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A B S T R A C T

In this study, it was aimed that the effects of naphtha on homogeneous charged compression ignition (HCCI)
combustion, performance, exhaust emissions and operating range were researched experimentally in an HCCI
engine. The test engine was able to operate with HCCI mode between 800 and 2000 rpm and λ= 1.61–λ=2.93
lambda values range at constant inlet air temperature of 60 °C. Pure n-heptane and naphtha, N25, N50 and N75
fuel blends were used as test fuels. Experiments showed that knocking tendency reduced with the increase of
lambda. Similarly, more stable combustion was obtained with the addition of naphtha into n-heptane due to
higher octane number. Test results showed that HCCI combustion was delayed when naphtha fraction increased
in the test fuels. MPRR was obtained as 15.6 bar/°CA and 11.9 bar/°CA with n-heptane and naphtha respectively
at λ = 2 and 1000 rpm. ITE increased from 29% to 37% with naphtha according to n-heptane at λ = 2 and
1000 rpm. On the contrary, HC and CO increased from 331 ppm to 411 ppm and 0.051% to 0.075% with
naphtha compared to n-heptane at λ = 2 and 1000 rpm, respectively. It was also seen that Naphtha showed
wider HCCI operating range according to n-heptane especially knocking zone.

1. Introduction

Highly efficient and environmentally friendly combustion modes
are researched by the scientists due to strict emission regulations and
cleaner atmosphere. At this point, HCCI has been attracted by higher
thermal efficiency and leaner operation by the researchers.
Nevertheless, HCCI combustion that gives higher thermal efficiency
with lean mixture is needed to be improved in view of higher HC and
CO. HC that unburned fuel molecules are formed as a result of extin-
guishing the flame in the combustion chamber. Likely, CO is a product
that is formed due to incomplete combustion with unsufficient oxygen
and temperature during combustion. Many studies have been carried
out by scientists to reduce these emissions and increase engine perfor-
mance from the internal combustion engines [1,39–41]. Many studies
have been carried out to reduce soot (PM) and NOx (Nitrogen oxide)
emissions from CI engines. On the other hand, spark ignition engines
must be operated near the stoichiometric ratio resulting in richer

operation and harmful emissions. To overcome these difficulties, HCCI
combustion mode that can be applied as low temperature combustion
to internal combustion engine has been developed [2,42,43,51,52].
HCCI combustion provides high fuel efficiency under partial load con-
ditions, minimizes soot and NOx emissions with efficient energy con-
version [3,44]. In HCCI combustion modes, a homogeneous mixture is
formed as in spark ignition (SI) engines. This mixture is auto-ignited
with the increase of temperature and compression within the cylinder
as in compression-ignition engines [4,5,45–47]. One of the most im-
portant advantages of HCCI engines is the ability to work with many
fuels (diesel, methanol, ethanol, fusel oil, natural gas, propane, and
butane etc.) which have different chemical properties [4,6,48,49]. On
the contrary, there are some disadvantages in HCCI engines such as
limited operating range, timing control of combustion, high carbon
monoxides (CO) and unburned hydrocarbons [7,8,50]. Some methods
such as different intake manifold pressure [9], exhaust gas recirculation
(EGR) [10], octane number, intake air inlet temperature [11–14],
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variable compression ratio and different valve lift mechanisms are used
to control combustion in HCCI engines [15–17].

Kim and Lee [18] used EGR, as a control mechanism for HCCI
combustion and investigated combustion characteristics and emissions
of partial HCCI engine by supplying premixed fuel such as n-heptane,
diesel, and gasoline. It was reported that using diesel premixed fuel,
decreasing of NOx and soot can be obtained by increasing the premixed
ratio (PR). They found that gasoline premixed fuel shows more reduc-
tions of NOx and soot emissions compared to other premixed fuels.
Maurya et al. [19] analyzed the effects of air temperature on emissions,
thermal efficiency, and combustion parameters in an HCCI engine
fueled with ethanol at different lambdas. It was found that the max-
imum combustion efficiency of 97.45% and the maximum gas exchange
efficiency of 97.47%. In addition, the maximum indicated thermal ef-
ficiency (ITE) was obtained 44.78% at the air temperature of 393 K
while lambda was 2.5. It was found that NOx emissions were too low in
all HCCI operating conditions. However, CO emissions increased and
HC (Hydrocarbon) emissions decreased, as lambda increased.

