles
[10,11]. Researchers predict that by the end of 2040, approximately 85
% of registered vehicles will have internal combustion engines [12].
Therefore, internal combustion engines will continue to be widely used
in transportation and heavy industry facilities in the near future [13].
Energy is getting more expensive each passing day in today’s world. The
Brent oil prices are not stable, and its value is increasing day by day. For
this reason, new combustion modes, which can be alternatives to SI and
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Nomenclature

ANOVA Analysis of variance

BSFC Brake spesific fuel consumption

CA Crank angle

CAE10 Crank angle location of 10 % accumulated HRR (°CA)
CAE50 Crank angle location of 50 % accumulated HRR (°CA)
CAK Crambe abyssinica KOH catalyst

CAN Crambe abyssinica NaOH catalyst

CI Compression ignition

co Carbon monoxite

CO, Carbon dioxite

COVimep cyclical differences

F30 30 % fusel oil and 70 % n-heptane

HCCI Homogeneous charged compression ignition
hg convection and heat transfer coefficient
IMEP Indicated mean effective pressure

ITE Indicated thermal efficiency

LPG Liquid petroleum gas

LTC low temperature combustion

MPRR  Maximum pressure rise rate

[ Crank angle

NOx Nitrogen oxide

P In-cylinder pressure

PCCI premixed charge compression ignition
Q represents the lower heating value
RCCI reactivity controlled compression ignition
RSM response surface method

SI spark ignition

Tw Cylinder wall temperature

UHC Unburned hydrocarbon

\Y Cylinder value

X Standard deviation

CI engines, are expected to provide low fuel costs along with emission
and efficiency advantages [14].

HCCI engines are in the low temperature combustion (LTC) cycle
group together with premixed charge compression ignition (PCCI) and
reactivity controlled compression ignition (RCCI) engines. In all three
combustion models, the maximum in-cylinder temperatures are low, so
NOx emissions are almost zero without the use of an additional exhaust
after-treatment system. In addition, oxidation reactions occur very
quickly in LTC modes and accordingly, heat losses from the cylinder wall
are reduced. Thus, the thermal efficiency increases [15,16]. Despite
these advantages of LTC combustion mode, the use of liquid and gas
phase fuels is mandatory in PCCI and RCCI engines. Combustion phase is
tried to be controlled by making use of different physical and chemical
properties of fuels. In particular, NOx and soot emissions are reduced.
However, it is an important disadvantage that the use of fuels with
different properties creates the need for two different fuel systems and
the need for a specific software to control these systems. Because it is
very difficult to determine which fuel will be injected in which position
of the crankshaft, in how long and in how much [17-19]. HCCI engines
are not dependent on the fuel to be used and HCCI combustion can be
achieved with a single fuel in the liquid or gas phase. The air fuel
mixture can be prepared by port injection or early direct injection. In
addition, HCCI combustion can be obtained with ultra-lean mixtures at
suitable operating conditions. Thus, high thermal efficiency can be
achieved with low fuel consumption [20,21]. In addition to these ad-
vantages, the HCCI mode also has some problems that need to be
resolved. The operating range in HCCI combustion is narrow. There is no
physical mechanism that controls the start of combustion and the
combustion process. Moreover, there is knocking at high loads and
misfire at low loads [22,23]. Combustion must be slowed down so that
knock can be reduced. For this, methods such as variable valve timing
and exhaust gas recirculation can be used [24,25]. In order to overcome
the misfire problem, the intake air can be heated or the compression
ratio increased [26,27]. However, these methods are not sufficient to
control the combustion process. In addition to these methods, the
physical and chemical properties of the fuel used also significantly affect
the HCCI combustion phase [14]. While low reactivity (gasoline,
ethanol, methanol etc.) fuels can be preferred to eliminate the knocking
problem, high reactivity (diesel, biodiesel, diethyl ether, dimethyl ether
etc.) fuels can solve the misfire problem [16]. The ideal octane or cetane
number of the fuel to be used in HCCI combustion mode varies
depending on the compression ratio of the engine [28,29]. Calam et al.
[26] performed an experimental study to determine the ideal fuel
reactivity at different compression ratios in an HCCI engine. It has been
stated that while the optimum operating range is provided with RON20

fuel in conditions where the compression ratio is 10, the widest oper-
ating range is obtained with RON40 fuel by increasing the compression
ratio to 11. However, the reactivity of the fuel is not the only parameter
that affects the oxidation reactions. The properties of fuel such as latent
heat of evaporation, density and viscosity are also very important in
order to prepare the mixture homogeneously in HCCI mode. In addition,
the preferred fuel should not be costly and should be easily available
[14].

In order to have information about whether a fuel type is suitable for
the HCCI mode and the performance of that fuel, the boundary condi-
tions of the operation should be determined. For this reason, many ex-
periments are required to determine the optimum fuel type and
operating conditions in HCCI engines. In this type of tests, analysis can
also be made by mixing the test fuel to be used with reference fuels (n-
heptane, isooctane etc.) in various proportions. In this case, the number
of tests increases even more, causing researchers to lose a lot of time
[30,31]. Various optimization methods can be preferred to eliminate
this problem. Thus, the optimum test fuel that solves HCCI problems can
be determined and combustion analysis can be performed. In recent
years, researchers working in the field of internal combustion engine
technology have preferred the response surface method (RSM), which
enables them to make predictions with high accuracy [32-36]. In the
RSM, the variables to be preferred in the experimental study are defined
to a computer interface program. These variables may include fuel
mixture ratios as well as engine operating parameters. The computer
interface program shows how many test points should be recorded
depending on the number of variables with the preliminary analysis
performed. At these conditions, engine tests are performed and results
including outputs such as torque, fuel consumption, power, start of
combustion, combustion duration, thermal efficiency, pressure rise rate,
the coefficient of variation in the indicated mean effective pressure
(IMEP) and emissions are recorded for each fuel type in the interface
program. As a result of the optimization process, estimations can be
made at different ratios for the mixture test fuels. The accuracy of the
optimization is determined by comparative analysis of the experimental
and predicted results [37-39].

