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Abstract: Reactivity-controlled compression ignition (RCCI) combustion is considered one of the
most promising low-temperature combustion (LTC) concepts aimed at reducing greenhouse gases
for the transportation and power generation sectors. RCCI combustion mode is achieved by com-
bining different fuel types with low and high temperatures. The aim of this study is to investigate
combustion characteristics and reduce nitrogen oxide (NOx) and carbon dioxide (CO2) emissions. In
this experimental study, the effects of the RCCI strategy using methanol/diesel fuel on combustion
characteristics (ignition delay, combustion duration), engine performance (brake-specific fuel con-
sumption and brake-specific energy consumption), and emissions were examined in a four-cylinder,
turbocharged, dual-fuel engine. The experiments were conducted at a constant speed of 1750 rpm
at partial loads (40 Nm, 60 Nm, 80 Nm, and 100 Nm). The test results obtained with diesel fuel
were compared with the test results obtained with methanol at different mass flow rates. When the
results were examined, the minimum ignition delay (ID) occurred at 40 Nm torque, 5.63 crank angle
(CA) with M12 fuel, while the maximum ID occurred with M26 fuel at 80 Nm torque, showing an
increasing trend as engine load (EL) increased. The highest combustion time (CD) was achieved with
M26 fuel at 100 Nm torque, whereas the lowest was achieved with the same fuel (M26) at 40 Nm.
While the minimum brake-specific fuel consumption (bsfc) was 45.9 g/kWh for conventional diesel
fuel at 40 Nm, the highest bsfc was 104.88 g/kWh for 100 Nm with M26 fuel. Generally, bsfc tends
to increase with increasing load. Brake-specific energy consumption (bsec) had the lowest value of
1950.58 kJ/kWh with conventional diesel fuel at 40 Nm and the highest value of 4034.69 kJ/kWh with
M26 fuel at 100 Nm. As the methanol content increased, significant improvements were observed in
(NOx) and (CO2) emissions, while hydrocarbon (HC) and oxygen (O2) emissions increased as well.
Smoke emissions decreased at low loads but tended to increase at high loads.

Keywords: combustion; engine performance; emissions; methanol; RCCI engine

1. Introduction

Parallel to the rapidly increasing industrial developments worldwide, several chal-
lenges have emerged. The quest for alternative fuels to enhance the power capacity and
fuel efficiency of internal combustion engines (ICE) in more environmentally friendly con-
ditions has gained significant momentum. ICEs, a common engine type used in vehicles for
many years, primarily rely on fossil fuels. However, the combustion of these fuels releases
polluting gases into the environment through the exhaust, with known adverse effects on
global warming, air pollution, and both the environment and human health. Compounding
these issues is the fact that fossil fuel reserves are limited.
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To address these challenges, scientists have directed their efforts toward researching
alternative fuels suitable for internal combustion engines. For this purpose, alternative
fuels are utilized either in their pure form or blended with petroleum-based fuels such as
gasoline or diesel in internal combustion engines [1,2]. In order to leverage the distinctive
properties of these alternative fuels, engine tests are conducted, involving adjustments to
parameters like compression ratio (CR), ignition timing, and injection pressure.

Alcoholic fuels, including ethanol and methanol, are gaining attention as viable alter-
natives to gasoline in spark-ignition (SI) engines. The advantages presented by alcohol,
derived from various sources and enhanced by cutting-edge technologies developed by
industries, have spurred researchers to explore and capitalize on their potential benefits [3].

Methanol is the most promising and researched fuel among the fuels considered as an
alternative to gasoline. Pure methanol and different percentages of methanol–gasoline mix-
tures have been extensively tested on engines in recent years. On the other hand, research
on utilizing methanol as a vehicle fuel began in the 1980s. In China, they developed fuel kits
to utilize both M85 (comprising 85% methanol and 15% gasoline) and M100 (pure methanol)
fuels. There are also disadvantages to using gasoline–alcohol mixtures as fuel. One of these
problems is alcohol’s tendency to react with water. When this occurs, the alcohol separates
locally from the gasoline, creating an inhomogeneous mixture. This causes the engine to
run erratically due to large fuel-air ratio differences between the two fuels. Automobile
companies conduct tests on engines that can use any gasoline–methanol–ethanol composi-
tion. As a result, methanol is predominantly produced for chemical purposes rather than
as a dedicated fuel source. Presently, methanol plays a crucial role in the production of
waste frying oil methyl ester (biodiesel), a mandatory component in many countries [4,5].

