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The study of palm oil-based biodiesel, which is widely available in tropical
climate countries, in HCCI engines are being focuses. A single cylinder
diesel engine with a port fuel injector and heated intake air were used to
operate the HCCI engine at 2700 rpm using palm oil-based biodiesel. The
fuels used in this study are diesel and palm oil-based biodiesel with four
different blends of 5%, 10%, 15%, and 20% (POB5, POB10, POB15, and
POB20, respectively). The parameters varied for the study were different
lambdas, A of 3.1, 2.9, 2.6, 2.4 and intake air temperature of 70, 80, and
90°C. When using diesel fuel on HCCI mode, it is found that the engine
power, torque, and BTE are lower and fuel consumption is higher
compared to conventional Compression Ignition Direct Injection (CIDI)
mode. The in-cylinder pressure pattern for HCCI mode shows that the
combustion is advanced, and the in-cylinder pressure peak is higher at rich
mixture compared to CIDI mode. The in-cylinder pressure decreases in the
case of higher amount of biodiesel. Combustion intensity for biodiesel fuel
is lower, which affects the heat release rate, whereas a high intake
temperature triggers the combustion easily, enhances the fuel mixture
auto-ignition proses. Increasing the amount of biodiesel will increase the
NOXx emissions insignificantly, however it is still lower than that of CIDI.
This is due to the fact that there are more oxygen contents in biodiesel.
The emissions of HC and CO were reportedly higher in many literatures
when the engine operates in HCCI mode. The same pattern occurred in
this study, where the emissions of HC and CO were higher than that of
CIDI mode. However, it was found that, the HC and CO were improved
(decreased) in HCCI mode when increasing the POB content, and so with
the CO2. This means that POB based biodiesel improved the emissions of
HCCI engines. Therefore, it can be concluded that palm oil biodiesel is the
future potential to be used as a replacement to the conventional diesel in
HCCI engine, as it provides an alternative way to reduce the dependency
on fossil fuel, thus decreasing the percentage of emission levels.

1. Introduction

The major contributor in worldwide oil
consumptions is the transportation sector. The oil

reserves depleted at an alarming rate, while the
consumption shows a high growth rate. If oil
discovery and consumption are at the current
trends, the world oil resource will be used up by
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2038 [1]. The concerns on energy efficiency and
toxic emissions such as NOx and PM lead to a
worldwide study in improving the internal
combustion engines that are able to achieve a
higher energy efficiency and lower emissions
levels. HCCI is a hybrid technology of
compression ignition (CI) and sparks ignition (SI)
operations. HCCI engine operation is able to
maintain fuel efficiency relatively the same as
compared to that of compression ignition direct
injection (CIDI) engine, but the NOx and PM
emissions are reduced [2], [3]. HCCI engines are
part of the low-temperature combustion (LTC)
technologies that are widely investigated
worldwide. Low emission engines with relatively
higher combustion efficiency are achieved when
the engine is operated in the region of low
equivalence ratio. Therefore, lean combustion
engines have low heat release temperature, hence
becoming the main factor in reducing the emission
levels [4]. The homogeneous mixture can reduce
the formation of particulates because of the low
existence of rich mixture regions, whereas
compressing the mixture until ignition reduces the
rise in-cylinder temperature, and hence reduces the
NOx formation [5]. Furthermore, HCCI engines
are known to be operated with different types of
fuels. Biodiesel is considered as an
environmentally ~ friendly and  sustainable
alternative to fossil fuels and can be operated in
HCCI mode. The following are the characteristic of
HCCI combustion [6]-[8].

. Ignition  occurs  simultaneously  at
numerous locations within the combustion
chambers.

. The ignition can occur with using external
event such as with the aid of PFI, EGR etc.

. Fuel can be used either lean or rich.
. Mixture is lean most of the time
. More than one of the fuels can be used.

. High compression ratio (CR) can be used.

HCCI combustion can be achieved with various
methods such as exhaust gas recirculation (EGR),
port fuel injector (PFI), variable valve timing
(VVT), variable compression ratio (VCR), late and
early direct injection. In this study we used PFI.
Peng, Zhao and Ladommatos [9], conducted an
experiment on HCCI engine using premixed n-
heptane/air/EGR mixture by a PFI. It was reported
that SOC is retarded with increase in EGR rate.
However, Kim and Lee [10] used cooled EGR on
HCCI engine, in which the premixed fuel is

H.M. Tobib et al.

supplied via a port fuel injection system located in
the intake port of DI diesel engine. The application
of cooled EGR can suppress the advanced and
sharp combustion at high inlet temperatures.
Despite the reduction of NOXx, there are some
concerns limiting the amount of EGR rate because
high soot concentration may be deposited on the
cylinder wall and this will lead to inefficient
combustion. The major benefits of late direct fuel
injection technique is that mixture combustion is
controlled by the injection timing, which is unlike
the PFI and the early direct injection techniques.
Electronic port fuel injector also was used to
achieve HCCI mode. The use of the PFI is good
for fuel vaporization when entering the combustion
chamber [15]. Wu et al. [16] used the earliest
premixed/direct injected system for HCCI
operation. In this system, most of the fuel was
injected into the intake manifold to form a
homogeneous charge and premixed charge was
injected with a small amount of fuel directly
injected into the cylinder. This system can reduce
both NOx and smoke emissions better than a
conventional diesel engine. Also, Pedrozo and
Zhao [17] used dual fuel system, where diesel acts
as the main injector and ethanol fuelled supplied
through PFI, which form premixed fuel showed
better trade-off combustion and improved NOXx
emission.

Biodiesel can be considered as feasible
alternative substitution fuel for diesel engine with
little or without any modification up to 20%
biodiesel blend [18]. HCCI engine creates a
homogeneous mixture during the suction of air into
the chamber and takes complete combustion with
the benefit of oxygen content inside the biodiesel
fuel [19]. Although the properties of each biodiesel
come from different sources, so that the manifold
injection system need to gives enough mixing time
for biodiesel fuel and air to forms a homogeneous
mixture [20]. In the meantime, the study on HCCI
engine using vegetable oil has also been used such
as pine oil [21], hone oil methyl ester [22], and
rapeseed methyl ester [23], Jatropha oil is one of
the edible oils and successfully operated on HCCI
engine as reported by Ganesh, Nagarajan and
Ganesan [24]. Jeon and Park [25] investigated the
effects of soybean biodiesel on an AVL 5402
single-cylinder research engine equipped with a
common rail injection system was used with
various pilot injection timing and quantity. At a
high combustion temperature, it was found that
biodiesel combustion generated low concentrations
of soot compared to neat diesel. Also, a study by
How et al. [26] using three types of different
injection; single, double, and triple injection
fuelled with B20 and B50 coconut-based biodiesel
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reported that the SOI timing is affected with
reduced emission level of NOx to below 100 ppm.
Gajendra, Akhilendra, and Avinash [27] used a
modified two-cylinder engine, in which, one
cylinder was operated in HCCI mode while the
other was operated in conventional Cl mode. They
used PFI to achieve HCCI combustion and fuelled
with biodiesel (B20 and B40). The results indicated
a stable combustion but reduced power output for
HCCI in biodiesel compared to diesel, due to low
peak heat release rate for biodiesel. The emission
of NOx showed a significant reduction although
CO, HC and smoke were increased when more
biodiesel was added. Maurya and Agarwal [28]
investigated biodiesel-fuelled HCCI combustion
using port fuel injector incorporated fuelled with
ethanol. The study was carried out on a modified
two-cylinder, four-stroke engine. The inlet
temperature was varied with different A (mixture
formation). Combustion results were more stable
for biodiesel HCCI than the diesel HCCI due to a
lower rate of heat release for biodiesel.
Milovanovic et al. [11] studied a single-zone
combustion model with convective heat transfer
loss used to simulate the HCCI engine using n-
heptane, dimethyl ether and biodiesel (methyl-
butanoate and methyl-formate) fuels. The results
showed that biodiesels are in better control of the
combustion process when compared with that of
the n-heptane and dimethyl ether. Because HCCI
engines are fully controlled by chemical Kinetics, it
is important to study the fuel’s properties. Different
fuels will have different properties such as cetane
number, autoignition temperature etc. The
experiment by Huang et al. [21] on pine oil at
different blends and compared to diesel fuel found
that the biodiesel fuels have lower BSFC compared
to diesel fuel. As the load increased, BSFC reduced
and at a certain load. Meanwhile, when canola
methyl ester biodiesel used as a fuel in HCCI mode
engine, it consuming the minimum amount of fuel
and produces the same energy as biodiesel fuelled
DI diesel engine. HCCI engine creates a
homogeneous mixture during the suction of air into
the chamber and takes complete combustion with
the benefit of oxygen content inside the biodiesel
fuel [19].