Simsek et al. [40] used the RSM method to determine optimum
operating conditions in a gasoline-LPG dual-fueled SI engine. In this
study, which only 15 data points were used for the optimization process,
it was determined that the ideal LPG ratio was 35 % with a 4 % margin
error. Khanjani et al. [41] analyzed the effects of water-waste fish oil
biodiesel-diesel ternary fuel mixture and various ratios of surfactants on
engine performance and emissions in a CI engine with the RSM method.
In the optimization process performed with 17 data points, it was
determined that the ideal mixture for full load and 1800 rpm engine
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Fig. 1. Schematic representation of experimental test setup.

speed was 6.13 % water, 3 % biodiesel, 1 % surfactant and the remainder
was diesel fuel. Srinidhi et al. [42] used the RSM method to determine
the optimum nickel oxide (NiO) additive to be added to B25 (neem
biodiesel 25 %-+diesel 75 %) fuel. This experimental study was carried
out at 1500 rpm engine speed and full load conditions. The start of in-
jection, injection pressure and compression ratio were changed to
determine the optimum operating conditions. Data were recorded from
29 different test points and the optimization process was applied. The
results show that the most ideal fuel mixture is obtained with the
addition of 25 ppm NiO to B25 fuel. It was stated that the most suitable
operating conditions for this test fuel were the start of injection at
26.998 °CA bTDC, injection pressure of 227.86 bar and compression
ratio of 17.2585:1. These numerical values were obtained with an
average margin error of 2.37 %. The RSM method has been validated in
a few studies in the literature to determine the combustion character-
istics of HCCI engines. A detailed optimization study for HCCI com-
bustion was carried out for the first time in the literature by Ardebili
et al. [37]. The effect of fusel oil-diethyl ether mixture fuels in various
ratios on HCCI combustion was analyzed by the RSM method under
different operating conditions. The optimum fuel mixture and operating
conditions were determined for three different fuels, three different
lambda values, and three different engine speeds by using only 17 test
points. The results of this study show that the ideal test fuel for HCCI
combustion is a mixture of 41.72 % diethyl ether + 58.28 % fusel oil
with 82 % accuracy. It was expressed that torque of 11.80 Nm, cyclical
differences (COVjpep) of 1.36 %, the maximum pressure rise rate
(MPRR) of 3.14, the brake specific fuel consumption (BSFC) of 268 g/
kWh, the start of combustion at 7.52 °CA and CA50 at 11 °CA data were
predicted by using this fuel mixture with high accuracy at an engine
speed of 882 rpm and 2.08 lambda conditions in HCCI mode. Kocakulak
et al. [39] investigated the optimum operating conditions of fusel oil-n-
heptane fuel mixtures in HCCI engines. Optimization was carried out
with RSM method for engine speed, lambda and fuel mixture ratio pa-
rameters. Optimization results show that the ideal fuel mixture ratio is
30 % fusel oil and 70 % n-heptane (F30) for optimum HCCI combustion
between knock and misfire limits and minimum emissions. The indi-
cated thermal efficiency (ITE) was 34 % at 1260 rpm engine speed and at
1,91 lambda value by using F30 fuel. In addition, NOx emissions are
almost zero under these conditions. Babagiray et al. [43] optimized the
effects of different valve lift heights, engine speed, lambda values and
intake air temperatures on HCCI combustion using reference RON80
fuel. The ideal HCCI operating conditions were obtained with 5.5 mm

intake lift height, 3.5 mm exhaust lift height, 1168.82 rpm engine speed,
0.971 lambda value and 100.07 °C intake air temperature. Atmanl et al.
performed the optimization of n-butanol-diesel and cotton oil fueled
diesel engine with RSM. According to the results, they observed that
butanol reduces the braking torque compared to diesel fuel. They also
observed that adding butanol to diesel fuel increased fuel consumption
by 24.53 % [32].

Naphtha fuels with low octane and cetane number have been a
source of interest in studies in low temperature combustion mode.
Different researchers have carried out studies that achieved low NOx
and soot emissions without significant changes in engine equipment
[44-47]. Naphtha fuels from crude oil can be produced with less pro-
cessing during the production of gasoline. Naphtha fuels require less
distillation processing of petroleum, less energy consumption for their
production. They are promising for engines with low temperature
combustion mode due to their fuel properties. This study has two
different features from the studies in the literature. First of all, it is seen
that heavy naphtha fuel has not been investigated in detail in solving the
problems of HCCI engines. In addition, the use of heavy naphtha fuel
mixtures in various ratios could expand the operating ranges. Secondly,
determining the optimum mixing ratio with RSM in order to achieve
optimum combustion characteristics, performance and emission values
will bring a novelty to the literature with this study.

In this study, the effects of mixed fuels formed with n-heptane and
naphtha on combustion, performance and emissions were investigated
using experimental and statistical methods in a HCCI engine. Naphtha
ratio, engine speed and lambda value were taken as input parameters.
For response parameters, effective torque, Indicated thermal efficiency,
BSFC, CA10, CA50, combustion duration, COViyep, MPRR, unburned
hydrocarbon (UHC) and carbon monoxite (CO) values were investi-
gated. There are some studies carried out in the literature with high
accuracy on the control of the combustion phase in heci engines with the
RSM method [37,39].

2. Materials and methods

The results obtained in this study were carried out using experi-
mental, numerical and statistical methods. Experimental processes were
carried out on the test setup. The data obtained with the experimental
method were analyzed numerically in the MATLAB environment.
Determining the experimental sets, obtaining the equations used for the
estimation of the response parameters depending on the input
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Table 1
Test engine datas.

Brand-Model Ricardo Hydra

Bore x Stroke 80.26 mm x 88.90 mm

Compression ratio 5:1-13:1

Maximum power 15 kW @ 4500 rpm
Maximum speed 5400 rpm
Maximum cylinder pressure 120 bar

Table 2
The accuracies of the measured values and the uncertainty analysis in the
results.

Uncertainties [%] Accuracy
Test fuels [g] +0.22 +0.001 [g]
Engine speed [rpm] +1 +1 [%]
Torque [Nm] +0.24 +0.20 [%]
In-cylinder pressure [bar] +1.63 +0.5 [bar]
Indicated thermal efficiency [%] +1.32 -
IMEP [bar] +1.75 -
COVimep [%] +1.94 -
CA10 [CA] +1.25 -
CA50 [CA] +1.25 -
CO [% vol] +1.7 40,001
UHC [ppm] +1.34 +1
NO [ppm] +0.5 +1
Lambda +1.85 +0,001

parameters, and making the optimization were carried out with the help
of Design experimenter 11. The methods and processes used in the study
are mentioned in detail in this section.

2.1. Experimental test setup

The experimental processes carried out in this study were carried out
with a test setup with an internal combustion engine that can be oper-
ated in HCCI mode. There are internal combustion engine, encoder, in-
cylinder pressure sensor, dynamometer, combustion analyzer, data
acquisition card, control panel, precision balance, fuel tank and pump,
air filter, air heating system, lambda sensor and exhaust gas analyzer on
the test setup. The schematic view of the test setup in which the
experimental study was carried out is given in Fig. 1.

In the experimental setup, a single cylinder, 450 cc volume, Ricardo
Hydra model, port type fuel and liquid cooling system, compression
ratio adjustable internal combustion engine was used. The technical
datas of the internal combustion engine are given in Table 1.