Methanol fuel is used in some dual-fuel diesel engines. Methanol is not a good diesel
engine fuel alone. However, good results are achieved in diesel engines with methanol if a
small amount of diesel fuel is used to achieve ignition. Methanol is an attractive fuel in some
countries where it is much cheaper to produce than diesel fuel. In the experiments carried
out on methanol, old diesel bus engines were converted to run on methanol. As a result
of these experiments, improvements were observed in all harmful emissions compared to
the old type of diesel engine running on diesel fuel. Methanol as a fuel presents several
advantageous opportunities. Some of these include the production of methanol from
renewable resources, as well as readily available high-ash coal, municipal solid waste, and
low-value biomass. Methanol-powered engines produce lower emissions compared with
baseline mineral diesel-fueled engines, exhibit less combustion noise than equivalent diesel
engines, and offer higher land use efficiency than other cultivable renewable fuels [6].

Physical and Chemical Properties of Methanol

In this part, general information is given about the physical and chemical properties
of methanol, which is used as a renewable alternative fuel in ICEs. Methanol is a type
of alcohol that is colorless, has a barely perceptible odor, and is significantly toxic. It can
especially affect the nervous system and cause blindness. Even though it is unlikely, taking
it orally can have fatal consequences. Its vapor can penetrate a person through the lungs,
and methanol liquid can penetrate the skin. Gasoline and diesel are not equally dangerous.
The reason is that their taste and smell make them noticeable much more quickly than
methanol. Gasoline and diesel fuels should also be used with caution, but they are not as
dangerous as methanol [7].

Methanol is an alcohol fuel, such as ethanol, butanol, and propanol. The most impor-
tant advantage of alcohol fuels is their low viscosity compared with diesel fuel. Therefore,
it can be easily injected, atomized, and mixed with air. In addition, the high laminar
combustion rate, which can ensure that the combustion process ends earlier, increases the
thermal efficiency of the engine. Less emissions occur due to high oxygen content and low
sulfur content [8]. Some chemical and physical properties of methanol and diesel fuels are
shown in Table 1 [9–11].
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Table 1. Some physical and chemical properties of diesel and methanol.

Fuel Specifications Diesel Methanol

Chemical formula C12H24 CH3OH
Density (kg/m3 293 ◦K) 847 795

Ignition temperature (◦K) 483–523 743
Lower calorific value (MJ/kg) 42.5 20.1

Latent heat of vaporization (kJ/kg) 260 1100
Cetane number 51 <5
Octane number 17 111

Latent burning speed (cm/s) - 523
Stoichiometric air/fuel ratio 14.3 6.5

Viscosity (mm2/s 313 K) 2.72 0.58
Boiling point (◦C) 180–360 64.5

Many recent studies focus on low-temperature combustion (LTC) strategies that can
reduce emissions and improve fuel economy. Three common strategies for achieving
LTC are known as homogeneous charge compression ignition (HCCI), premixed charge
compression ignition (PCCI), and reactivity-controlled compression ignition (RCCI).

Recent experimental and simulation results show that RCCI is a more promising
technology than the other two strategies, HCCI and PCCI. This method is important in
terms of providing more effective ignition control and having a low maximum ROPR.
Additionally, RCCI has been observed to maintain low emissions and high fuel efficiency
simultaneously [12]. RCCI, defined as a combustion technology in dual-fuel engines, in-
volves the utilization of at least two fuels with differing reactivity levels for in-cylinder fuel
blending. This method employs a multiple injection strategy and an optimal EGR (exhaust
gas recirculation) rate to regulate in-cylinder reactivity. The ultimate goal is to enhance
combustion phasing, duration, and magnitude, consequently resulting in improved brake
thermal efficiency (BTE) while minimizing both NOx and smoke emissions [13,14]. The
RCCI combustion system demonstrates its versatility by operating effectively over a wide
range of engine loads from 4.6–14.6 bar gross IMEP. This operational range achieves nearly
negligible levels of NOx and smoke emissions, ensuring compliance with regulatory stan-
dards. Additionally, it maintains acceptable ROPR and minimal ringing intensity while
delivering remarkably high indicated efficiency [15,16].