The main objective of this study is to
experimentally investigate the performance and
emissions levels of an HCCI engine fuelled with
palm oil-based biodiesel. The specific objectives
are to: 1) analyse the performance (brake power,
torque, BMEP, BSFC and BTE) of an HCCI engine
using palm oil-based biodiesel, 2) investigate the
combustion behaviour (in-cylinder pressure, heat
release rate) of HCCI engine fuelled with palm oil-
based biodiesel, 3) evaluate the emissions levels
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(CO, CO2, NOx, UHC) of palm oil-based biodiesel
in HCCI engine. The first section of the paper
mostly explains on the research gap of the study.
The problem statement, previous study and
objective of the study also include in this section.
The second section explain the method used during
the experiment. Lastly, the third section, elaborates
and discusses the result from the experiment.

2. Method of experiment
2.1 Apparatus of experiment

The modification of the existing engine to operate
in HCCI mode requires major changes in the air
intake system. The easiest option to convert Cl
engine to HCCI mode is by using the air intake
heater port and installation of a port fuel injector
(PFI). The modified air intake system requires
electric heater installed. Preheating system is one
of the control techniques to control the combustion
in HCCI mode engine. The installation of the
electric heater is to preheat the intake air
temperature to switch to HCCI mode. The intake
manifold was modified to accommodate the heater
pipe. The heater operation ranges from 250°C to
650°C with input power of 2000 W. In order to
achieve mist fuel spraying pattern, a high pressure
200 bar injector was used as PFIl. A metal block
was fabricated to hold the injector at the intake
section of the engine. The PFI injector was
connected on the same fuel pipeline of DI. This
enables the PFI injector mechanism to work
simultaneously with DI injector (HCCI-DI). The
engine able to operate in either DI and PFI systems
(HCCI). That is what necessitates the use of a
combination of engine and electronic computer
unit (ECU). The wiring attached on the PFI
connected directly with the ECU to control fuel
injection. The PFI injector mechanism can give an
opening signal of fuel quantity (pulse width) up to
6.0 ms. The use of an ECU is to control the fuel
injection rate for precise fuel-air mixing. The ECU
used in the study was a commercial type for
motorbikes or any small size engines and can be re-
programmed to suit the specific engine. The ECU
has been pre-programmed according to the engine
specification. The ECU system uses these
conditions to calculate timed outputs for engine’s
injections and ignition timings. Injection timing
(EOI) is determined via a look-up table based on
the engine speed (RPM). Ignition timing (IGN) is
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determined via a look-up table based on engine
speed and throttle position. The main function of
the ECU program was to control time and give
signal of when to inject the fuel. Injector opening
time is the Pulse width (PW) signal and will
determine how much fuel is injected. Tmchi RVV
rv2.2 is a software to configure the HC V5A ECU.
It runs under the Windows OS and communicates
with the ECU via a USB cable and comm adaptor
board. The data which can be displayed include the
engine speed (RPM), manifold absolute pressure
(MAP), a throttle position sensor (TPS), engine
temperature (ET) and fuel pulse width of the
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response time and is connected via a 12V DC
connection. The error tolerance as shown on Table
1. The fuels used in this study are diesel and palm
oil-based biodiesel with four different blends of
5%, 10%, 15%, and 20% (POB5, POB10, POB15,
and POB20, respectively). Table 2 shows the
properties of the blended biodiesel used in this
study, which was measure using standards ASTM
method.

Table 1 The accuracy of experimental equipment with
the rate of uncertainties of each parameter

o Measuring Accuracy /
injector (PW). Item Instrument Sensitivity
. . . In-cylinder Optrand model 0.84 mV/psi at
Thé lambda (A) sensor comes w1t_h a dlgltal_ display, Preyssure 35229 4-RA1 Zooog
which uses an MTX-L digital air-fuel ratio gauge
] Fuel Flow b +0.1 ml
and a Bosch heated wideband oxygen sensor. The Meter 50 ml burette £.lm
lambda sensor is capable of self-calibrating. The
] L. Dynamometer 120 VAC £10%
oxygen sensor is located inside the exhaust gas Power GEA174A5 or 220 +10%
plpe: The data of the alr/fuel_ratlo is con'tlnuously MTX-L digital air-
obtained by the sensor at different engine loads fuel ratio gauge
during the engine operation. An eddy current Lambda (2) Bosch heated
] wideband oxygen
dynamometer from Tops Landtop was used in the sensor
study. The dynamometer model is GFA174A-5 Air intake Air heater with
with a mechanical power of 5 kW and a maximum temperature heater controller *0.1%
P _ P 988A-20CC-CCRR
voltage of 230V. The dynamometer is connected to EMS 5002 gas
. . « +
its own data logger and software, which can be NO analyzer 25ppm
used to measure engine power and torque. An HE EMS 5002 gas +4 ppm
exhaust gas analyzer (model EMS 5002) is a stand- analyzer -
alone device used to measure the emissions of O CO, EMS 5|002 gas +0.3%
(0-25%), CO (0-10%), CO; (0-20%), HC (0-2000 anatyzer
ppm) and NOx (0-5000 ppm). Lambda value can co EMaSn ;(;girgas +0.02%
also be measured by the gas analyzer. The exhaust
gas analyzer has an accuracy of 1% with fast
Table 2 Measured properties of diesel and palm oil based-biodisel.
Properties Unit Test Diesel B5 B15 B20
Method
Density at ASTM D
15°C kag/L 4052-11 0.8409 0.8437 0.8449 0.8470 0.8484
Kinematic
viscosity mm?/s ASTMD 3.650 3.644 3.843 3.875 3.944
445-14
40°C
Calorific ASTM D
value MJ/kg 240-14 44,022 43.616 42.229 41.817 41.578
Automotive Science and Engineering 3605
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Cetane i ASTM D 55
number 4737-10

52 50 48 46

2.2 Technique of experiment

The HCCI engine mode requires a PFI to allow the
fuel and air homogenize before entering the
combustion chamber. Meanwhile, electrical heater
to increase chemical activation energy of the
engine. The experiment start with slowly increased
the engine speed but must limit below 3000 rpm
with increasing some load up to 30% of the CIDI
engine’s load. Once the engine speed was stable,
the heater was then turned on. The intake air
temperature was set at 70°C. The engine was run
for about five more minutes before the intake air
temperature gave a stable reading (no fluctuation).
The transition point could be observed when there
was a light ringing sound (or knocking) produced
by the engine. The load was slowly decreasing up
to 0-5 % and immediately closed the CIDI valve.
The transition from CIDI to HCCI mode was then
achieved.

The load was set to 0% and tested for different A
condition start from the highest to lowest (low to
rich mixture). By reducing the engine speed, the
engine was in an unstable condition meanwhile,
increasing the engine speed will stop the engine. In
addition, the idle speed of the engine in HCCI
mode in current study is between 2600-2800 rpm.
Thus, the engine speed was selected at 2700 rpm.
The decided air intake temperature in this
experiment is 70°C, 80°C and 90°C. The stable A
for all blends are 3.1, 2.9, 2.6, and 2.4. It was found
for mixtures leaner than this, combustion was not
seen. Hence 1 = 3.1 was selected as the lean limit
for the experiments. On the richer side, combustion
was smooth until A = 2.4. For mixtures richer than
A = 2.4, the combustion was erratic and noisy due

3606  Automotive Science and Engineering

to knocking. Hence 4 = 2.4 was chosen as the rich
limit (knocking limit) for this experiment. The
experiment was carried out from the lowest air
intake temperature of 70°C to the highest of 90°C.
The temperature was selected in this range because
of the same experiment condition (temperature)
from the previous studies [9], [10], [12], [30], [31],
which show stable HCCI combustion. The baseline
data of the CIDI engine was created in order to
compare the engine performance between CIDI
and HCCI at the same operating condition. The
comparison will be discussed in the next chapter.
Figure 1 show the schematic diagram of the whole
setup of the engine testbed. Table 3 shows the
engine specifications. Each of the experiment was
repeated thrice and the data was summed up to the
average.

Table 3 Engine specification

Model 'Yanmar, L48N6

Number of cylinder

One-cylinder, four-stroke

Bore x Stroke 70mm x 50mm

Maximum speed 3600rpm

Power output 3.5 kW [4.7 hp]

Engine starting system Electrical starter

Injection system DI and PFI
Cooling system /Air-cooler
Fuel Diesel
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1) Diesel Engine

2) Dynamometer

3) Controller Device
4) Personal Computer

| 5) Encoder
6) Pressure Sensor

‘ 7) Direct Injection
8) Port Fuel Injection
9) Heater

| 10) Anemometer

11) High Pressure Pump
4 12) Air/Fuel Ratio

£

13) Gas Analyser

=

14) Fuel Valve
15) Fuel Tank
16) ECU

17) Temperature

3

Figure 1 Schematic diagram of engine test bed

3 Results and Discussions
3.1 HCCI Engine Performance

The HCCI engine was operated at 2700 rpm at
CIDI and HCCI mode of combustion. As stated
before, at this engine speed, the engine has the most
stable power and fuel consumption rate. The
engine speed was set constant so that a direct
comparison can be made between the two modes of
combustion.