The internal combustion engine has a naturally aspirated air system,
and the air taken from the atmosphere is filtered, the temperature is
controlled, the amount is measured and sent to the intake port. The
measurement of the fuel stored in the tank is carried out with a precision
balance of 0.01 g. The measured fuel is pressurized by the fuel pump and
delivered to the injectors. Fuel is sprayed on the air taken into the intake
port with an injector and the resulting filling is sent into the cylinder. By
measuring the amount of air and fuel taken into the cylinder, the lambda
value can be precisely controlled. McClure brand dynamometer, which
can absorb a maximum of 30 kW of power, is used to control the load of
the internal combustion engine.

The crankshaft position is determined with the help of the encoder,
which is integrated into the engine crankshaft and reads 1000 pulses in
each revolution of the crankshaft. Simultaneously, Kistler-6121 model
in-cylinder pressure sensor is used. The pressure sensor used can mea-
sure between 0 and 250 bar. The operating temperature of the sensor is
between 223 K and 623 K and needs liquid cooling. It is stated in the
datasheet that the measurement sensitivity of the sensor is 14.7 pC/bar
and the accuracy is +<0.5 %.

The information coming from the combustion analyzer and data
acquisition card is transferred to the computer environment. In addition
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to these, in the study, engine emission values were also examined.
Emission values were measured with the help of Bosch BEA350 exhaust
gas analyzer. Table 2 shows the accuracy of the exhaust gas analyzer
datas and uncertainty of the recorded data during experiments.

2.2. Formulas and equations

The response parameters are obtained by numerically analyzing the
data obtained in the experimental study in the MATLAB environment.
The heat release rate is calculated by Equation (1). In the heat release
rate equation, k is above isontropic, p is the in-cylinder pressure, V is the
stroke volume, theta is the crankshaft angle, and Qpen is the heat
released from the cylinder walls. The in-cylinder pressure value is
measured with the help of a sensor. The crankshaft position is deter-
mined by the encoder. The cylinder volume value is calculated numer-
ically, depending on the engine structural parameters and the crankshaft
position [48].

A0k dv  k _dP dQpu

a0 k-1 k=1 a8 a0

@

The heat transferred from the cylinder walls to the atmosphere is
calculated by Equation (2) [49]. In the equation, h, is the convection
and heat transfer coefficient, A is the area, n is the number of cylinders,
Ty is the cylinder temperature, and Ty, is the ambient temperature.

dQ/zeut _ 1
do 6xn

X hy x Ax (T, = T,) 2

If the pressure and volume changes of a closed system are known, the
amount of work performed in that system can be determined. In this
context, the amount of net work produced in the engine can be calcu-
lated by Equation (3) [43]. In the equation, dV is the change in the
cylinder volume depending on the crankshaft angle, and P is the
instantaneous pressure in the cylinder.

Wer = / PdV 3

Thermal efficiency is obtained by dividing the net work obtained as a
result of combustion to the lower calorific value of the fuel taken into the
cylinder. In this study, the amounts and lower calorific values of
naphtha and n-heptane fuels are included in the calculation, since mixed
fuels are used. Equation (4) is used to determine the thermal efficiency
[50,51]. In the equation, m represents the amount of fuel, and Q rep-
resents the lower heating value of the fuel.
0y = Woer )

mnaphm X Qnaphm + mn—hcplanc X Qn—hcplanc

The expression of the amount of fuel required for the production of
one kWh of energy is provided by BSFC. The BSFC value is calculated by
dividing the amount of fuel used by the net work achieved. Calculation
of the BSFC value is realized by Equation (5) [52].

BSFC =2 (5)
total

In order to strengthen the accuracy of the response parameter values
obtained during the experiments, the average of 50 cycle values is used.
It is inevitable that there will be differences in the response parameter
values obtained between these cycles. These deviations between cycles
are defined as COVjpep. COVimep can be calculated with the help of
Equation (6). The value of X in the equation represents the standard
deviation value for consecutive cycles, and 6y, represents the mean
cycle pressure value.

COVipy = %-100 6)

Pressure measurement in the cylinder is carried out depending on the
crankshaft angle. The maximum pressure rise rate is defined as the
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Table 3
Spesification of n-Heptane and Naphtha.
Naphtha n-Heptane

Calorific value (kJ/kg) 43,36 44,566
RON 68 0
Boiling point (°C) 152 97-98
Density (kg/cm? at 20 °C) 0.72 0.68
Viscosity (cSt) 0.5 0.57

maximum value of the derivative values of the in-cylinder pressure
value depending on the crankshaft angle. The MPRR value is obtained by
Equation (7).

dP
wrwe = (i) @
2.3. Test fuels

In this study, mixed fuels of different concentrations were prepared
using n-heptane and naphtha fuels and their effects on combustion, ef-
ficiency and performance on HCCI engine were investigated experi-
mentally and statistically. The naphtha ratio in the fuel mixture was
determined as 0 %, 25 %, 50 %, 75 % and 100 %. Due to the self-ignition
of the filler on the HCCI engine, the operating limits can be narrow. In
case of using pure n-heptane and pure naphtha on the engine, the engine
could not be started at very high and very low effective torque and
lambda values. For this reason, the focus is on blended fuels with 25 %,
50 % and 75 % naphtha ratios in the blended fuel.

Table 3 shows the calorific, RON, boiling point, density and viscosity
values of pure n-heptane and pure naphtha fuels [31]. When the two
fuels are examined, it is seen that the most striking differences between
them are in RON and boiling point values. In addition, the calorific value
of naphtha fuel is lower than that of n-heptane fuel. Although the density
of N-heptane fuel is lower than naphtha fuel, it is seen that the viscosity
value is slightly higher.

—Input parameters

Naphtha ratio (%)

Define

Lambda
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2.4. Response surface method

Internal combustion engines have different input parameters.
Examining the effects of these input parameters with each other causes
very high costs and time. Making improvements in terms of cost and
time in such experimental studies makes the process more efficient. In
order to make this improvement, the use of the response Surface Method
(RSM), which is a statistical method, provides a great advantage. After
obtaining the experimental set with the RSM method, numerical
modeling and optimization processes are carried out [53].

The experimental parameter values made with the created numerical
model provide the most accurate way to reach the response parameter
values, regardless of the intermediate values and boundary conditions.
Reducing the number of experiments with RSM also helps to determine
the optimum input parameters depending on the targeted response
outputs and the values obtained with the experimental methods [54].

The application of the RSM method is seen on the flow chart given in
Fig. 2 [77]. The values including the minimum and maximum values of
the input parameters that are aimed to be examined in the study should
be determined. As a result of the study, the required data measurement
is carried out during the experiments performed by determining the
response parameters that are aimed to be examined. After the input and
output parameters are determined, RSM design is made and experi-
mental sets are created. The created experimental sets are carried out
depending on the specified input parameters, provided that all condi-
tions are the same. By transferring the experimental data to the RSM
environment, graphics and model of the response parameters are
created depending on the input parameters. The last step of the RSM
method is optimization. Optimization is carried out by entering the
targeted values in the response parameters and the optimum input
parameter values are determined.