There are many publications in the literature on the use of methanol and alcohol fuels
in ICEs. However, the methods and results of some publications on the use of methanol
and alcohol fuel in RCCI combustion strategies are summarized below:

In their experimental study, Panda and Ramesh conducted research to obtain low
emissions and high BTE of the RCCI engine using methanol/diesel fuel. Tests were carried
out on a single-cylinder, common-rail water-cooled diesel at a constant speed of 1500 rpm
and an average indicated effective pressure of 5 bar. Energy sharing from methanol to diesel
can be increased from 45% in dual-fuel mode to nearly 56% in RCCI mode by appropriately
adjusting the injection parameters. In this case, while the BTE increased from 36% to 38%,
NOx emission was found to be 95% lower in RCCI mode. Smoke emissions have been
reduced by 78%. In order to increase the BTE to 42%, more than 45% ES from methanol to
diesel is required after heating the intake air to approximately 85 ◦C. In this case, it was
observed that while NOx emissions decreased, carbon monoxide (CO) and HC emissions
increased [17].

Agarwal et al. used fuels with different methanol premixed ratios (M30, M50, M80) in
a two-cylinder, common-rail direct-injection and turbocharged RCCI engine and compared
them with diesel fuel. Bsec decreased between M30 and M80. HC and CO increased in more
methanol fractions. CO2 and smoke emissions decreased compared with conventional
diesel fuel. While NOx emissions decreased in M30 and M50 fuels, they increased in M80
fuels [18].
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Duraisamy et al. examined the effects of methanol/diesel and methanol/PODE dual-
fuel RCCI combustion in a three-cylinder, common-rail direct injection, turbocharged
diesel engine. The tests were carried out at 3.4 bar brake mean effective pressure (BMEP)
and 1500 rpm engine speed. When the results were examined, the researchers observed
that the ID lengthened as the mass of methanol increased in both methanol/diesel and
methanol/PODE processes. With the increase of methanol mass fraction, NOx and smoke
emissions for RCCI combustion decreased significantly. However, it was determined that
HC and CO emissions increased slightly [19].

Hassan et al. conducted a study using methanol and diesel fuels in a single-cylinder,
2000 rpm constant engine speed, air-cooled engine. In the experimental procedure, pure
diesel and methanol content by mass of 7%, 14%, and 21% (MD7, MD14, and MD21) were
used as fuel. In the experimental results, it was observed that bsec and bsfc decreased in
MD7 and MD14 but increased in MD21 fuel compared with pure diesel fuel [20].

In their study, Huang et al. conducted research on a four-cylinder, turbocharged,
direct-injection RCCI engine at a constant speed of 1800 rpm. They examined the effects of
EGR and different methanol substitution rates on combustion, performance, and emissions
of methanol/diesel fuels. HC and CO emissions increased with the increase of bsfc at
90% load. As the methanol substitution rate increased from 0% to 30%, bsfc decreased by
3.29%. Increased HC and CO emissions were observed with the use of EGR. Significant
improvements were observed in NOx emissions by 73.6%, with a 30% increase in the
methanol substitution rate [21].

In their study, Liu et al. conducted an experimental study on a turbocharged, inter-
cooled four-cylinder RCCI engine using diesel/methanol dual fuel at a low load. In the
study conducted at 1800 rpm and 30% load, HC emissions decreased when the methanol
content increased from 40% to 60% at low loads. It was observed that NOx and smoke
emissions increased [22].

When the literature studies are examined, it is noted that the effects of ID, CD, engine
performance parameters such as bsfc, bsec, and exhaust emissions have not been investi-
gated in the methanol/diesel dual-fuel RCCI engine, at a constant engine speed (1750 rpm),
in four different ELs (40, 60, 80, and 100 Nm), and with different methanol energy fractions
(M12, M19, and M26).