3.1.1 Power

Figure 3 shows the comparison of power between
CIDI and HCCI at 70°C, 80°C, and 90°C against
different types of fuels. Each figure has a different
value of A; a) A=3.1 b) A=2.9 ¢) A=2.6 d) A=2.4
(Figure 3). The engine power of the HCCI engine
decreases over the CIDI mode of combustion. This
may be due to the loss of thermal energy during the
combustion process and thus, reduces the power
output. Moreover, HCCI combustion occurred
spontaneously in the combustion chamber where
the autoignition is controlled by the mixture
composition and its time-temperature history [32].
Diesel fuel shows the highest power output

compared to palm oil biodiesel. It was observed
that the increase in palm oil-blend content reduces
engine power. POB5 shows the highest power
output compared the other blends at all A
conditions. The increased percentage of blends
lead to the lower engine power due to decreased
calorific value, as shown in Table 2. The HCCI
combustion was also observed as the A decreases
the output power increased in both CIDI and HCCI.
The trends of HCCI power at different intake
temperature varies when changing the A. As the A
decreases, the engine power increases significantly
for all tested fuel. It can be said that engine power
improved using higher intake temperature at lower
A value. The power increases at lower A due to the
richer mixture conversion from the chemical
energy to mechanical energy. This is because the
spontaneous conversion of chemical reaction
toward the high temperature region inside the
combustion chamber in the high load operation.
However, HCCI has limitation at the high load
operation, where the engine is unstable and
produces noise when the A near the stochiometric.
It made the HCCI engine unable to operate at a
higher load and only suitable to operate in low load
conditions [33].
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Figure 3 The comparison of power between CIDI and HCCI mode of combustion a) A=3.1 b) A=2.9 ¢) A=2.6
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3.1.2 Brake Specific Fuel Consumption

Lower BSFC is a good indicator because it not only
shows economical fuel consumption, but it affects
the emission levels as well [34]-[36]. Figure 4
shows the BSFC comparison between all CIDI and
HCCI modes at different A condition. It was
observed that the, CIDI mode has a lower BSFC
compared to HCCI mode at all A condition. The
difference in BSFC for different engine modes
(CIDI and HCCI) was due to the result of engine
power is reported in Figure 4.4. HCCI produce less
engine power due to reduced air intake density
during the combustion. Also, the increase of BSFC
when run in HCCI mode is because HCCI engine
produces less engine power as it runs with a lean
fuel-air mixture with reduced air density. In
addition, the decrease in BSFC can be seen when
the number of biodiesel blends are added. Since
then, POB20 has lower BSFC among the others at
all L. This was due to the higher viscosity and lower
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calorific value of POB20 as compared to other
blends. The result shown here is in agreement with
most of the previous study [18], [37]-[40]. It was
observed the BSFC increased when the A was
increased. Figure 4.4 a) at A 3.1 has the highest
BSFC. This can be contributed to the lower output
of engine power during the leaner mixture of
engine operation. Thus, the rate of decrease in
BSFC is high at lower A than compared to high A.
It is very related to the engine power which
produces more output with more fuel. It also shows
that BSFC reduces when the intake air temperature
is increased. The reason for limited intake
temperature is because the power generated during
the HCCI mode is lower due to the unstable
operation. If the HCCI engine can achieve a
compatible intake air temperature, a lower BSFC
than the CIDI engine would be possible in the near
future. Therefore, as stated by Hasan et al. [41] the
BSFC for the HCCI engine can be improved
further by using other parameters to control the
combustion such as high compression ratio, leaner
mixture and exhaust gas recirculation.
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Figure 4 The comparison of BSFC between CIDI and HCCI mode of combustion a) A=3.1 b) A=2.9 ¢) A=2.6 d) A=2.4

3.1.3 Brake Thermal Efficiency

A typical engine efficiency for a diesel engine is
about 30% given a high compression ratio [42].
Higher engine efficiency is good because the
engine uses less fuel and produces more power.
When the efficiency between the two modes of
combustion is compared, the HCCI engine yields a
lower efficiency than the CIDI engine. Figure 4.5
shows the difference of BTE for different intake air
temperatures 70°C, 80°C, and 90°C compared with
CIDI. A higher BTE was obtained in DI mode than
that of the HCCI mode engine. This is because the
HCCI engine was run at low load compared to the
DI mode where the rise in intake temperature led to
increased movement of air molecules that easily
came in contact with fuel. Low BTE for HCCI
engine is also agreed by Khandal, Banapurmath
and Gaitonde [43]. When temperature was raised
to 90°C, the BTE was also increased. Gowthaman
and Sathiyagnam [44] reported that, a higher intake
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air may be the possible reason for a higher
performance. Thus, by changing the intake
temperature of the HCCI engine the possibility of
controlling the HCCI combustion [45]. High BTE
was observed at 90°C at all . A high intake
temperature in the HCCI engine mode improved
the combustion of the engine, as it increased the
movement of air and vaporization of the fuel to
produce a more homogenous mixture. This led to
better combustion and a high BTE. The different
blend ratios of biodiesel affected the BTE. It was
observed that the BTE decreases with increased
biodiesel ratios. This is due to higher kinematic
viscosity and lower cetane number as the blend
ratio increased, which causes low vaporization of
fuel and leads to incomplete combustion. The BTE
of POBS5 s close to that of diesel fuel. The lesser
biodiesel blend is comparable to diesel fuel at all
engine loads [46]-[49]. This was due to the
characteristics of palm oil biodiesel, which are
almost similar to that of diesel fuel in term of
density and viscosity of the fuels.
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Figure 5 The comparison of BTE between CIDI and HCCI mode of combustion a) A=3.1 b) A=2.9 ¢) A=2.6 d) A=2.4

3.1.4 Brake Mean Effective Pressure

BMEP of a diesel engine is directly related to the
brake power. Figure 6 shows the variation of
BMEP between CIDI and HCCI mode of
combustion at different A value, a) A=3.1 b) A=2.9
¢) A=2.6 d) A=2.4. The variations of BMEP for the
CIDI engine is higher than the HCCI engine. Diesel
fuel has a maximum BMEP compared to other
fuels. The result also shows that the BMEP
decreased when running the engine on biodiesel,
where low BMEP was obtained with B20
biodiesel. Most of the authors reported that, lower
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heating values of biofuels and their blends are
responsible for this phenomenon [29], [50]-[53].
In all operations, BMEP was always the highest
when the engine was operated in CIDI mode. This
shows that the HCCI engine is able to work in low
load conditions. It was also observed that, high
intake temperature results in a higher BMEP.
BMEP is increased with increasing the inlet air
temperature [22], [44]. BMEP is created with a
higher combustion temperature due to more energy
in the fuel-air mixture. The HCCI engine highly
depends on the intake temperature to determine its
operating range. The operating range is limited
between misfiring and knocking in the HCCI
engine [54].
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Figure 6 The comparison of BMEP between CIDI and HCCI mode of combustion a) A=3.1 b) A=2.9 ¢) A=2.6 d) A=2.

3.2 Combustion Behaviour

In-cylinder pressure, heat release rate and
temperature are dependent on the engine speed,
equivalence ratio, engine load, intake pressure,
temperature, and energy content of the fuel
configurations. On the other hand, by using the
different types of fuel, these can control the peak
pressure of in-cylinder pressure. The difference in
chemical properties contained inside the fuel
trigger the variation of engine combustion. Singh,
Singh, and Agarwal [27] proved from their
experiment which showed that the chemical
kinetics of diesel HCCI were found to be faster
compared to biodiesel HCCI. Further explanation
is in the following sub-topic.