In this study, the application of the RSM method was carried out in
the Design Expert 11 environment. Using Central composite design
(CCD) on the program, 3 numerical factors were input. Naphtha ratio,
engine speed and lambda value were taken as RSM input parameters.
The minimum and maximum values of naphtha ratio, engine speed and
lambda values were determined according to engine operating condi-
tions. Values of independent parameters are shown in Table 4.

Response parameters
Effective torque
ITE
BSFC

Engine speed (rpm) v W Ccaiocaso

Combustion duration
COVinep
MPRR

HC
co

Design

Run
Experiments

Optimization

¥ = Bo+ Prxy + Baxy + Baxy + Praxyxy + Praxyxs + Praxaxs + Bruxy® + P’ + fuxs®

"W " Analysis of Variance
. ANOVA
—

Fig. 2. RSM flow chart.
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Table 4 Table 6
Levels for independent variables. ANOVA results for effective torque.
Independent variables Codes Levels Source Sum of Mean F-value p-value Remarks
—a -1 0 +1 +a Squares Square
Naphtha ratio (%) A 0 25 50 75 100 Model 16.29 1.25 11.82 0.0031 significant
Engine speed (rpm) B 800 1000 1200 1400 1600 A-Naphtha ratio 9.24 9.24 87.17 < 0.0001 significant
Lambda C 1,8 2 2.2 2.4 2.6 B-Engine speed 0.045 0.045 0.4243 0.5389  Not significant
C-Lambda 0.605 0.605 5.7 0.0541  Not significant
Residual 0.6363  0.1061
Cor Total 16.93

Table 5
RSM experiment set variable input parameters.

Std Run Naphtha ratio (%) Engine speed (rpm) Lambda
2 1 75 1000 2
16 2 50 1200 2,2
18 3 50 1200 2,2
12 4 50 1600 2,2
9 5 0 1200 2,2
1 6 25 1000 2
14 7 50 1200 2,6
6 8 75 1000 2,4
13 9 50 1200 1,8
3 10 25 1400 2
17 11 50 1200 2,2
5 12 25 1000 2,4
19 13 50 1200 2,2
11 14 50 800 2,2
15 15 50 1200 2,2
8 16 75 1400 2,4
10 17 100 1200 2,2
4 18 75 1400 2
20 19 50 1200 2,2
7 20 25 1400 2,4

Analysis of variance (ANOVA) was used to evaluate the model
equality created for each response parameter. The cubic model used to
obtain the response parameters depending on the variable parameters
entered into the RSM is given in Equation (8) [55]. In the equation, x; is
the input variable, Y is the response, f, is the constant coefficient,s;, §;
and p;; is the regression coefficient, and Bij is the Cubic coefficient.

k k k Kk
y="p+ Zﬁixi + Z/jiixiz + Z/jiﬁx?+ Z Z Pixix; ®
=1 i=1 i—1 =1 j=li<j

There are 20 experiments in total in the design created by RSM. The
variable parameter values of the experimental set are given in Table 5.

T (Nm) =5.17 + 1.084 — 0.075B — 0.275C + 0.1444AB — 0.2556AC — 0.0556BC — 0.1278A*
+ 0.1222B% — 0.1778C* — 0.1069ABC — 0.03188A%B + 0.0681A%C — 0.4319AB>

3. Results and discussion

The results obtained for different response parameters were exam-
ined in detail. ANOVA results are included, and the F-value and p-value
values are examined and the importance of variable input parameters on
output parameters is mentioned. In addition, it is necessary to apply
various test methods in order to verify the models created [56]. If the P-
value is<0.05, it means that the variable parameter is important, and if
it is greater than 0.05, it means that it is insignificant [57,58]. The
magnitude of the F-value indicates the magnitude of the effect of that
variable parameter on the response parameter.

R? and Adj. R? values are examined in order to evaluate the accuracy
of statistical results generated by RSM [59]. The magnitude of the R2
value is seen as an indicator of the similarity between the statistical

results and the actual results [60]. If the difference between R? and Adj.
R? value is 0.2 or less, the accuracy of the applied method is accepted
[42].

3.1. Examination of combustion, performance and efficiency parameters

Examination of combustion, performance and efficiency parameters
in the use of alternative fuels on an internal combustion engine is of
critical importance in determining the efficiency of the fuel or fuel
mixture. The effects of engine speed and lambda variable parameters on
the effective torque, ITE, BSFC, CA10, CA50, COVjpep and MPRR of the
blended fuels formed with N-heptane and naphtha fuels are discussed in
detail.

3.1.1. Effective torque (Nm)

Effective torque is one of the most important parameters used in the
calculation of engine power and required to define engine performance
characteristics. ANOVA results for effective torque are given in Table 6.
It was determined that engine speed and lambda values are insignificant
for the effective torque value, while the naphtha ratio is important. The
F-value is the ratio of the between and within variation. Generally, the
higher the F- value in ANOVA the greater variation between sample
means. However the higher F-value corresponds to the lower p-value
(probability value). The p-value measures the evidence against the null
hypothesis. Lower probabilities provide stronger evidence against the
null hypothesis. Overall, the significance of the model increases as the f-
value increases or the p-value decreases [74,75].

For the effective torque response parameter, the R? value is 0.9624
and the Adj. R? value is 0.881. The high R? value and the difference
between the Adj. R? value and<0.2 increased the reliability and accu-
racy. The model created for estimating the effective torque value
depending on different input parameters is given in Equation (9).

©)

The effective torque produced in the engine may vary with the input
parameters, the fuel used and the fuel additives used [61]. The change in
the effective torque value depending on the naphtha ratio, engine speed
and lambda value is shown in Fig. 3. It was observed that the increase in
the naphtha ratio caused an increase in the effective torque value. The
fact that the octane number of naphtha fuel is higher than that of n-
heptane fuel shifted the CA10 and CA50 values and brought them to
optimum points [62]. This resulted in an increase in the effective torque.
It has been observed that the effective torque is low when the engine
speed is between 1200 and 1300 rpm. As the engine speed rises above a
certain level, a slight decrease is observed with the expansion of the
cylinder volume, since the heat release rate and the maximum in-
cylinder pressure value are revealed after TDC. The increase in
lambda value caused a decrease in the effective torque value in the use of
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Fig. 3. Effect of engine input parameters on effective torque.
Table 7 Table 8
ANOVA results for indicated thermal efficiency. ANOVA results for BSFC.
Source Sum of Mean F-value p-value Remarks Source Sum of Mean F- p- Remarks
Squares Square Squares Square value value
Model 589.91 45.38 1409.92 < 0.0001 significant Model 86594.9 6661.15 5 0.0292 significant
A-Naphtha ratio ~ 203.87 203.87 6334.56 < 0.0001 significant A-Naphtharatio  54896.41  54896.41  41.21 0.0007 significant
B-Engine speed 17.66 17.66 548.63 < 0.0001  significant B-Engine speed 389.76 389.76  0.2926  0.6080  Not significant
C-Lambda 72.51 72.51 2253.03 < 0.0001 significant C-Lambda 40.77 40.77  0.0306 0.8669 Not significant
Residual 0.1931 0.0322 Residual 7992.13 1332.02
Cor Total 590.1 Cor Total 94587.03

naphtha in the fuel mixture content above 40 %. The highest effective
torque value was determined as 6.6 Nm when the naphtha ratio was 75
%, the lambda was 2 and the engine speed was 1200 rpm.