In HCCI engines, since the auto-ignition occurs at nearly constant
volume in the cylinder, it causes sudden heat and pressure rise in the
combustion chamber. In HCCI combustion, the temperature of homo-
geneous charge mixture is increased to auto-ignition temperature to
initiate the combustion because there is no ignition mechanism.
Homogeneous charge is ignited suddenly and simultaneously towards
the combustion chamber. Hence, pressure rise rate increases so much
and undesirable pressure waves are seen during combustion process.
This effect is seen as knock in HCCI engines. Chemical reactions govern
the combustion process depending on the thermodynamic properties of
the mixture taken into the cylinder. Therefore, misfiring and knocking
problems occur under partial and full load conditions that limit the
operating range of HCCI engines [20]. Recently, scientists have in-
vestigated the effects of operating conditions and fuels that can be used
in the HCCI engine [21–24]. Gharehghani [21] performed an experi-
mental study to determine the operating range of HCCI engine fueled
with methanol, natural gas and ethanol fuels having different octane
numbers. The results showed that natural gas is suitable for HCCI
combustion with high intake air temperatures. However, methanol and
ethanol are seen to have potential as alternative fuel at low intake air
temperatures and lean mixture conditions (at low loads), when HCCI
engine is operated with richer mixture (at high loads),

Sudheesh and Mallikarjuna [25] investigated the usage of diethyl
ether as combustion improver in an HCCI engine with biogas. Both
biogas and diethyl ether were taken into the cylinder by intake mani-
fold and homogeneous mixture was obtained. The diethyl ether which
provides the highest thermal efficiency for each different load case, was
experimentally researched. It was stated that SOC can be controlled and
more stable combustion was seen for each different loads. They found
that brake thermal efficiency (BTE) increased 3.48%, and 9.21% com-
pared to dual-fuel and SI modes, respectively. Hou et al. [26] in-
vestigated the effects of the addition of methanol, Methyl Tertiary Butyl
Ether (MTBE) and ethanol which have high octane number to n-

heptane from 10% to 60% ratios on combustion phase and combustion
efficiency in an HCCI engine. Combustion phasing was delayed and the
heat release rate (HRR) increased compared to the use of pure n-hep-
tane, in case the blend of high octane fuel and n-heptane were used. It
was found that start of combustion (SOC) was delayed at a similar rate
and the maximum heat release shifted around top dead center (TDC),
As methanol, ethanol and MTBE ratios increased in the fuel mixtures.
Yılmaz [27] examined the effects of fuels obtained by mixing fusel and
diesel in certain ratios on characteristics of combustion, engine per-
formance and emissions at different speeds and loads. Similar in-cy-
linder pressures were observed with the usage of fusel oil blends
compared to neat diesel at full load. It was stated that fusel oil fraction
in the fuel blend increased, specific fuel consumption (SFC) increased.
Moreover, it was reported that CO increased but soot and NOx de-
creased compared to diesel as the fusel oil increased in the fuel blend.
Scientists have researched the effects of octane number on combustion
performance of the multiple premixed compression ignition. It was
stated that the low octane gasoline such as naphtha (RON 66) had
advantages in terms of emissions and efficiency without intake heating
due to the sufficient ignitability and the high volatility [28–31]. In
addition, the production of low octane gasoline is more economical,
and it can be easily produced in a more environmentally friendly way
[15]. Some researchers have demonstrated that low reactivity naphtha
fuels can achieve high fuel efficiency with low NOx and soot emissions
[32–35]. Zhang et al. [36] evaluated the effects of light and heavy
naphtha fuels on engine performance and combustion in a six cylinder
heavy duty diesel engine. It was stated that the naphtha fuels exhibited
quite low soot and NOx emissions compared to ultra low sulfur diesel.
Results showed that naphtha-2 (RON 69) exhibited longer ignition
delay and lower soot emission than naphtha-1 (RON 59) due to the
lower reactivity. Naphtha that low-octane (RON 64.5) has more than
90% paraffinic content. It is one of the first products obtained during
refining of the crude oil. Naphtha is economical and attractive fuel for
low temperature combustion (LTC) modes where auto-ignition is the
primary control mechanism. The auto-ignition characteristics of a low
octane fuel light naphtha were investigated in a study by Javed et al.
The light naphtha ignition delay was measured in a rapid compression
machine. They stated that the multi-component surrogate matched the
light naphtha ignition delay more closely than the primary reference
fuel surrogate at low temperature rapid compression machine condi-
tions [16]. In distinct study, Hao et al. [37] investigated the effect of
using low octane gasoline in the gasoline compression ignition engines
in view of greenhouse gas emissions and energy consumption. It is
found that the low octane fuel leads to a 22.8% reduction in greenhouse
gas emissions and 24.6% reduction in energy consumption compared to
the SI engine.