2. Materials and Methods

A four-cylinder, water-cooled, turbocharged, common-rail diesel engine was used in
the experiments. The schematic diagram of the experimental setup is shown in Figure 1
and the specifications of the experimental engine are shown in Table 2.

Table 2. Features of the experimental engine.

Engine Specifications

Type In-line, turbocharged
Number of cylinders 4

Bore 76 mm
Stroke 80.5 mm

Number of valves 8
Cylinder volume 1461 cm3

Compression ratio 18.25:1
Maximum power (4000 rpm) 48 kW (65 hp)
Maximum torque (1750 rpm) 160 Nm

Fuel injection Common-rail
Type In-line, turbocharged
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The experimental engine was loaded with an Eddy Current dynamometer (Cussons
P8602) with maximum torque, maximum power, and a maximum speed of 475 Nm, 160 kW
and 8000 rpm, respectively. Dynamometer software called MOTEST 6.3.126 was used in
the experiments. Thanks to this software, many parameters such as engine power, torque
and speed, oil temperature, fuel temperature, cooling water inlet and outlet temperatures,
intake air and exhaust gas temperature are read and recorded.

The diesel motor was outfitted with a cylinder pressure sensor, a fuel line pressure
sensor, and a crank encoder. A piezoresistive pressure transducer (Kistler, 4067 C2000AO)
paired with a charge amplifier was affixed to the fuel line of the first cylinder’s injector.
The position of the crankshaft was determined using the crank encoder with a 0.35 CA
resolution, and a data acquisition card (National Instruments, 6343) was employed to
collect and store data on cylinder gas and injection line pressure for the analysis of com-
bustion. The data obtained from the cylinder pressure and fuel line sensor installed on
the first cylinder shown in Figure 1 can be seen in the combustion analysis program. The
signals transmitted from the amplifier are transferred to a computer via the National
Instrument data acquisition card, and cylinder pressure and fuel line pressure data are
recorded simultaneously.

The diesel fuel to be used in the experiments was obtained from TUPRAS (Turkish
Petroleum Refineries Corporation). Methanol, with a purity of 99%, was purchased from a
commercial supplier.

In this study, exhaust emission measurements were conducted using a Bosch BEA
460 model emission device. Exhaust gases (HC, CO2, O2, NOx, and smoke) drawn into
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the emission device through a pipe connected to the engine’s exhaust line were measured
and recorded. Exhaust emission measurement points were determined by drilling two
holes in the exhaust line pipe and connecting smoke and emission analyzers to these points.
A Bosch brand soot emission analyzer was used for heat measurement. The data from
the emission devices are read from the computer using Bosch BEA 460 emission analysis
software. The characteristics of the emission device are given in Table 3.

Table 3. Emission device features.

Features Measuring Range Sensibility

Hydrocarbon (HC) 0–10,000 ppm 1 ppm
Oxygen (O2) 0–22% vol. 0.01% vol

Nitrogen oxide (NOx) 0–5000 ppm 1 ppm
Carbon dioxide (CO2) 0–18% vol. 0.01% vol
Air excess coefficient 0.5–1.8 0.001

Absorption coefficient (K) 0–10 m−1 0.01 m−1

Methanol fuel was sent from a tank through the fuel pump, fuel filter, and pressure
regulator to the intake manifold. There was a pressure change indicator on the intake
manifold. Both methanol and diesel fuel consumption were measured with a precision scale.
The amount of fuel consumed per minute was measured with a stopwatch. Experiments
were carried out under different ELs (40, 60, 80, and 100 Nm) at a constant speed of
1750 rpm. The experiments were conducted under partial load conditions. At maximum
torque (1750 1/min), 25% of the full load (160 Nm) corresponded to 40 Nm, 37.5% to
60 Nm, 50% to 80 Nm, and 62.5% to 100 Nm. The experiments were performed at these
torque values. The experimental engine was heated to 85–90 ◦C and stabilized to reach
the desired experimental conditions. The experiments were repeated three times, and data
were collected by stabilizing the engine before each experiment.