3.1.2. Indicated thermal efficiency

ANOVA results for the indicated thermal efficiency are given in
Table 7. It was determined that the naphtha ratio, engine speed and
lambda values were important for the indicated thermal efficiency

ITE (%) = 29.12 + 5.0482A + 1.4856B + 3.0106C — 0.3501AB — 1.9493AC — 1.8077BC — 0.8631A>
+0.56307B* — 0.1357C* — 0.031ABC — 2.8823A%B — 0.2181A4%C — 1.0689AB>

ITE (%)

Speed (rpm)

25

35 45 55

Naphta ratio (%)

65

Lambda

75

value. While the highest F-value value is obtained with the naphtha
ratio, it is seen that this value is followed by lambda and engine speed.

The R2 value for the ITE response parameter is 0.9997 and the Adj.
R2 value is 0.999. The fact that the R2 value is high and the difference
between the Adj. R2 value is less than 0.2 strengthened the accuracy of
the results obtained for the ITE. The model created for estimating the
indicated thermal efficiency value depending on different input pa-
rameters is given in Equation (10).

(10)

ITE (%)

35 45 55

Naphta ratio (%)

65 75

Fig. 4. Effect of engine input parameters on ITE value.
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Fig. 5. Effect of engine input parameters on BSFC value.
Table 9
ANOVA results for CA10.
Source Sum of Mean F-value p-value Remarks
Squares Square
Model 335.22 25.79 71.84 < 0.0001 significant
A-Naphtha ratio 149.3 149.3 415.98 < 0.0001 significant
B-Engine speed 37.32 37.32 103.99 < 0.0001 significant
C-Lambda 5.38 5.38 14.99 0.0083 significant
Residual 2.15 0.3589
Cor Total 337.37

The variation of indicated thermal efficiency value depending on
naphtha ratio, lambda value and engine speed is shown in Fig. 4. The
increase in the naphtha ratio caused an increase in the ITE value. As the
naphtha ratio increased, the octane number of the blended fuel
increased. The increase in the octane number delayed the ignition start
of the filler in the cylinder. In addition, the optimum ignition onset time
was achieved and an efficient shot was achieved. It was observed that
the ITE value increased with the increase of the engine speed. The in-
crease in engine speed ensures that the fuel-air mixture is more homo-
geneous and the combustion takes place with a higher quality. This is
thought to be the reason for the increase in yield. With the increase in
lambda value, significant increases in ITE value were observed. The
decrease in MPRR with an increase in the naphtha ratio also increases

CA10 (BTDC,CA)

45 55
Naphta ratio (%)

25 35 65

75

the ITE value [63]. With the depletion of the mixture, all of the fuel sent
into the cylinder meets with oxygen and all fuel is burned. This causes an
increase in the ITE value. The highest ITE value was determined as
37.21% at 75% naphtha ratio, 2.4 lambda ratio and 1000 rpm engine
speed.

3.1.3. Brake spesific fuel consumption (BSFC) (g/kWh)

ANOVA results for BSFC are given in Table 8. It was determined that
the BSFC value was significant for the naphtha ratio and insignificant for
the engine speed and lambda values. The highest F-value was obtained
with the naphtha ratio.

The R? value for the BSFC response parameter is 0.9155 and the Adj.
R2 value is 0.7324. The difference between the R? value and the Adj. R2
value was<0.2, which strengthened the accuracy of the results obtained

CA10 (BTDC,CA)

C: Lambda

25 35 45 55 65 75

Naphta ratio (%)

Fig. 6. Effect of engine input parameters on CA10 value.
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for BSFC. The model created for estimating the BSFC value depending on
different input parameters is given in Equation (11).

BSFC (g/kWh) = 244.46 — 82.8375A — 6.98B + 2.2575C — 4.45875AB + 8.50375AC — 1.1487BC
+30.0056A4% — 8.07069B% + 3.67306C> + 8.42875ABC — 1.22625AB — 10.7463A%C + 73.7738AB*

Studies are carried out on the improvement of the BSFC value by
using different methods on the internal combustion engine. The change
in the BSFC value depending on the naphtha ratio, engine speed and
lambda value is shown in Fig. 5. It is observed that the BSFC value
increased with the decrease in the naphtha ratio. If the engine speed is
about 1200 rpm, an increase in the BSFC value is observed. The reason
for this is the decrease in engine torque value and in parallel engine
power at 1200 rpm. The calorific value of naphtha fuel is lower than that
of n-heptane. In this case, an increase in BSFC value is expected with an
increase in the naphtha ratio in the fuel mixture [37]. However, the
increase in the naphtha ratio delays the ignition time and increases the
ITE values. However, an improvement is observed in BSFC consumption.
Ozer and Vural investigated the effect of CNG addition in a diesel engine
fueled by diesel/n-heptane and diesel/toluene. With the addition of
toluene to diesel fuel, there is an increase in fuel consumption values at
all engine loads compared to diesel fuel, and a decrease with the addi-
tion of n-heptane. It was seen that the high calorific value and cetane
number of nheptan added to the diesel fuel partially affected the com-
bustion positively, and with the improvement of combustion[76]. The
highest BSFC value was determined as 350 g/kWh when the naphtha
ratio was 25 %, the lambda was 2, and the engine speed was 1200 rpm.

3.1.4. cAl10

CAS0 (0 CA) = 1.4943 + 5.4A +2.61B + 1.2375C + 1.075AB — 0.545AC — 0.545BC + 0.117159A%
+0.252159B% + 0.308409C? 4 0.725ABC + 0.275A%B + 1.1075A*C — 1.435AB°

The CA10 value defines the CA (crankshaft angle) at which 10 % of
the combustion time is completed [64]. ANOVA results for CA10 are
given in Table 9. It was determined that the naphtha ratio, engine speed
and lambda values were important for the CA10 value. The highest F-
value is naphtha ratio, engine speed and lambda value, from high to low,
respectively.

The R? value for the CA10 response parameter is 0.9936 and the Adj.
R? value is 0.9798. The difference between the R? value and the Adj. R
value was<0.2, which strengthened the accuracy of the results obtained
for CA10. The model created for estimating the CA10 value depending
on different input parameters is given in Equation (12).