Naphtha is seen to prevent knocking tendency with mixing n hep-
tane. Because knocking is critical problem to provide stable HCCI
combustion. In addition, naphtha has higher RON and density com-
pared to n-heptane. Operating range can be also enlarged in misfiring
and knocking zone in HCCI engines using naphtha. On the other side,

Nomenclature

IMEP Indicated Mean Effective Pressure
CC Combustion Chamber
ITE Indicated Thermal Efficiency
MTBE Methyl Tertiary Butyl Ether
SOC Start of Combustion
CI Compression Ignition
LTC Low temperature combustion
MPRR Mean Pressure Rise Rate
N25 %75 n-heptane + %25 Naphtha
N50 %50 n-heptane + %50 Naphtha

N75 %25 n-heptane + %75 Naphtha
HRR Heat Release Rate
PR Premixed Ratio
SFC Specific Fuel Consumption
PRR Pressure Rise Rate
SI Spark Ignition
RON Research Octane Number
°CA Crank Angle Degree
λ Lambda
COVimep Correlation of Variation
TDC Top Dead Center
HCCI Homogeneous Charged Compression Ignition
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misfiring and knocking have received great attention in the research
literature, because controlling of combustion phasing is needed to be
investigated and comprehensive approach should be performed on this
issue. There is limited number of studies with naphtha on detailed
combustion analysis to demonstrate advantages or disadvantages in
HCCI combustion. Controlling combustion of homogeneous charged
compression ignition (HCCI) has long been a question of great interest
in a wide range of fields. No previous study has given sufficient and
detailed consideration with naphtha fuel blends on HCCI combustion
characteristics. In this study, the effects of naphtha fuel mixtures on
combustion characteristics such as in-cylinder pressure, heat release
rate (HRR), CA10, combustion duration, indicated thermal efficiency
(ITE), specific fuel consumption (SFC), brake torque and power output,
hydrocarbons (HC), carbon monoxides (CO) emissions and HCCI op-
erating range were investigated and compared pure n-heptane.

2. Experimental setup and procedures

In the experiments, single cylinder, four stroke and port injection
system HCCI test engine was used. The test engine was the Ricardo
Hydra model. Test engine was transformed into the HCCI engine from
the spark ignition engine. List of the specifications of test engine is
shown in Table 1. Further, the HCCI test bench is shown in Fig. 1.

The air/fuel mixture was prepared in the intake manifold by using
the port injection fuel system. The amount of fuel to be injected is set
via the control unit. There are 100 equal divisions on the potentiometer
where the amount of fuel injection is adjusted. The potentiometer was
adjusted in positions 1, 2, 4, 6, 8 and 10 respectively and the engine was
started at constant speed. While the fuel tank was placed on the pre-
cision balance, fuel consumption was determined by the time of 120 s.
The fuel consumption was formulated with the fuel injection char-
acteristic obtained.

All equipment were calibrated before the experiments started. The
test motor was connected to an electric type dynamometer capable of
absorbing 30 kW of power. The brand of the dynamometer was
McClure. The intake air heater device was located on the intake
manifold, just before the fuel injection system. The inlet air temperature
was measured by a K type thermocouple where it placed between the
air heater and the injection system. Air inlet temperature was set on the
control panel. In the experiments, the original air heater system was
used. The Kistler 6121 model piezoelectric pressure sensor was used for
determining the in-cylinder pressure. The crank position versus the in-
cylinder pressure was determined using an encoder with a precision of
0.36 oCA. Some of the specifications of encoder are shown in Table 2.