3.2.1 In-cylinder pressure and heat release rate

Diesel fuel has higher peak of in-cylinder pressure
and heat release rate (HRR). Figure 7 shows that
the in-cylinder pressure increased with increasing
intake air temperature for diesel fuel. High intake
air temperature advances the start of combustion
and reduces the volumetric efficiency of the

engine. Advance combustion also affects the NOx
and UHC emissions [55]. The HCCI mode at 90°C
shows a higher peak in-cylinder pressure compared
to CIDI. Same with HRR at intake air temperature
90°C triggers a rapid increase. In HCCI mode,
when the intake temperature was increased, the in-
cylinder pressure and HRR increased. HRR follow
the pattern of in-cylinder pressure. However, the
power output for HCCI still lower than CIDI.
Somehow, the power output for HCCI still lower
than CIDI because the advanced combustion and
high rise rate of in-cylinder pressure may be the
reason for poor combustion. Another reason is
HCCI engine operates with a lean air-fuel charge
for all A conditions and causes the engine to operate
at low load condition compared to the CIDI engine.
Therefore, it shows different value of maximum in-
cylinder pressure of each diesel and biodiesel fuel.
The biodiesel reported slightly higher viscosity
compared to the diesel [56] , causes higher specific
fuel consumption than the conventional engine
[57]. Figure 7 fuelled with diesel have higher HRR
than Figure 8 fuelled with biodiesel fuel. Singh,
Singh, and Agarwal [27] proved from their
experiment which showed that the chemical
kinetics of diesel HCCI were found to be faster
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compared to biodiesel HCCI. Diesel fuel in HCCI
mode increases the peak temperature because the
high calorific value and heating value [58], thus,
increasing the HRR [38]. Furthermore, the in-
cylinder pressure decreases in HCCI mode because
the dilution of the fuel mixture had led to lower in-
cylinder pressure. Meanwhile, in CIDI mode, the
availability of a higher premixed charge to start the
combustion had led to higher pressure. The HCCI
engine has low load and hence lesser pressure than
the Cl mode, whereas increasing the intake
temperature will lead to improved mixing of fuel
and air. CIDI mode has the ability to operate at high
load, which is opposite to that of HCCI engine. The
high load limit of the HCCI region was bounded by
the knocking combustion or the rapid heat release
rate at richer mixture [9]. Kim and Lee [10] also
proved the same finding on the effects of inlet
temperature on combustion. Heating the inlet
charge over 100 °C at a premixed ratio of 0.5 in
diesel premixing causes severe knocking and
therefore charge heating is limited up to 90°C in
this condition. So, in order to control the
combustion phasing, the parameter condition such
as intake temperature and mixture formation must
be changed.
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Figure 7 The comparison of in-cylinder pressure
between CIDI and HCCI mode of combustion at A=2.4
of diesel fuel
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between CIDI and HCCI mode of combustion at
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Also, Figure 20 shows peak in-cylinder pressure
and HRR reduces when decrease A (rich mixture).
A rich mixture causes HCCI engine to consume
more fuel. Richer mixture at a high intake air
temperature causes advanced start of combustion.
However, this parameter condition causes
uncontrolled combustion phenomenon. Due to that
reason, the intake air temperature had to be limited
[12]. Another reason behind this is, more fuel
introduced leads to an increase in peak in-cylinder
and HRR [31]. Similarly, high A (lean mixture)
gives a slower rate of combustion due to delayed
combustion phenomenon, which shifts the heat
release curve towards ATDC side. Too lean
mixture may produce misfire and the too rich
mixture may produce knocking to the engine.
Therefore, HCCI can only be operated at low to
medium load condition [8], [21]. Another
possibility to control the peak of HRR is to use the
EGR. It can be assumed that an inert gas absorbs
the heat during the combustion, thus reducing the
combustion rate which can avoid the engine noise
[59].
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Figure 9 The effects of varying intake
temperatures, lambda, and biodiesel blend ratios
on the in-cylinder pressure for HCCI mode at an
engine speed of 2700 rpm (a) HCCI 70 C POB20

(b) HCCI 80°C POB20 (c) HCCI1 90°C POB20.

Figure 10 and Figure 11 summarize the result of
maximum peak pressure and start of combustion
(SOC) of the HCCI engine and the effects of using
different biodiesel blend rates (DI, POB5, POB10,
POB15 and POB20) with different intake
temperatures. Figure 10, shows the peak in-
cylinder pressure of diesel fuel is 82 bar at an inlet
temperature of 90°C, which then decreased to 79
bar at 70°C. The peak pressure for all fuels was then
decreased with decreased intake temperature and
increased palm oil-based biodiesel blend ratio. This

H.M. Tobib et al.

is because the viscosity and density of biodiesel
ir 'S with increased blend ratio of the
b )|, which leads to increased viscosity and
density of the fuel, causing difficulty in producing
a good mixture and better combustion. Figure 11
shows the effects of intake temperature on SOC in
HCCI engine using diesel and biodiesel fuel. The
SOC is advanced with increasing intake
temperature. Increasing intake temperature causes
increased in-cylinder temperature at the end of the
compression stroke, which leads to auto-ignition
occurring earlier. The SOC is retarded when the
amount of biodiesel increased. The use of biodiesel
in HCCI mode, which has a higher viscosity and
density, leads to ineffective mixing between fuel
and air. Besides that, intake temperature is an
important factor to improve the in-cylinder
pressure inside the combustion chamber, as
discussed by Gowthaman and Sathiyagnanam [44]
who varied air temperature to control the HCCI
engine.
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Figure 10 The effects of intake temperature on
peak in-cylinder pressure in HCCI engine for
diesel and biodiesel fuel.
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3.3 Emission Levels

As noted, fuel properties of biodiesel had affected
the emission levels as well as the performance of
the engine. Biodiesel has a special characteristic in
lowering the emission level as it is a non-toxic and
bio-degradable [60]. The emission levels were
observed at the same parameter as performance
was. A little increase for NOx when compared to
diesel fuel [34], [36], [61], [62] will further be
discussed in the following.

3.3.1 Nitrogen Oxide

HCCI is considered one of the latest low
combustion technologies that can minimize the
formation of NOx and PM while sustaining the
benefits such as an efficiency close to Cl engine
[54], [63]. CIDI mode using diesel fuel generally
has higher NOx emission compared to HCCI, as
shown in Figure 12. NOy emissions are high with
an increase of percentage blend of the biodiesel
[61]. It was observed that the NOx emission
increased from the lowest to highest blending ratio
of POB5, POB10, POB15, and POB20. The light
increase of NOx when increasing the palm oil
biodiesel content due to the excess oxygen that
supplied with the fuel-borne oxygen in the fuel
[64]. The increasing amount of palm oil blend
lowers the heat release rate and in turn reduces the
peak combustion temperature inside the engine
cylinder. It was observed, there is a big gap of
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reduction of NOx emission on HCCI compared to
CIDI mode of combustion as illustrated. The graph
shows two axes; axis on the left and the right which
indicate the NOy emission for CIDI and HCCI
mode, respectively. The left axis indicates the
value of NOx emission almost negligible for HCCI.
The reason is mainly due to the low temperature
combustion [65]. Furthermore, The NOy emission
with respect to A showed increasing trends with the
increasing of palm oil- blend. Jiang-ru and Jing
[66] reported that NOy almost negligible when A is
equal to or larger than 2.5. Besides, the figure
shows NOy increases with increasing the intake
temperature. The temperature is responsible for
producing NO,  According to Nathan,
Mallikarjuna, and Ramesh [14], [67], with the
increase of intake air temperature, the mixture
burned with a higher temperature, the quenching
effect weakened for the higher temperature, which
increases the NO, formation rate. Also, another
study showed that the NOx emission is reported to
increase with biodiesel [68], [69]. Therefore, the
formation of NOy emission, is due to the reaction
between nitrogen and oxygen molecule at higher
combustion chamber temperature. Pan et al. [13]
stated that by increasing the intake air temperature,
the mass of intake air was decreased, which
increased the equivalence ratio closer to
stoichiometric. Thus, the low A (richer mixture)
contributed to the rise of NOx emission.
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Figure 12 The comparison of NOx between CIDI and HCCI mode of combustion a) A=3.1 b) A=2.9 ¢) A=2.6 d) \:=2.4

3.3.2 Hydrocarbon

For HCCI combustion, there are four types of HC
formation mechanisms: quenching effects at the
chamber wall; slit effects; adsorption effects of
cylinder lubricant oil film; partial burning and
misfire [32], [70], [71]. The emissions of unburned
HC are the result of incomplete combustion of the
hydrocarbon fuel in the engine. Also, the amount
of HC emission produced depends on a number of
factors such as biodiesel type, engine type and test
procedure used [72]. From the result, the HCCI
mode engine has higher HC emission compared to
CIDI mode as shown in Figure 13. CIDI mode has
lower HC emission compared to HCCI mode. HC
emission is well known as one of the major
problems in the HCCI engine [32], [73]-[75]. The
high amount of HC emission generated at lower
combustion temperature. In addition, Singh and
Agarwal [76], [77] stated that the cause of
increasing HC emissions are due to lower bulk
cylinder temperature and trapping of the
homogeneous air-fuel mixture in crevice volumes
and dead volumes in the combustion chamber. It is
also observed that there is a trend of HC increasing