CA10 (0 CA) = —3.11 +4.324 +2.16B + 0.82C + 0.7425AB — 0.6975AC — 0.4275BC -+ 0.243864A>
+0.513864B% + 0.283864C> 4 0.3375ABC — 0.2925A2B + 0.5075A%C — 1.1025AB*

The CA10 value is accepted as the start of combustion in many
studies. The variation of CA10 value depending on naphtha ratio, engine
speed and lambda value is given in Fig. 6. It is seen that the CA10 value
is delayed depending on the naphtha ratio. The reason for this is that
with the increase in the naphtha ratio, the octane number increases and
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ignition becomes more difficult [65]. In the HCCI engine, ignition takes
place by itself. In this case, ignition onset is more affected by fuel

an

properties. As the engine speed increases, the homogeneity of the filler
mixture improves and faster combustion is expected. However, in the
results obtained within the scope of this study, it is seen that the CA10
value is delayed with the increase in engine speed. This is because the
time required for ignition passes faster at higher engine speeds. As a
result of a faster pass, reaching the required temperature for auto-
ignition occurs in the process of turning more crankshaft angle [28].
An increase in CA10 value was observed with the increase of lambda.
This is because as lambda increases, the mixture becomes poorer and
ignition becomes more difficult. The highest CA10 value was deter-
mined as a crankshaft angle of 4 when the naphtha ratio was 75 %, the
lambda ratio was 2.4, and the engine speed was 1400 rpm.

3.1.5. cA50

The CAS50 value defines the CA at which 50 % of the combustion time
is completed [66]. ANOVA results for CA50 are given in Table 10. It was
determined that the naphtha ratio, engine speed and lambda values
were important for the CA50 value. The highest F-value is naphtha ratio,
engine speed and lambda, from high to low, respectively.

The R? value for the CA50 response parameter is 0.9993 and the Adj.
R? value is 0.9978. The difference between the R? value and the Adj. R?
value was<0.2, which strengthened the accuracy of the results obtained
for CA50. The model created for estimating the CA50 value depending

(13)

on different input parameters is given in Equation (13).

The CA50 value is aimed to occur when the piston crosses the top
dead center by 7-11 °CA [65]. The variation of CA50 value depending
on the naphtha ratio, engine speed and lambda value is shown in Fig. 7.
As the naphtha ratio increases, the octane number of the blended fuel
increases. With the increase in the octane number, combustion becomes
more difficult and an increase in the CA50 value is observed. It is seen
that the CA50 value approaches the top dead point and is delayed with
the increase in lambda and engine speed parameters. The reason for this
is that the combustion takes place more controlled with the increase in

12

the lambda value. Shifting the CA50 value from the top dead center
provides a high positive contribution to engine performance and effi-
ciency. The highest CA50 value was determined as 11.8 crankshaft angle
when the naphtha ratio was 75 %, the lambda ratio was 2.4, and the
engine speed was 1400 rpm.
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3.1.6. Combustion duration cycles are maintained more stable and leads to an improvement in the

ANOVA results for CD are given in Table 11. It was determined that COVimep value. The highest COViyep value was determined as 25 % in
the naphtha ratio, engine speed and lambda values were important for the case of naphtha rate, 2 lambda and 9 % at the engine speed of 1000
the CD value. The highest F-value values, from high to low, are engine rpm.

speed, lambda and naphtha ratio, respectively.
The R? value for the CD response parameter is 0.9974 and the Adj. R? 3.1.8. MPRR (bar/CA)

value is 0.9918. The fact that the R? value was high and the difference The MPRR is used to estimate the knocking tendency of the engine
between the Adj. R? value was<0.2 strengthened the accuracy of the [67]. ANOVA results for MPRR are given in Table 13. It was determined
results obtained for CD. The model created for estimating the Combus- that the naphtha ratio, lambda values were significant and the engine
tion duration value depending on different input parameters is given in speed value was insignificant for the MPRR value. The highest F-value is
Equation (14). lambda, naphtha ratio and engine speed, from high to low, respectively.

CD (0 CA) =29.17 — 0.45A — 1.035B + 0.7075C + 0.585AB + 0.585AC + 0.405BC + 0.6492A% + 0.4017B*

—0.0195C* — 0.045ABC + 0.814’B — 0.2125A°C — 0.855AB° a4
Cobustion duration (DC) defines the crankshaft angle value between the start and end of The R? value for the MPRR response parameter is 0.9939 and the Adj .
the combustion process. The change in CD value depending on the naphtha ratio, engine speed Rz value is 0.9805. The fact that the Rz value was high and the difference
and lambda value is shown in Fig. 8. It was observed that the combustion time value decreased between the Adj. R? value was<0.2 strengthened the accuracy of the
with the increase of engine speed and lambda parameters. The increase in the lambda value results obtained for i MPRR. The model created for estimating the MPRR
causes a decrease in the combustion end temperature and provides a more controlled com- value depending on different input parameters is given in Equation (16).
bustion process. This causes an increase in the burning time. With the increase of the naphtha
MPRR = 7.13 — 1.8805A — 0.0787B — 2.6844C + 0.6476AB + 0.6107AC + 0.2939BC — 0.0632A> (16)
+0.0685B + 0.6041C* — 0.9490ABC — 0.4362A°B — 0.1513AC + 0.9118AB>
ratio, the combustion time was expected to increase, but a decrease was observed. The reason
for this is thought to be xxxx. The highest combustion duration value was determined as a An increase was observed in the MPRR value depending on the in-
crankshaft angle of 33 when the knuckle ratio was 25%, the lambda was 2, and the engine crease in engine speed, lambda and naphtha ratios. The change in MPRR
speed was 1000 rpm. value depending on the naphtha ratio, engine speed and lambda value is
shown in Fig. 10. In cases where the lambda is low, there is an increase
3.1.7. Covimep in the amount of fuel taken into the cylinder. As more fuel is burned at
COVimep are used to determine the differences that occur in internal small crankshaft angles, high amounts of heat occur suddenly. Sudden
combustion engine cycles. ANOVA results for COVjpep are given in increases in the amount of heat also cause sudden pressure increases
Table 12. It was determined that the naphtha ratio and lambda values [68]. As a result, sudden increases are experienced in the MPRR value. It
were significant for the COViyep value, and the engine speed value was is not appropriate to reduce the lambda value below a certain level, as
insignificant. The highest F-value is lambda, naphtha ratio and engine HCCI will prevent the engine from running due to loud noise and vi-
speed, from high to low, respectively. brations. With the increase in the naphtha ratio, the MPRR value also
The R? value for the COVinep response parameter is 0.9966 and the decreases because the fuel becomes more difficult to burn. In addition,
Adj. R? value is 0.9893. The fact that the R? value was high and the the octane number, which increases with the naphtha ratio, also im-
difference between the Adj. R? value was<0.2 strengthened the accu- proves its resistance to knocking. The highest MPRR value was deter-
racy of the results obtained for COVjnep. The model created for esti- mined as 14.83 bar/CA when the naphtha ratio was 25 %, the lambda
mating the COVjpep value depending on different input parameters is was 2, and the engine speed was 1000 rpm.
COVimep = 1.49 — 1.07A — 0.215B — 1.71C 4 0.8037AB + 0.8462AC + 0.6137BC + 0.497614A> (15)
+0.1001B% + 1.1926C* — 0.7187ABC — 0.2737A?B + 0.0537A%C + 0.2187AB*
given in Equation (15). 3.2. Examination of emission response parameters
The variation of the COVjpep value depending on the naphtha ratio,
engine speed and lambda value is shown in Fig. 9. A decrease in COVinep One of the most important problems in internal combustion engines
value is observed depending on the increase in engine speed and is the realization of emissions. The most important emissions in internal
lambda. Increasing engine speed improves fuel-air mixture. The ho- combustion engines are UHC, NOx, CO and particulates. High homo-
mogeneous mixture ensures more stable operation of the engine and geneity is achieved in HCCI combustion mode and NOx and particle
minimizes the differences between the cycles. It is deduced that the emissions are significantly reduced [69,70]. In this study, the mea-
combustion takes place in a more controlled manner with the increase in surement of NOx emissions was carried out, but because it was at very
lambda and naphtha ratios. Controlled combustion ensures that the low values, it was neglected and was not included in the study.
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3.2.1. Unburned hydrocarbon emissions (UHC)