In-cylinder pressure was collected with Cussons P4110 combustion
analyzer. The data was then transferred to computer with National
Instruments USB6259 model data acquisition card. In-cylinder pressure
signals were recorded to the computer with data from the encoder. The
average of 50 consecutive in-cylinder pressure data were used in all
operating conditions. When the test engine was operated in HCCI mode,
the cooling water and lubricating oil temperature of the test engine was
expected to stabilize. While the lubricating oil at 65 °C, the cooling
water temperature was fixed at 75 °C. These temperatures were defined
as operating temperatures. The test engine was operated firstly in SI
mode. When the lubricating oil and cooling water temperature reached
operating conditions, the ignition system was closed. Thus, HCCI
combustion was started. In the experiments, neat light naphtha, n-
heptane, N25, N50 and N75 fuels were utilized. The N25 was con-
stituted from 75% n-heptane and 25% light naphtha, N50 was con-
stituted from 50% n-heptane and 50% light naphtha while the N75 was
constituted from 25% n-heptane and 75% light naphtha mixture by
volume. Some of the specifications of test fuels are shown in Table 3.

During the operation, the exhaust gases were recorded with the
Bosch BEA350 exhaust gas analyzer. The exhaust gas analyzer measures
NO, HC, CO2, O2 and CO emissions. However, lambda was determined
by the Brettschneider formula. 50 consecutive pressure data were

averaged to determine in-cylinder pressure. For thermodynamic ana-
lysis, a code was prepared by using MATLAB Simulink program. By
using MATLAB Simulink code, ITE, heat release rate, SOC, in-cylinder
pressure, combustion duration and indicated mean effective pressure
were determined. HRR was determined using the first rule of thermo-
dynamics. For this reason, mass, and gas leaks during one cycle are
disregarded. In order to calculate the HRR, the heat transfer from the
cylinder wall was calculated. The HRR versus to the crank angle was
calculated with Eq. (1).
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here, V and P express to cylinder volume and cylinder pressure, re-
spectively. dQ expresses to net heat output. n refers to ratio of specific
heat values and dθ expresses to change of crank angle. dQ

dθ
heat expresses

to heat transfer from cylinder to cooling system.
Thermal efficiency was calculated with Eq. (2).
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here and express to fuel consumption of n-heptane and naphtha per
cycle and expresses to net work. However, and express to calorific va-
lues of naphtha and n-heptane fuels. The net work was calculated with
Eq. (3).

∫=W PdVnet (3)

The indicated mean effective pressure values depends on cylinder
volume, engine speed and number of cylinders. IMEP is one of the
simplest definitions used to express engine efficiency. The IMEP is
calculated as given in Eq. (4). Here, Vstroke expresses to cylinder swept
volume [38].

=IMEP W
V

net

stroke (4)

3. Results and discussion

The role of the usage of high-octane number fuel in HCCI combus-
tion has received great attention across a number disciplines. To date,
the problem of misfiring and knocking has received scant attention in
the research literature. So, there is urgent need to address the con-
trolling of combustion problems caused by HCCI. Previous studies have
failed to demonstrate any significant advantages of using naphtha in
view of detailed combustion analysis. Fig. 2 shows the effects of lambda
with test fuels on HRR and in-cylinder pressure. It was seen that HRR
and in-cylinder pressure decreased with the increase of lambda for each
test fuel. In addition, combustion was retarded with the increase of
lambda due to lower fuel concentration for each test fuel. No resistance
to knocking for n-heptane caused to undesirable auto-ignition char-
acteristics as seen in Fig. 2-a. Knocking tendency reduced with the
addition of naphtha into n-heptane due to higher octane number. There
is no sharp variations between on maximum in-cylinder pressure with
test fuels. It was also seen that HCCI combustion could not be achieved
with pure naphtha at higher lambda.

CA10 can be assumed start of combustion. CA10 refers to crank

Table 1
The test engine specifications.

Test Engine Ricardo Hydra

Cylinder number 1
Max. engine speed [rpm] 5400
Compression ratio 13/1
Valve lift [mm] Exhaust lift 3.5, Intake lift 5.5
Stroke × bore [mm] 88.90 × 80.26
Max. power output [kW] 15
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angle where 10% of charge mixture completed to combust. CA10 is
highly affected by the conditions at the end of compression stroke.
Fig. 3 compares experimental data on variations of CA10 and com-
bustion duration with test fuels. Looking at Fig. 3-a, it is clear that CA10
increased with the increase of lambda. Lower heat is released to the
combustion chamber with leaner mixtures. Hence, self-ignition che-
mical reactions could not occur easily. Consequently, CA10 is delayed.
From this data, it was seen that naphtha showed the highest CA10 due
to higher octane number. Moreover, what stands out in the figure is the
increase of lambda with the increase of naphtha in the fuel blends.