when the intake air temperature is increased. As a
result of increasing intake temperature, the rise of
HC emissions obviously can be seen for all fuels.
The mixture does not combust completely and
results in higher HC emissions due to incomplete
combustion around the piston ring crevices. The
graph shows the trends of HC emission HCCI at
intake air temperature 90°C is the highest followed
by 80°C and 70°C, respectively. The study
conducted by Pan et al. [13] has a similar result.
They reported that a lower level of cylinder gas
temperature increased the mass of incomplete
combustion fuel. Highest HC emissions were
measured at lower A. Figure 13 shows an increasing
HC emission come from richer charge mixture. As
the increase of A, the mixture becomes lean, peak
temperature in cylinder decreases, incomplete
combustion is easier to occur, thus the unburned
hydrocarbons increase. Therefore, increases in A
cause a reduction to such NOx, which in turn
increases the emission of HC. In order to have
complete combustion in HCCI mode, the test
engine needs more air thus, the HC emission can
be minimized. Therefore, the amounts of HC
emissions from the HCCI engine can be controlled
by improving the mixture strength or increase the
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combustion temperature by using exhaust gas
recirculation [78]. However, by using biodiesel
shows low HC emission compared to diesel fuel. It
also was observed the trend of HC decrease as the
content of palm oil biodiesel increased.
Furthermore, it was also found that the HC
emission of POB20 is minimum compared to other
fuels. The higher the biodiesel percentage in
biodiesel-diesel blends, the lower the HC
emissions [79]. This is due to the fact that the palm
oil-blends has higher viscosity, which can help
enhance oxidation of unburned hydrocarbons.
Adding biodiesel to diesel fuel increases the
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oxygen content resulting in better combustion, and
this results in lower HC emissions [46], [80], [81].
When the biodiesel is used with a high intake air
temperature, there is a high tendency of biodiesel
to oxidize with air [82]. It also shows the HC
emission increases because increased air intake
temperature is generally produced due to the poor
oxidation process. This leads to unburned HC
emission in-cylinder temperature boundary layer
and piston ring gap increases [83]. Thus, the reason
behind this phenomenon is because of low
volumetric efficiency owing to lower air flow to
the engine at a higher air intake temperature.
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Figure 13 The comparison of HC between CIDI and HCCI mode of combustion a) A=3.1 b) A=2.9 ¢) A=2.6 d) A=2.4

3.3.3 Carbon Monoxide

CO is produced during the combustion process by
depending on the combustion temperature and
mixture homogeneity. HCCI mode has a relatively
leaner mixture due to a low in-cylinder temperature
combustion. The homogeneous air-fuel mixture
was created before the start of the combustion
process in the HCCI engine [42]. Meanwhile, for
CIDI combustion, CO emission is controlled
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primarily by the fuel-air ratio. Under fuel-rich
conditions, CO production is the result of
incomplete combustion. CO can also be produced
by dissociation when the mixture of CIDI
combustion chamber is fuel-lean. In general, CIDI
combustion has very low CO emission because
they always operate under fuel-lean conditions
[60]. Therefore, Figure 14, shows that the CO
emission is less for CIDI mode compared to that of
HCCI mode at all A. The larger amount of the
unburnt fuel remains unburnt during expansion
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stroke because of low exhaust gas temperature of
HCCI engine. These results lead to a rapid rise in
HC and CO emission levels. Also, the temperature
is not high enough to continue the oxidization
process of CO into CO; when the engine operated
at partial loads, and hence decreasing in
combustion efficiency of HCCI over DI engine
combustion. How et al. [84] stated that the reason
for the formation CO in the HCCI engine is due to
low combustion region such as boundary layer near
the cylinder wall. The heat was not enough to burn
the CO reaction. High CO related to high HC
becomes a major problem in HCCI combustion. In
the meantime, as A increases the emission of CO
increase as well. For richer mixtures, CO
concentration decrease, for high A which is learner
mixture, the CO emissions increases. The richer
mixture means the load is being applied and cause
the combustion temperature to increase [44]. The
creation and oxidation of CO emission for HCCI
engines are mainly controlled by chemical reaction
which requires hydrogen atom to react with
oxygen, that is H+O,=OH+O, then the created OH
and O will be oxidized. The CO increases because
of the lean mixture which is not good for the
oxidation of CO [66]. It was observed that palm oil
biodiesel fuel has low CO emission compared to
diesel fuel. This reduction could be attributed to the
biodiesels having higher oxygen content than
diesel which can result in more complete
combustion, leading to less CO in the exhaust
stream. The increase in palm oil biodiesel content
causes a reduction of CO emission. POB20 emits
minimum CO emission level compared to other
fuel. Kumar and Raj [55] reported that the presence

H.M. Tobib et al.

of oxygen in biodiesel promotes earlier start of
combustion and controllable intake air temperature
leads to higher combustion temperature and more
time for oxidation of CO and soot particles at
expansion stroke. Also, it can be seen that palm oil
biodiesel is making the oxygen content crucial for
the oxidation of CO. The result is in agreement
with Huang et al.[21], which studied the low-
temperature combustion at various load by using
pine oil biodiesel. The CO emission of pine oil is
high compared to diesel fuel under high load
condition. The CO tends to decrease with
increasing intake air temperature for all tested fuel.
Intake air temperature affected the formation of CO
emission as leads to higher combustion
temperature and more time for oxidation of CO at
expansion stroke as in agreement with the claimed
earlier made by Kumar and Raj [55]. Intake air
temperature at 90°C with increasing content palm
oil biodiesel operated in HCCI mode has low CO
emissions compared to other intake air
temperature. Intake air temperature significantly
affected on CO emission level as well the biodiesel
fuel. As reported by Pan et al.[13], by increasing
the intake air temperature leads to a higher level of
cylinder gas temperature which accelerated the
oxidation of CO significantly. The other cause
stated by Pan et al. [13] is due to the increase of air-
fuel flame quenching and air mixture trapped in
crevices and quench layer also caused the increase
of CO emission in HCCI engine. Also, Olsson et
al. [54] added that in order to keep CO emissions
minimum, heating of inlet air is needed in the
HCCI engine.
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3.3.4 Carbon Dioxide

With regards to CO- emissions, the opposite trends
are encountered with respect to CO emissions.
From Figure 15, CIDI mode was found to have
maximum CO- emission compared to HCCI mode.
CO; forms mainly due to the successful conversion
of CO [42]. During the engine combustion,
incomplete oxidation of CO into CO; was
contributed by low in-cylinder temperature and
lack of oxygen in the reaction zone. Combustion of
homogeneous fuel and air mixture in HCCI mode
resulted in lower in-cylinder temperatures, which
prevented oxidation of CO to CO,. This is the
reason for high CO and low CO, emission in the
HCCI engine [85]. One of the most significant
reasons for the increase of CO, emissions was
richer charge mixture. CO, emission tends to
decrease when the mixture becomes leaner. It was
observed an increase in lambda causes a reduction
of the emissions of CO; for all test fuels. As the
engine operates with the leaner mixture the whole
fuel able to be oxidized [28]. It can be said that
rich mixture leads to more CO is generated thus,

3618  Automotive Science and Engineering

incomplete combustion occurs. It was also
observed that the increase of palm oil biodiesel
leads to a decrease in CO. emission level.
Meanwhile, replacing diesel fuel with biodiesel is
one of the significant methods to minimize CO;
emission [86]. It also shows a low concentration of
CO; when palm oil biodiesel was added. This is
because palm oil biodiesel has more oxygen
content, complete mixing of the air and fuel makes
fuel find enough oxygen to react with. Thus, CO;
emission is reduced. Diesel fuel has high CO;
emission compared to biodiesel fuel. High CO;
emission of an engine is the indication of better
combustion of fuel. The fuel contains a fixed
amount of carbon, this carbon gets converted into
CO, HC and CO; depending upon completion of
combustion inside the cylinder. Meanwhile, inlet
temperature has a very strong effect which
generates higher combustion temperature [54].
CO; emissions from the HCCI engine increase by
increasing intake air temperature. The graph in
Figure 15 exhibits CO, emissions increased with
the increase in intake temperature. As stated
earlier, CO emissions decrease with the increase of
inlet air temperature, because CO could be
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oxidized due to higher inlet temperatures. Thus,
CO-CO; reaction is related to the combustion
temperature [13].
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4. Conclusion

The effects of HCCI combustion mode in a DI
diesel engine by varying intake air temperature
and A value were investigated using palm oil
biodiesel and conventional diesel fuel. The
tests were performed with different palm oil-
blend at 5%, 10%, 15%, and 20% at a constant
speed of 2700 rpm and A =3.1,2.9,2.6 and 2.4
conditions. No common references were found
on the HCCI combustion fuelled palm oil
biodiesel hence the original results here
presented, obtained through a wide set of
experimental tests was carried out. The result
obtained covers a certain lack of literature and
demonstrate that HCCI combustion fuelled
with  biodiesel can be achieved with
remarkable advantages in terms of both

efficiency and environmental impact. The
following conclusions were obtained:

The peak in-cylinder pressure increases in low-
temperature combustion by increasing POB.
The pattern of in-cylinder pressure was more
stable for blending ratio of 5% - 10% of palm
oil-blend. This is due to different autoignition
characteristics of palm oil biodiesel

Experiment was performed at different air-fuel
mixture from A = 3.1 to A = 2.4 As the mixture
becomes richer, the peak in-cylinder pressure
and rate of heat release increase due to a higher
rate of combustion. Start of combustion is very
sensitive to A.