Measurement sensitivities and calculated uncertainties are presented in Table 4. The
Kline and McClintock method [23,24] was applied to determine the measurement sensitivi-
ties and total uncertainty analysis values of the equipment. The methanol energy fraction
is calculated using the following Equation (1):

MEF = LHVCH3OH .
.

mCH3OH / LHVD.
.

mD + LHVCH3OH .
.

mCH3OH (1)

MEF is methanol energy fraction. Figure 2 shows the energy-sharing rates of diesel/me-
thanol fuels used in the experiments as a percentage. It shows how much energy is provided
by which type of fuel.

Table 4. Measurement sensitivities and calculated uncertainties.

Parameter Device Accuracy

Engine torque Load cell ±0.25%
Engine speed Crank encoder ±0.1%

Cylinder pressure Oprand 32288GPA ±0.5%
Fuel pressure Kistler, 4067 ±0.05%

.
mD and

.
mCH3OH are the mass flow rates of methanol and diesel fuel in kg/h, and

LHVCH3OH and LHVD are lower heating values of methanol and diesel fuel in MJ/kg.
The energy requirement of the engine increased as the EL values increased. This

study was carried out by increasing the amount of diesel fuel to meet the increased energy
demand. The methanol rates at the M12, M19, and M26 levels were fixed for their values at
all ELs in this study.
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Data Analysis

Calculation of Brake-Specific Fuel Consumption
Diesel and methanol fuels were measured with precision scales. The amounts of diesel

fuel injected from the main injection and the fuel injected from the port injection were
measured in one minute, and the bsfc was calculated.

.
m =

Vy·ρy ·10−3·3600
t

(2)

In the formula here,
ṁ = fuel mass flow rate (kg/h),
Vy = fuel volume (L),
ρy = fuel density (kg/m3), and
t = time (s) was used.
In order to calculate bsfc, the fuel mass flow rate in Equation (2) is written into

Equation (3) [25].

bs f c =
.

m
Ne

· 103 (3)

Ne is the engine power in the equation.
Calculation of Brake-Specific Energy Consumption
bsec is a parameter expressed as the power or work obtained from the test engine in

terms of the unit of fuel or energy consumed. It is found by multiplying the bsfc by the
lower heating values (LHV) of the fuels [26].

bsec = bs f c· LHV (4)

bsec: specific energy consumption (kJ/kWh).
bsfc: specific fuel consumption (kg/kWh).
LHV: lower calorific value of the fuel (kJ/kg).

3. Results

A comparative evaluation of IDs and CDs was made in different ELs for both standard
diesel engines and RCCI combustion modes. Combustion parameters are given in the table
below Table 5.
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Table 5. Combustion characteristics of the fuels for different engine conditions.

EL Parameter Unit Diesel M12 M19 M26

40 Nm

SOI
◦CA 339.26 339.26 345.94 348.05

J/◦CA 0.87 0.27 0.24 0.35

Maximum CP
◦CA 364.57 365.63 366.33 368.44

MPa/◦CA 83.48 86.56 87.24 89.55

ID ◦CA 5.98 5.63 11.25 10.20

CD ◦CA 62.58 62.23 55.55 53.09

60 Nm

SOI
◦CA 342.07 342.42 344.53 345.59

J/◦CA 0.01 0.27 0.36 0.38

Maximum CP
◦CA 364.92 365.27 365.98 366.33

MPa/◦CA 88.97 93.45 95.03 99.29

ID ◦CA 13.01 13.01 13.36 11.60

CD ◦CA 61.52 61.17 58.71 57.30

80 Nm

SOI
◦CA 340.66 341.02 342.07 343.83

J/◦CA 0.30 0.55 0.36 0.62

Maximum CP
◦CA 377.58 366.68 365.98 365.63

MPa/◦CA 105.57 103.27 105.33 109.56

ID ◦CA 12.66 14.41 15.12 15.12

CD ◦CA 61.17 62.58 62.93 61.52

100 Nm

SOI
◦CA 338.91 339.26 340.31 340.66

J/◦CA 0.38 0.27 0.11 0.33

Maximum CP
◦CA 377.23 375.82 375.47 371.25

MPa/◦CA 117.97 114.86 116.31 117.89

ID ◦CA 12.30 14.77 13.71 13.36

CD ◦CA 62.23 62.58 63.98 64.34
Shown in Table 5, SOI is start of ignition, Maximum CP is maximum cylinder pressure, ID is ignition delay, and
CD is combustion duration. Fuel types M12, M19, and M26 show mass flow rates at different pressures.