Released heat decreases in the combustion chamber during self-ig-
nition with naphtha due to lower calorific value. So, lower heat in the
combustion chamber prevents to occur oxidation reactions. The most
striking factor is that naphtha shows higher resistance to auto-ignition
owing to higher octane number. It can be also explained that boiling

point is higher than n-heptane. Higher boiling point causes to show
cooling effect during vaporization. This situation also decreases the
heat gradient in the combustion chamber to start the self-ignition.
Overall, higher boiling point of naphtha caused to decrease in-cylinder
heat and start of combustion was retarded.

Fig. 3-b shows combustion duration versus lambda with test fuels.
As expected, combustion duration increased with the increase of
lambda. Completion of auto-ignition reactions takes a long time with
leaner charge mixtures. Heat energy remains lower due to lower fuel
molecules during combustion. Interestingly, combustion duration de-
creased with the addition of naphtha at a given lambda. The shortest
combustion duration was observed with n-heptane. The longer com-
bustion duration was determined with N50.Combustion duration was
obtained as 34.2 °CA and 35.3 °CA at λ = 2 with n-heptane and
naphtha respectively. No knocking resistance of n-heptane resulted in
the shortest combustion duration. The addition of naphtha caused to
show resistance owing to higher octane number according to n-heptane.

The results of the CA50 and ITE are summarized in Fig. 4. CA50
defines the crank angle where the 50% of charge mixture completed to
combust. CA50 increased with the increase of air fuel ratio as seen in
Fig. 5-a. Similar tendency was realized for CA50 like CA10. The highest
CA50 was computed with naphtha while the lowest CA50 was de-
termined with N25. Higher octane number of naphtha caused to delay
CA50. ITE increased with the increase of lambda while it decreased
after a specific lambda value for each test fuel. Lower ITE was obtained
although combustion is achieved with leaner mixture (λ greater
than 2). It can be mentioned that oxygen concentration reduces com-
pared to other lambda values with λ = 1.6 or 1.7 and 1.8. This phe-
nomena causes to prevent complete combustion with lack of oxygen in
the combustion chamber. It is also possible to emphasize that fuel
molecules can react easier with oxygen molecules with higher lambda.
Oxidation reactions can occur towards the combustion chamber re-
sulting in higher combustion efficiency. Likely, released heat decreased
in the presence of combustion of richer mixtures. Thus, ITE decreased.
The highest ITE was computed as 38.9% at λ = 2.1 with naphtha. This
is a remarkable outcome. ITE increased about 27% with naphtha
compared to n-heptane at λ= 2. For higher ITE, CA50 should be nearly

Fig. 1. Schematic of HCCI test bench.

Table 2
Properties of encoder.

Encoder Opkon

Supply voltage 5 V
Operating temperature 253 to 353 K
Shaft diameter 8 mm
Body diameter 50 mm
Output type Line driver
Pulse number per rotation 1000
Max. operating speed 4000 rpm

Table 3
Properties of naphtha and n-heptane fuels.

n-Heptane Light naphtha

Calorific value (kJ/kg) 44,566 43,360
RON 0 68
Boiling point (oC) 97–98 152
Density (kg/cm3 at 20 °C) 0.68 0.72
Viscosity (cSt) 0.57 0.5
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after TDC (5-10°CA). There was a significant positive correlation be-
tween CA50 and ITE as seen Fig. 4.

Cyclic variations are caused by thermodynamically properties,
trapped residual gases at the end of compression stroke, heat transfer to
the cylinder wall. This parameter directly reflects the stable combus-
tion. Reasonable limit value for stable operation is accepted 10% in the
internal combustion engines [38]. Since, there is no mechanism on self-
ignition in HCCI combustion, evaluation of stable operation will be
evident. The results obtained from the experiments for cyclic variations
of IMEP are displayed in Fig. 5. COVimep decreased as lambda increased.
At richer mixtures, local rich zones can be formed in the combustion
chamber. In addition, some fraction of fuel molecules could not be ig-
nited because of lack of oxygen molecules and insufficient auto-ignition

temperature. Fuel molecules which could not be ignited remain for the
next cycle and mix with the fresh charge. In-cylinder temperature and
pressure history vary cycle by cycle. Higher COVimep was obtained with
N25 and N50 especially with richer mixtures and limit value were ex-
ceeded. The addition of naphtha caused to decrease cyclic variations.
High octane number of naphtha resulted in more stable combustion. So,
cyclic variations were reduced.