UHC is a type of emission that occurs due to the main reasons of
excess fuel, lack of oxygen and low end-of-combustion temperatures in
the internal combustion engine [71]. ANOVA results for UHC are given
in Table 14. For the UHC value, it was determined that the naphtha
ratio, lambda values were significant and the engine speed value was
insignificant. The highest F-value is lambda, naphtha ratio and engine
speed, from high to low, respectively.

The R? value for the UHC response parameter was determined as
0.9523 and the Adj. R? value was determined as 0.849. The fact that the
R? value was high and the difference between the Adj. R? value was<0.2
strengthened the accuracy of the results obtained for UHC. The model
created for estimating the UHC value depending on different input pa-
rameters is given in Equation (17).

UHC = 421.77 — 69.254 — 19B — 71.25C — 4.25AB + 20AC + 12.75BC + 14.2614A?

—5.3636B% +21.5114C? — 8.75ABC + 24.25AB + 40.75A>C + 13.25AB*

The variation of the UHC value depending on the naphtha ratio,
engine speed and lambda value is shown in Fig. 11. A decrease was
observed in HC emission, depending on naphtha, lambda value and
engine speed. Poorer mixtures are expected to increase UHC and CO
emissions, as they reduce heat dissipation and the temperatures of
combustion gases. However, with the decrease of lambda, oxygen defi-
ciency starts in the cylinder. Accordingly, an increase in HC emission is
observed. An increase in engine torque was observed with an increase in
the naphtha ratio. The observed increase in engine torque also increases
the in-cylinder combustion end temperature. In this context, the in-
crease in the naphtha ratio causes the UHC emission to improve [72].
Moreover, Ozer and Vural observed the addition of n-heptane to diesel
fuel decreased HC emissions at all engine loads[76]. The highest UHC
value was determined as 578.73 ppm when the naphtha ratio was 25 %,
lambda 2 was and the engine speed was 1150 rpm.

3.2.2. Carbon monoxide (CO)

In the combustion process, CO emission occurs due to lack of oxygen,
inhomogeneous mixture and low end-of-combustion temperature [73].
ANOVA results for CO emissions are given in Table 15. It was deter-
mined that the naphtha ratio, lambda values were significant for the CO
value, and the engine speed value was insignificant. The highest F-value
values are naphtha ratio, lambda and engine speed, from high to low,
respectively.

The R? value for the CO response parameter is 0.9186 and the Adj. R2
value is 0.7423. The fact that the difference between the R? value and
the Adj. R? value was<0.2 strengthened the accuracy of the results ob-
tained for CO. The model created for estimating the CO value depending
on different input parameters is given in Equation (18).

CO =0.08 - 0.0297 A + 0.0075 B + 0.0237C — 0.0011AB — 0.00015AC + 0.0069BC + 0.0083A>
+0.0004B2 + 0.0043C* + 0.0005ABC + 0.0049A%B — 0.0048A42C + 0.015025AB>

The variation of the CO value depending on the naphtha ratio, engine
speed and lambda value is shown in Fig. 12. With the increase in
naphtha ratio and decrease in lambda, improvement in CO emission is
observed. With the increase in lambda, it is expected that the amount of
oxygen will increase and the amount of CO will decrease accordingly.
However, the reason for the increase in the amount of CO is estimated to
be the decrease in the combustion end temperature. The reason for the
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Table 10

ANOVA results for CA50.
Source Sum of Mean F-value p-value Remarks

Squares Square

Model 557.89 42.91 661.14 < 0.0001 significant
A-Naphtha ratio ~ 233.28 223.28 3593.89 < 0.0001 significant
B-Engine speed 54.5 54.5 839.57 < 0.0001 significant
C-Lambda 12.25 12.25 188.74 < 0.0001 significant
Residual 0.3895 0.0649
Cor Total 558.28

decrease in the CO emission with the increase of the naphtha ratio is the
increase in the combustion end temperature with the increase in the
effective torque. No stable increase or decrease in CO emission change

a7

was observed depending on the change in engine speed. The highest CO
value was determined as 25 % in the naphtha ratio, 2.4 % lambda and
0.147 % in the engine speed at 1350 rpm.

3.3. Comparison of experimental and statistical data

The graphs comparing the accuracy of the experimental and RSM
response parameter results are given in Fig. 13. As can be seen in the
figure, the estimated and actual values of all response parameters are
very close to the fit line. The closeness of these parameters to the fit line
means that the estimated values are very close to the actual values and
have high accuracy.

3.4. Optimization

RSM optimization was performed using input and response param-
eters. Naphtha ratio, engine speed and effective torque are taken as
input parameters. Effective torque, Indicated thermal efficiency, BSFC,
CA50, COVimep, MPRR, UHC and CO values are taken as output pa-
rameters. Approach, lower and upper limit values of input and response
parameters and optimized parameter value are given in Table 16. During
the optimization process, the lower and upper limits of the parameters
were determined by RSM. In the approach part, the minimum,
maximum or value range targeted in the response parameters is entered.
It is aimed to maximize the effective torque and thermal efficiency on an
HCCI engine, and to minimize BSFC, UHC and CO emissions. In range
approach was chosen for CA50, COVjpep, and MPRR values and accept-
able limit values were determined as 7-11 °CA, 1-6 % and 1-8 bar/°CA,
respectively. Since there is no target value for CA10 and combustion

18)

duration values, they are not included in the optimization.