The in-cylinder pressure decreases in the case
of higher amount of biodiesel in the testing
fuels, combustion intensity for biodiesel fuel is
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lower which affects the heat release rate
whereas the High intake temperature trigger
the combustion means speed up the auto-
ignition proses of fuels.

The brake specific fuel consumption (BSFC)
of the HCCI engine is higher than the
conventional DI diesel engine. The rate of fuel
consumed by the HCCI engine is depending on
intake temperature and A. The rate of fuel
consumption is decreased with lower A while
increasing the intake air temperature. The
intake air temperature of 90°C operated at A
=2.4 has lower BSFC at 0.273 kg/kW h. This
is almost close to the conventional diesel
engine.

Brake thermal efficiency (BTE) of the HCCI
engine depends on the amount of fuel
consumption and heat energy released from the
combustion process. At intake temperature of
90°C with A =2.4, the HCCI engine consumed
less amount of fuel and generated high
efficiency compared to other conditions.
However, the BTE in HCCI is lower than the
CIDI mode due to lack of volumetric
efficiency.

The result yielded shows that the HCCI has
lower NOyx emissions compared to CIDI. By
increasing the amount of biodiesel will
increase the NOy emissions, however it is still
lower than that of CIDI. This is due to more
oxygen contents in biodiesel.

The emissions of HC and CO were reportedly
higher in many literatures when the engine
operates in HCCI mode. The same pattern
occurred in this study, where the emissions of
HC and CO were higher than that of CIDI
mode. However, it was found that, the HC and
CO were improved (decrease) in HCCI mode
when increasing the POB content. The
emission of CO. also decreased when the
amount of POB increased.

The emission levels for all gases (HC, CO,
CO2 and NOx) were sensitive to operating
3620  Automotive Science and Engineering

conditions of different intake temperature and
A. By increasing the intake temperature, the
emissions of HC and CO: were increased,
while emission of CO was decreased. By
increasing the A, on the other hand, the
emission of HC and CO> were decreased,
while the CO was increased.

Acknowledgement

The author would like to thank Universiti Putra
Malaysia and Ministry of Education for providing
research facilities and grant. The study is supported
by FRGS research grant from Ministry of
Education  Malaysia  with  project code
FRGS/1/2015/TK03/UPM/02/4.

References

[1] M. Ehsani, Y. Gao, S. Gay, and A. Emadi,
Modern Electric, Hybrid Electric, and Fuel
Cell Vehicles, 2nd Editio., vol. 6. Tailor and
Francis Group, 2004.

[2] S. Gan, H. Kiat, and K. Mun,
“Homogeneous  Charge  Compression
Ignition ( HCCI ) combustion:
Implementation and effects on pollutants in
direct injection diesel engines,” Appl.
Energy, vol. 88, no. 3, pp. 559-567, 2011.

[3] P. Kumar and A. Rehman, “Homogeneous
Charge Compression Ignition ( HCCI )
Combustion Engine- A Review,” J. Mech.
Civ. Eng. Sci., vol. 11, no. 6, pp. 47-67,
2014.

[4] 1. E. Dec, “Advanced compression-ignition
engines - Understanding the in-cylinder
processes,” Proc. Combust. Inst., vol. 32 11,
no. 2, pp. 2727-2742, 20009.

[5] A. K. Agarwal, A. P. Singh, J. Lukose, and
T. Gupta, “Characterization of exhaust
particulates from diesel fueled homogenous
charge compression ignition combustion
engine,” J. Aerosol Sci., vol. 58, pp. 71-85,
2013.

[6] L. Starck, B. Lecointe, L. Forti, and N.
Jeuland, “Impact of fuel characteristics on
HCCI combustion: Performances and
emissions,” Fuel, vol. 89, no. 10, pp. 3069—
3077, 2010.


http://dx.doi.org/10.22068/ase.2021.548
http://www.iust.ac.ir/ijae/article-1-548-en.html

[ Downloaded from www.iust.ac.ir on 2022-02-06 ]

[ DOI: 10.22068/ase.2021.548

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

M. Bin Liu, B. Q. He, and H. Zhao, “Effect
of air dilution and effective compression
ratio on the combustion characteristics of a
HCCI (homogeneous charge compression
ignition) engine fuelled with n-butanol,”
Energy, vol. 85, pp. 296-303, 2015.

H. Bendu and S. Murugan, “Homogeneous
charge compression ignition (HCCI)
combustion; Mixture preparation and
control strategies in diesel engines,” Renew.
Sustain. Energy Rev., vol. 38, pp. 732-746,
2014.

Z. Peng, H. Zhao, and N. Ladommatos,
“Characteristics of Premixed
Homogeneous  Charge ~ Compression
Ignition (HCCI) Diesel Combustion and
Emission,” Combust. Sci. Technol., vol.
177, no. June 2012, pp. 2113-2150, 2006.

D. S. Kim and C. S. Lee, “Improved
emission characteristics of HCCI engine by

various premixed fuels and cooled EGR,”
Fuel, vol. 85, no. 5-6, pp. 695-704, 2006.

N. Milovanovic and R. Chen, “Influence of
the variable valve timing strategy on the
control of a homogeneous charge
compression ( HCCI ) engine,” 2004.

S. Gowthaman and A. P. Sathiyagnanam,
“Analysis the optimum inlet air temperature
for controlling homogeneous charge
compression ignition (HCCI) engine,”
Alexandria Eng. J., pp. 4-9, 2017.

W. Pan, C. Yao, G. Han, H. Wei, and Q.
Wang, “The impact of intake air
temperature on performance and exhaust
emissions of a diesel methanol dual fuel
engine,” FUEL, vol. 162, pp. 101-110,
2015.

S. Swami Nathan, J. M. Mallikarjuna, and
A. Ramesh, “Effects of charge temperature
and exhaust gas re-circulation on
combustion and emission characteristics of
an acetylene fuelled HCCI engine,” Fuel,
vol. 89, no. 2, pp. 515-521, 2010.

T. W. Ryan and T. J. Callahan,
“Homogeneous  Charge  Compression
Ignition of Diesel Fuel,” p. 12, 1996.

H. W. Wu, R. H. Wang, D. J. Ou, Y. C.
Chen, and T. yu Chen, “Reduction of smoke
and nitrogen oxides of a partial HCCI
engine using premixed gasoline and ethanol

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Automotive Science and Engineering

H.M. Tobib et al.

with air,” Appl. Energy, vol. 88, no. 11, pp.
3882-3890, 2011.

V. B. Pedrozo and H. Zhao, “Improvement
in high load ethanol-diesel dual-fuel
combustion by Miller cycle and charge air
cooling,” Appl. Energy, vol. 210, no.
November 2017, pp. 138-151, 2018.

P. Tamilselvan, N. Nallusamy, and S.
Rajkumar, “A comprehensive review on
performance, combustion and emission
characteristics of biodiesel fuelled diesel
engines,” Renew. Sustain. Energy Rev., vol.
79, no. April, pp. 1134-1159, 2017.

S. Gowthaman and A. P. Sathiyaghanam,
“Investigate the effect of exhaust gas
recirculation on performance and emission
characteristics of HCCI engine,” Int. J.
Ambient Energy, vol. 38, no. 2, pp. 178-
185, 2017.

K. Mathivanan, J. M. Mallikarjuna, and A.
Ramesh, “Influence of multiple fuel
injection strategies on performance and
combustion characteristics of a diesel
fuelled HCCI engine — An experimental
investigation,” Exp. Therm. Fluid Sci., vol.
77, pp. 337-346, 2016.

H. Huang, W. Teng, Q. Liu, C. Zhou, Q.
Wang, and X. Wang, “Combustion
performance and emission characteristics of
a diesel engine under low-temperature
combustion of pine oil — diesel blends,”
Energy Convers. Manag., vol. 128, no. X,
pp. 317-326, 2016.

S. S. Hiremath, S. V Khandal, N. R.
Banapurmath, V. B. Math, and V. N.
Gaitonde, “Comparative analysis of
performance of dual fuel ( DF ) and
homogeneous charge compression ignition
( HCCI ) engines fuelled with honne oil
methyl ester ( HOME ) and compressed
natural gas ( CNG ),” Fuel, vol. 196, pp.
134-143, 2017.

E. Mancaruso and B. M. Vaglieco, “Optical
investigation of the combustion behaviour
inside the engine operating in HCCI mode
and using alternative diesel fuel,” EXxp.
Therm. Fluid Sci., vol. 34, no. 3, pp. 346—
351, 2010.