COVimep was determined as 5.88% and 6.45% with naphtha and n-
heptane at λ= 2 and 1000 rpm. It can be mentioned that more uniform
structure can be obtained in the combustion chamber with leaner
mixtures. The formation of local rich and lean regions decrease and
residual gases transferred to the next cycle reduce. This aspect resulted
in lower cyclic variations. Pressure rise rate (PRR) defines the in

Fig. 2. The effects of lambda with fuels on cylinder pressure and HRR.
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cylinder pressure applied to the piston and crankshaft for each crank
angle variation. Higher pressure rise rate causes to apply high amount
of force to engine bearing and crankpin. This effect reduces the life of
engine parts. From the Fig. 6 below we can see the variations of MPRR
versus lambda with test fuels. MPRR decreased with lambda increase
for all test fuels. Heat energy and maximum in-cylinder pressure de-
creased with lean charge mixtures owing to lower fuel concentration.
This result also decreases MPRR. The highest MPRR was obtained with
n-heptane at richest charge mixture. The most surprising aspect of
Fig. 6 is that naphtha presented lower MPRR compared to other test
fuels. For a specific lambda, the addition of naphtha resulted in lower
MPRR. Having higher octane number of naphtha is the most remarkable
reason for lower MPRR.

IMEP is an indication parameter to define performance. Fig. 7 shows
the IMEP values of 50 successive cycles with test fuels. In Fig. 7, there is
clear trend of decreasing on IMEP values with reduced naphtha addi-
tion in the fuel blends. Maximum IMEP was computed with naphtha.
The most striking result to emerge from IMEP data is that naphtha
presented higher IMEP than n-heptane in spite of lower heating value.
The lowest IMEP was obtained with N50. Moreover, higher density of
naphtha caused to obtain higher IMEP because of higher fuel molecules
by mass. Knocking resistance increased when the naphtha was used and
more controllable HCCI combustion was achieved.

In the current study, full load characteristics were also studied. Test
engine was run at different engine speed and wide open throttle. The
results obtained from full load characteristics with test fuels can be seen
in Fig. 8. When Fig. 8-a is examined, brake torque increased and then

decreased with the increase of engine speed for all test fuels. The more
surprising correlation is that test engine could not be operated on HCCI
mode at higher engine speed with the decrease of naphtha. HCCI
combustion was just achieved between 800 and 1200 rpm with pure
naphtha. Time is limited for complete combustion in view of crank
angle at higher engine speed. Moreover, higher boiling and octane
number of naphtha could not be ignited due to misfiring. Maximum

Fig. 3. The variations of CA10 and combustion duration.

Fig. 4. The variations of CA50 and ITE.

Fig. 5. COVimep.
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brake torque was measured as 8.55 Nm where as 4.7 Nm at 1200 rpm
with naphtha and n-heptane respectively. higher density and reason-
able heating energy of naphtha caused to increase brake torque. Power
output increased with the increase of engine speed. Power also in-
creased with the increase of naphtha in the fuel blends. This is sig-
nificant outcome that engine performance improved with naphtha.

Fig. 9 depicts the SFC versus engine speed with test fuels at λ = 2.
SFC defines the consumed fuel fraction for unit power production in a
specified time. SFC decreased with the increase of engine speed, be-
cause homogeneity of charge mixture improves and gas leakages de-
creases. On the contrary, SFC increased at higher engine speeds owing
to limited time for combustion, frictional and heat losses due to higher
piston speed. Minimum SFC was computed 0.215 kg/kWh at 1200 rpm
with naphtha. Although naphtha has lower calorific value and higher
density, lower SFC was obtained compared to n-heptane. Combustion
phasing can be controlled with naphtha due to higher octane number
and decided auto-ignition reactions. SFC decreased by about 45% with
naphtha compared to n-heptane at 1200 rpm.