The desirability rate, which is a parameter of the accuracy of the
optimization, was determined as 0.925. The fact that the desirability
rate value is close to 1 strengthens the suitability of the optimization
made. After the optimization, the optimum input parameter values were
determined as 75 % naphtha ratio, 1166.75 rpm engine speed and 2.12
lambda value. Depending on the optimum input parameters, the
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Fig. 7. Effect of engine input parameters on CA50 value.

Table 11

ANOVA results for combustion duration.
Source Sum of Mean F-value p-value Remarks

Squares Square

Model 50.54 3.89 177.09 < 0.0001 significant
A-Naphtha ratio 1.62 1.62 73.79 < 0.0001 significant
B-Engine speed 8.57 8.57 390.32 < 0.0001 significant
C-Lambda 4.00 4.00 182.39 < 0.0001 significant
Residual 0.1317 0.0220
Cor Total 50.68

Combustion duration (CA) Combustion duration (CA)

24
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Fig. 8. Effect of engine input parameters on CD value.

Table 12

ANOVA results for COViyep,
Source Sum of Mean F-value p-value Remarks

Squares Square

Model 118.99 9.15 136.41 < 0.0001 significant
A-Naphtha ratio 9.16 9.16 136.50 < 0.0001 significant
B-Engine speed 0.3698 0.3698 5.51 0.0572 Not significant
C-Lambda 23.39 23.39 348.62 < 0.0001 significant
Residual 0.4026 0.0671
Cor Total 119.39
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Fig. 9. Effect of engine input parameters on COV imep value.

Table 13
ANOVA results for MPRR.
Source Sum of Mean F-value p-value Remarks
Squares Square
Model 184.37 14.18 74.68 < 0.0001 significant
A-Naphtha ratio 28.29 28.29 148.98 < 0.0001 significant
B-Engine speed 0.0496 0.0496 0.2612 0.6276 Not significant
C-Lambda 57.65 57.65 303.59 < 0.0001 significant
Residual 1.14 1.14
Cor Total 185.51
MPRR (bar/CA) i MPRR (bar/CA)
2.3
©
8
c 2.2
]
—
2.1
2
25 35 45 55 65 75 25 35 45 55 65 75
Naphta ratio (%) Naphta ratio (%)
Fig. 10. Effect of engine input parameters on MPRR value.
Table 14
ANOVA results for UHC.
Source Sum of Mean F-value p-value Remarks
Squares Square
Model 1.377E + 5 10590.08 9.22 0.0061 significant
A-Naphtha ratio 38364.5 38364.5 33.39 0.0012 significant
B-Engine speed 2888.0 2888.0 2.51 0.164 Not significant
C-Lambda 40612.5 40612.5 35.34 0.001 significant
Residual 6894.82 1149.14
Cor Total 1.446E + 05

13
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Fig. 11. Effect of engine input parameters on UHC value.
Table 15
ANOVA results for CO.
Source Sum of Mean F-value p-value Remarks
Squares Square
Model 0.0202 0.0016 5.21 0.0264 significant
A-Naphtha ratio 0.0071 0.0071 23.68 0.0028 significant
B-Engine speed 0.0004 0.0004 1.51 0.2658 Not significant
C-Lambda 0.0045 0.0045 15.09 0.0081 significant
Residual 0.0018 0.0018
Cor Total 0.022

65

35 45 55

Naphta ratio (%)

75

Lambda

CO (%)

65

35 45 55 75

Naphta ratio (%)

25

Fig. 12. Effect of engine input parameters on CO value.

effective torque value of 6.26 Nm and ITE 33.09 % were found to be very
close to the targeted maximum values. It has been determined that the
optimized HC value is 375.96 ppm and the CO value is 0.05 %, and the
result is very close to the targeted minimum values.

4. Conclusion

In this study, the effects of HCCI engine input parameters and the use
of different fuels on combustion, performance and emissions were
investigated experimentally and statistically. The engine speed was
determined as 800-1600 rpm, the lambda value was 1.8-2.6 and the
naphtha ratio in the mixed fuel was 0-100 %. As a result of the study,
ANOVA tables, model equations, contour graphs of effective torque,
indicated thermal efficiency, BSFC, CA10, CA50, Combustion duration,

14

COVimep, MPRR, UHC and CO response parameters were created and the
effect of input parameters was examined in detail.

With the increase in the naphtha ratio, an increase in the effective
torque, ITE, was observed. The main reason for this situation is seen as
the increase in the octane number of the blended fuel as the naphtha
ratio increases and the reduction of the CA10 value to the targeted
values with the formation of resistance against ignition. It was observed
that the BSFC value did not change much with the lambda value, but
there was a serious improvement with the increase in the naphtha ratio.
Although an increase was observed in CA10 and CA50 values depending
on the increase in lambda value and engine speed, no stable increase or
decrease was observed in the combustion duration value. With the in-
crease in engine speed, lambda and naphtha ratio, improvement in
COVimep and MPRR values was observed and it was determined that the



T. Kocakulak et al.

Effective Torque(Nm)

Predicted

Actual
CA50

~ -

Predicted

Predicted

T T T T
2 4 6 8

T T T
10 12 14

Actual

Table 16
Criterias and results of optimization.
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Fig. 13. Comparison of experimental and RSM response parameters.

Parameter

Limits

Target Optimized input and response parameters Unit
Lower Upper

A-Naphtha ratio (%) In range 25 75 75 %
B-Engine speed In range 1000 1400 1166.75 rpm
C-Lambda In range 2 2.4 2.12 -
Effective torque Maximize 2.3 6.6 6.26 Nm
Indicated thermal efficiency Maximize 15.45 37.21 33.09 %
BSFC Minimize 217.7 553.5 196.79 g/kWh
CA10 None -11.16 6.12 0.77 °CA
CA50 In range (7-11) -9 12.6 5.6 °CA
Combustion duration None 27.72 32.94 28.84 °CA
COVimep In range (1-6) 1.18 9.52 1.46 %
MPRR In range (1-8) 2.83 14.84 6.24 Bar/°CA
HC Minimize 359 672 375.96 ppm
co Minimize 0.045 0.184 0.05 %

15
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engine worked more stable. It was determined that the value of UHC
emission decreased with the increase of variable parameter values. On
the other hand, while there was a decrease in the CO emission values due
to the increase in the naphtha ratio, an increase was observed due to the
increase in the lambda value.

After the optimization, the desirability rate, which is a parameter of
the accuracy of the optimization, was determined as 0.925. The opti-
mum input parameters were calculated as 75 % naphtha ratio, 1166.75
rpm engine speed and 2.12 lambda value. The response parameter
values obtained depending on the optimum input parameters are
effective torque 6.26 Nm, indicated thermal efficiency 33.09 %, BSFC
196.79 g/kWh, CA10 0.77 °CA, CA50 5.6 °CA, combustion duration
28.84 °CA, COVimep 1.46 %, MPRR It was determined as 6.24 bar/°CA,
HC 375.96 ppm and CO 0.05 %.
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