D. Ganesh, G. Nagarajan, and S. Ganesan,
“Experimental Investigation of
Homogeneous  Charge  Compression

3621


http://dx.doi.org/10.22068/ase.2021.548
http://www.iust.ac.ir/ijae/article-1-548-en.html

[ Downloaded from www.iust.ac.ir on 2022-02-06 ]

[ DOI: 10.22068/ase.2021.548

Energy absorption study of warm-rolled dual-phase LZ71 magnesium alloy hollow tube using ANN

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

3622

Ignition Combustion of Biodiesel Fuel with
External Mixture Formation in a CI
engine,” Environ. Sci. Technol., vol. 48, pp.
3039-3046, 2014.

J. Jeon and S. Park, “Effects of pilot
injection  strategies on the flame
temperature and soot distributions in an
optical Cl engine fueled with biodiesel and
conventional diesel,” Appl. Energy, vol.
160, pp. 581-591, 2015.

H. G. How, H. H. Masjuki, M. A. Kalam,
and Y. H. Teoh, “Influence of injection
timing and split injection strategies on
performance , emissions , and combustion
characteristics of diesel engine fueled with
biodiesel blended fuels,” Fuel, vol. 213, no.
October 2017, pp. 106-114, 2018.

G. Singh, A. P. Singh, and A. K. Agarwal,
“Experimental investigations of
combustion, performance and emission
characterization of biodiesel fuelled HCCI
engine using external mixture formation
technique,” Sustain. Energy Technol.
Assessments, vol. 6, pp. 116-128, 2014.

R. K. Maurya and A. K. Agarwal,
“Experimental study of combustion and
emission characteristics of ethanol fuelled
port injected homogeneous charge
compression ignition (HCCI) combustion
engine,” Appl. Energy, vol. 88, no. 4, pp.
1169-1180, 2011.

Y. Basiron, “Palm oil production through
sustainable plantations,” Eur. J. Lipid Sci.
Technol., vol. 109, no. 4, pp. 289-295, 2007

R. G. Papagiannakis, “Study of air inlet
preheating and EGR impacts for improving
the operation of compression ignition
engine running under dual fuel mode,”
Energy Convers. Manag., vol. 68, pp. 40—
53, 2013.

T. Karthikeya Sharma, G. Amba Prasad
Rao, and K. Madhu Murthy, “Effective
reduction of in-cylinder peak pressures in
Homogeneous  Charge ~ Compression
Ignition Engine - A computational study,”
Alexandria Eng. J., vol. 54, no. 3, pp. 373—
382, 2015.

P. Kumar and A. Rehman, “Bio-diesel in
homogeneous charge compression ignition
(HCCI) combustion,” Renew. Sustain.
Energy Rev., vol. 56, pp. 536-550, 2016.

Automotive Science and Engineering

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

K. Motyl and T. J. Rychter, “HCCI Engine
- A Preliminary analysis,” J. KONES
Intern. Combust. Engines, vol. 10, no. 3-4,
pp. 217-225, 2003.

A. Dhar and A. K. Agarwal, “Performance,
emissions and combustion characteristics of
Karanja biodiesel in a transportation
engine,” Fuel, vol. 119, pp. 70-80, 2014.

A. Dhar and A. K. Agarwal, “Experimental
investigations of the effect of pilot injection
on performance, emissions and combustion
characteristics of Karanja biodiesel fuelled
CRDI engine,” Energy Convers. Manag.,
vol. 93, pp. 357-366, 2015.

A. Uyumaz, “Combustion, performance
and emission characteristics of a DI diesel
engine fueled with mustard oil biodiesel
fuel blends at different engine loads,” Fuel,
vol. 212, no. September 2017, pp. 256267,
2018.

D. Agarwal, L. Kumar, and A. Kumar,
“Performance evaluation of a vegetable oil

fuelled compression ignition engine,” vol.
33, pp. 1147-1156, 2008.

A. Sanjid, H. H. Masjuki, M. A. Kalam, S.
M. A. Rahman, M. J. Abedin, and S. M.
Palash, “Impact of palm , mustard , waste
cooking oil and Calophyllum inophyllum
biofuels on performance and emission of CI
engine,” Renew. Sustain. Energy Rev., vol.
27, pp. 664-682, 2013.

M. Habibullah, H. H. Masjuki, M. A.
Kalam, I. M. R. Fattah, A. M. Ashraful, and
H. M. Mobarak, “Biodiesel production and
performance evaluation of coconut , palm
and their combined blend with diesel in a
single-cylinder diesel engine,” Energy
Convers. Manag., vol. 87, pp. 250-257,
2014.

S. Kumar and B. Prasanna, “Experimental
Investigation on Performance and Emission
Characteristics of a Diesel Engine Fuelled
with Mahua Biodiesel Using Additive,”
Energy Procedia, vol. 54, pp. 569-579,
2014.

M. M. Hasan, M. M. Rahman, K.
Kadirgama, and D. Ramasamy, “Numerical
study of engine parameters on combustion
and performance characteristics in an n -
heptane fueled HCCI engine,” Appl. Therm.
Eng., vol. 128, pp. 1464-1475, 2017.


http://dx.doi.org/10.22068/ase.2021.548
http://www.iust.ac.ir/ijae/article-1-548-en.html

[ Downloaded from www.iust.ac.ir on 2022-02-06 ]

[ DOI: 10.22068/ase.2021.548

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

J. B. Heywood, Internal Combustion
Engine Fundementals, vol. 21. 1988.

S. V Khandal, N. R. Banapurmath, and V.
N. Gaitonde, ‘“Performance studies on
homogeneous charge compression ignition
( HCCI ) engine powered with alternative
fuels,” Renew. Energy, vol. 132, no. x, pp.
683-693, 2019.

S. Gowthaman and A. P. Sathiyagnanam,
“Effects of charge temperature and fuel
injection pressure on HCCI engine,”
Alexandria Eng. J., vol. 55, no. 1, pp. 119-
125, 2016.

Alexandros G. Charalambides,
“Homogenous  Charge = Compression
Ignition ( HCCI ) Engines,” in Advance in
Internal Combustion Engines and Fuel
Technologies, 2013, pp. 120-145.

M. S. Gad, R. El-Araby, K. A. Abed, N. N.
El-lbiari, A. K. El Morsi, and G. I. El-
Diwani, “Performance and emissions
characteristics of C.I. engine fueled with
palm oil/palm oil methyl ester blended with
diesel fuel,” Egypt. J. Pet., 2017.

A. Khalid, S. A. Osman, M. N. M. Jaat, N.
Mustaffa, S. M. Basharie, and B. Manshoor,
“Performance and Emissions
Characteristics of Diesel Engine Fuelled by
Biodiesel Derived from Palm Oil,” Appl.
Mech. Mater., vol. 315, pp. 517-522, 2013.

S. Senthilkumar, G. Sivakumar, and S.
Manoharan, “Investigation of palm methyl-
ester bio-diesel with additive on
performance and emission characteristics of
a diesel engine under 8-mode testing
cycle,” Alexandria Eng. J., vol. 54, no. 3,
pp. 423-428, 2015.

R. Samsukumar, M. Muaralidhararao, A. G.
Krishna, Y. Jayaraju, and P. S. S. Vatsav,
“Performance and Emission Analysis on C
. 1 Engine with Palm Oil Biodiesel Blends
at Different Fuel Injection Pressures,” Int.
J. Innov. Res. Sci. Eng. Technol., vol. 4, no.
4, pp. 2516-2527, 2015.

D. Flowers, S. Aceves, C. K. Westbrook, J.
R. Smith, and R. Dibble, “Detailed
Chemical Kinetic Simulation of Natural
Gas HCCI Combustion: Gas Composition
Effects and Investigation of Control
Strategies,” J. Eng. Gas Turbines Power,
vol. 123, no. 2, p. 433, 2001.

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

H.M. Tobib et al.

C. D. Rakopoulos, K. A. Antonopoulos, D.
C. Rakopoulos, D. T. Hountalas, and E. G.
Giakoumis, “Comparative performance and
emissions study of a direct injection Diesel
engine using blends of Diesel fuel with
vegetable oils or bio-diesels of various
origins,” vol. 47, pp. 3272-3287, 2006.

N. Saravanan, G. Nagarajan, and S. Puhan,
“Experimental investigation on a DI diesel
engine fuelled with Madhuca Indica ester
and diesel blend,” Biomass and Bioenergy,
vol. 34, no. 6, pp. 838-843, 2010.

N. R. Abdullah, H. Ismail, Z. Michael, A.
A. Rahim, and H. Sharudin, “Effects of air
intake temperature on the fuel consumption
and exhaust emissions of natural aspirated
gasoline engine,” J. Teknol., vol. 76, no. 9,
pp. 25-29, 2015.

J.-O. Olsson, P. Tunestdl, G. Haraldsson,
and B. Johansson, “A Turbo Charged Dual
Fuel HCCI Engine Meeting & Exhibition,”
SAE Int., p. 13, 2001.