Fig. 10 shows the HC and CO variations versus engine speed with
test fuels at λ = 2. There is no significant difference on HC emissions
except for N75 and naphtha according to engine speed. Lower heating
value of naphtha decreases the heat in the combustion chamber. In
addition, more time is required in order to complete combustion of
naphtha due to higher boiling point. Heat is absorbed in order to reach
auto-ignition temperature. Hence auto-ignition condition is deterio-
rated. HC is formed in cool regions and piston cavities in the combus-
tion chamber. HC was measured 335 and 434 ppm with n-heptane and
naphtha respectively at 1200 rpm. CO variations versus engine speed is
seen in Fig. 10-b. CO increased with the increase of naphtha at a given
engine speed. The highest CO was measured with N75 and naphtha. It
can be pointed out that CO reduced with the increase of engine speed
due to better homogeneity. CO increased 57.6% with naphtha

Fig. 6. MPRR variations versus lambda.

Fig. 7. IMEP values of 50 successive cycles with test fuels.

Fig. 8. Brake torque and power output versus engine speed.

Fig. 9. The variations of SFC.
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compared to n-heptane at 1200 rpm and λ = 2. Incomplete combustion
product CO also increased due to higher density of naphtha.

Fig. 11 displays the experimental data on CO and HC emissions. It
was clearly seen that HC increased with the increase of lambda for all
test fuels. Fuel concentration decreases and unburned HC normally
decreases with higher lambda. Flame goes out especially near the cy-
linder wall owing to cooler surfaces. At these regions, oxidation reac-
tions could not occur and HC is formed. It was also seen that HC in-
creased with the addition of naphtha for a specific lambda. The lowest
HC was measured with N50. HC increased about 24% and 17% with
naphtha and N75 compared to n-heptane at λ = 2. Similar trend was
seen on CO. The addition of naphtha caused to increase CO at a given
lambda. In-cylinder temperature decreases with leaner charge mixture.
It does not reach to auto-ignition temperature. Hence, CO is formed at
low in-cylinder temperature. CO was measured 0.051%, 0.071% and
0.075% for n-heptane, N75 and naphtha respectively at λ = 2 and
1000 rpm.

Several reports have shown that alternative fuel caused to expand
HCCI operating range. So, this study also set out with the aim of im-
portance of naphtha in extending the HCCI operating range. Fig. 12
refers the HCCI operating range with fuel blends. Two important
challenge called misfiring and knocking restrict the HCCI operating
range as seen in Fig. 12. Fig. 12-a was formed at 1000 rpm engine speed
to determine operating range. When Fig. 12-a is observed, it was clearly
seen that HCCI combustion was achieved with leaner mixtures com-
pared to n-heptane. Higher octane number and density allowed to

achieve HCCI combustion for naphtha fuel blends with higher lambda.
It can be also said that in-cylinder temperature increased much due to
higher boiling point of naphtha at the end of compression time. This is
the key role for HCCI combustion process. As it is known, HCCI oper-
ating range was extended in knocking zone due to higher octane
number. HCCI combustion was achieved at higher engine speed with
fuel blends according to n-heptane. N25 and N50 showed reasonable
performance at higher engine speed in view of stable HCCI combustion.
similarly, naphtha caused to expand HCCI operating range in knocking
zone.

4. Conclusions

The presents study was designed to determine the effects of naphtha
on HCCI performance, combustion, emissions and operating range. This
research has demonstrated, for the first time, that HCCI combustion was
achieved with naphtha/n-heptane fuel blends at leaner mixtures com-
pared to pure n-heptane. HCCI combustion was achieved with higher
engine speed with N25 and N50 test fuels. Another implication was
observed that ITE increased 29% to 37% with naphtha compared to n-
heptane at λ = 2 and 1000 rpm. Combustion was retarded with the
addition of naphtha due to higher octane number. Combustion duration
also increased with fuel blends. An additional finding is higher brake
torque with naphtha according to n-heptane. Power and brake torque
increased from 0.591 kW to 1.074 kW and 4.7 Nm to 8.55 Nm with
naphtha compared to n-heptane respectively at 1200 rpm and λ = 2

Fig. 10. HC and CO variations versus engine speed with test fuels.

Fig. 11. HC and CO variations versus lambda at 1000 rpm with test fuels.
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respectively. On the contrary, naphtha fuel blends were unable to im-
prove CO and HC emissions. CO and HC increased 24% and 47% at
λ = 2 with naphtha compared to n-heptane. The present investigation
showed that naphtha can be effectively utilized in HCCI engine. These
findings also showed that HCCI operating range can be extended with
naphtha fuel blends.
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