K. S. Kumar and R. T. K. Raj, “Effect of
Fuel Injection Timing and Elevated d Intake
Air Temperature on the Combustion and a
Emission Characteristics of Dual Fuel
operated d Diesel Engine,” Procedia Eng.,
vol. 64, pp. 1191-1198, 2013.

G. Narayan and R. G. Vaidya, “Behavior of
Physical Property of Biodiesel : Viscosity,”
no. 3, pp. 73-76, 2016.

R. K. Maurya and A. K. Agarwal,
“Experimental investigation on the effect of
intake air temperature and air — fuel ratio on
cycle-to-cycle  variations of HCCI
combustion and performance parameters,”
Appl. Energy, vol. 88, no. 4, pp. 1153-
1163, 2011.

E. Oztirk, “Performance, emissions,
combustion and injection characteristics of
a diesel engine fuelled with canola oil-
hazelnut soapstock biodiesel mixture,” Fuel
Process. Technol., vol. 129, pp. 183-191,
2015.

D. Ganesh and G. Nagarajan,
“Homogeneous  charge  compression
ignition ( HCCI ) combustion of diesel fuel
with external mixture formation,” Energy,
vol. 35, no. 1, pp. 148-157, 2010.

D. Y. Chang, “Hydrocarbon Emissions

Automotive Science and Engineering 3623


http://dx.doi.org/10.22068/ase.2021.548
http://www.iust.ac.ir/ijae/article-1-548-en.html

[ Downloaded from www.iust.ac.ir on 2022-02-06 ]

[ DOI: 10.22068/ase.2021.548

Energy absorption study of warm-rolled dual-phase LZ71 magnesium alloy hollow tube using ANN

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

3624

From Diesel Fueled With

Biodiesel,” 1997.

Engines

O. Can, E. Ozturk, and H. S. Yicesu,
“Combustion and exhaust emissions of
canola biodiesel blends in a single cylinder
DI diesel engine,” Renew. Energy, vol. 109,
pp. 73-82, 2017.

E. Buyukkaya, “Effects of biodiesel on a di
diesel engine performance, emission and
combustion characteristics,” Fuel, vol. 89,
no. 10, pp. 3099-3105, 2010.

Alexandros G. Charalambides,
“Homogenous  Charge = Compression
Ignition (HCCI) Engines,” in Advances in
Internal Combustion Engines and Fuel
Technologies, H. K. Ng, Ed. InTech, 2013.

H. Aydin and H. Bayindir, “Performance
and emission analysis of cottonseed oil
methyl ester in a diesel engine,” Renew.
Energy, vol. 35, no. 3, pp. 588-592, 2010.

G. Genchi and E. Pipitone, “Preliminary
Experimental Study on Double Fuel HCCI
combustion,” vol. 81, pp. 784—793, 2015.

Z.C.P. A N.lJiang-ruand T. J. L. I. Jing,
“Procedia Environmental Sciences Effects
of Intake Temperature and Excessive Air
Coefficient on Combustion Characteristics

and Emissions of HCCI Combustion,” vol.
11, pp. 1119-1127, 2011.

S. S. Nathan, J. M. Mallikarjuna, and A.
Ramesh, “An experimental study of the
biogas — diesel HCCI mode of engine
operation,” Energy Convers. Manag., vol.
51, no. 7, pp. 1347-1353, 2010.

S. J. Clark, L. Wagner, M. D. Schrock, and
P. G. Piennaar, “Methyl and ethyl soybean
esters as renewable fuels for diesel
engines,” J. Am. Oil Chem. Soc., vol. 61, no.
10, pp. 1632-1638, 1984.

V. S. Hariharan, K. Vijayakumar Reddy,
and K. Rajagopal, “Study of the
performance, emission and combustion
characteristics of a diesel engine using Sea
lemon oilbased fuels,” Indian J. Sci.
Technol., vol. 2, no. 4, pp. 43-47, 2009.

H. Machrafi, S. Cavadias, and J.

Amouroux, “A parametric study on the
emissions from an HCCI alternative
combustion engine resulting from the auto-

Automotive Science and Engineering

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

ignition of primary reference fuels,” vol.
85, pp. 755-764, 2008.

G. E. B. Jr, J. H. Mack, and R. W. Dibble,
“Homogeneous Charge  Compression
Ignition ( HCCI ) Engine,” vol. 2, no. 1, pp.
817-826, 2014.

P. Mccarthy, M. G. Rasul, and S. Moazzem,
“Comparison of the performance and
emissions of different biodiesel blends
against petroleum diesel,” no. June, pp.
255-260, 2011.

C. Cinar, O. Can, F. Sahin, and H. S.
Yucesu, “Effects of premixed diethyl ether
(DEE) on combustion and exhaust
emissions in a HCCI-DI diesel engine,”
Appl. Therm. Eng., vol. 30, no. 4, pp. 360—
365, 2010.

K. Ebrahimi, M. Aliramezani, and C. R.
Koch, “An HCCI Control Oriented Model
that Includes Combustion Efficiency,”
IFAC-PapersOnLine, vol. 49, no. 11, pp.
327-332, 2016.

J. Olsson, P. Tunestal, J. Ulfvik, and B.
Johansson, “Engine The Effect of Cooled
EGR on Emissions and Performance of a
Turbocharged HCCI Engine,” 2003.

A. P. Singh and A. K. Agarwal,
“Combustion characteristics of diesel HCCI
engine: An experimental investigation
using  external  mixture  formation
technique,” Appl. Energy, vol. 99, pp. 116—
125, 2012.

A. P. Singh and A. K. Agarwal, “An
Experimental Investigation of Combustion
, Emissions and Performance of a Diesel
Fuelled HCCI Engine An Experimental
Investigation of Combustion , Emissions
and Performance of a Diesel Fuelled HCCI
Engine,” 2012.

K. Laurinaitis and S. Slavinskas, “Influence
of intake air temperature and exhaust gas
recirculation on HCCI combustion process
using bioethanol,” Eng. Rural Dev., vol.
2016-Janua, pp. 536-541, 2016.

M. M. Roy, W. Wang, and J. Bujold,
“Biodiesel production and comparison of
emissions of a DI diesel engine fueled by
biodiesel — diesel and canola oil — diesel
blends at high idling operations,” Appl.
Energy, vol. 106, pp. 198-208, 2013.


http://dx.doi.org/10.22068/ase.2021.548
http://www.iust.ac.ir/ijae/article-1-548-en.html

[ Downloaded from www.iust.ac.ir on 2022-02-06 ]

[ DOI: 10.22068/ase.2021.548

[80]

[81]

[82]

[83]

[84]

[85]

[86]

M. Yao, Z. Zheng, and H. Liu, “Progress
and recent trends in homogeneous charge
compression ignition (HCCI) engines,”
Prog. Energy Combust. Sci., vol. 35, no. 5,
pp. 398-437, 2009.

S. Polat, “An experimental study on
combustion, engine performance and
exhaust emissions in a HCCI engine fuelled
with diethyl ether-ethanol fuel blends,”
Fuel Process. Technol., vol. 143, pp. 140-
150, 2016.

A. Monyem, M. Canakci, and J. H. Van
Gerpen, “Investigation of Biodiesel
Thermal Stability Under Simulated In-use
Conditions,” Analysis, vol. 16, no. 4, pp.
373-378, 2000.

J. Zhang, Z. Li, K. Zhang, X. Lv, and Z.
Huang, “Effects of intake air temperature
on homogenous charge compression
ignition combustion and emissions with
gasoline and n-heptane,” Therm. Sci., vol.
19, no. 6, pp. 1897-1906, 2015.

H. G. How, H. H. Masjuki, M. A. Kalam,
and Y. H. Teoh, “An investigation of the
engine performance , emissions and
combustion characteristics of coconut
biodiesel in a high-pressure common-rail
diesel engine,” Energy, vol. 69, pp. 749—
759, 2014.

A. Jain, A. P. Singh, and A. K. Agarwal,
“Effect of fuel injection parameters on
combustion stability and emissions of a
mineral diesel fueled partially premixed
charge compression ignition ( PCCI )
engine,” Appl. Energy, vol. 190, pp. 658—
669, 2017.

M. U. Kaisan, F. O. Anafi, J. Nuszkowski,
D. M. Kulla, and S. Umaru, “Exhaust
emissions of biodiesel binary and multi-
blends from Cotton, Jatropha and Neem oil
from stationary multi cylinder CI engine,”
Transp. Res. Part D Transp. Environ., vol.
53, pp. 403-414, 2017.

H.M. Tobib et al.

Automotive Science and Engineering

3625


http://dx.doi.org/10.22068/ase.2021.548
http://www.iust.ac.ir/ijae/article-1-548-en.html
http://www.tcpdf.org