3.1. Combustion Characteristics
3.1.1. Ignition Delay

ID is defined as the time between the injection of fuel into the combustion chamber
and the moment when the first flame nucleus forms in the combustion chamber. In this
study, the start of injection was determined as the ◦CA corresponding to the first sudden
drop in fuel line pressure. The fuel line pressure opened at 330 CAs. The beginning of
combustion was identified as the ◦CA at which the pressure increase rate was maximum.
The time interval between these two states is defined as the ID in CA.

As shown in Figure 3, the ID is set as 5.98 ◦CA for diesel fuel, 5.63 ◦CA for M12 fuel,
11.25 ◦CA for M19 fuel, and 10.20 ◦CA for M26 fuel at a 40 Nm load. The maximum ID
increase rate obtained by using diesel fuel at a 40 Nm load decreased by 5.85% with M12
fuel, 88.13% with M19 fuel, and 70.57% with the use of M26 fuel.

ID is set as 13.01 ◦CA for diesel fuel, 13.01 ◦CA for M12 fuel, 10.55 ◦CA for M19 fuel,
and 11.60 ◦CA for M26 fuel at a 60 Nm load. The maximum ID increase rate obtained by
using diesel fuel at a 60 Nm load was constant at the same rate as with M12 fuel, then
decreased by 18.91% with M19 fuel and 10.84% with the use of M26 fuel.
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ID is set as 12.66 ◦CA for diesel fuel, 14.41 ◦CA for M12 fuel, 15.12 ◦CA for M19 fuel,
and 15.12 ◦CA for M26 fuel at an 80 Nm load. The maximum ID increase rate obtained
by using diesel fuel at an 80 Nm load is 13.82% with M12 fuel, 19.43% with M19 fuel, and
19.43% with the use of M26 fuel.

ID is set as 12.30 ◦CA for diesel fuel, 14.77 ◦CA for M12 fuel, 13.71 ◦CA for M19 fuel,
and 13.36 ◦CA for M26 fuel at a 100 Nm load. The maximum ID increase rate obtained
by using diesel fuel at a 100 Nm load is 20.08% with M12 fuel, 11.46% with M19 fuel, and
8.62% with the use of M26 fuel.

In RCCI mode, as the methanol content increased, the ID increased. The highest
increase was 88.13%, with M19 fuel at 40 Nm. As the load increases, the ID increases. If the
ID increases, combustion starts later. Long-term ID sometimes leads to a better air–fuel
mixture, which affects heat release. It is known that alcohol fuels generally increase the
ID compared with diesel fuel due to their lower cetane numbers [27]. It is seen that the
ignition delay decreases at the high load of 100 Nm due to the effect of increasing load and
the decrease in the percentage of methanol in M26 fuel. This is thought to be due to the
decrease in the energy fraction of methanol, which is a high octane number fuel. In addition,
due to the higher latent heat of condensation of methanol, the in-cylinder temperature may
increase with the decreasing energy fraction, which may reduce the ignition delay as seen
in 100 Nm and M26 fuel [19].

3.1.2. Combustion Duration

The CD is a critical parameter that should be considered in alcohol fuels. The alter-
ation in combustion time, compared with conventional fuels, significantly influences the
performance and emission results of ICE. The CD was calculated as the difference between
the CA at the CHR and the start of combustion.

As seen in Figure 4, CDs are shown for different loads. The CD at a 40 Nm load was
found to be 62.58 ◦CA for diesel fuel, 62.23 ◦CA for M12 fuel, 55.55 ◦CA for M19 fuel, and
53.09 ◦CA for M26 fuel. The CD obtained by using diesel fuel at a 40 Nm load decreased by
0.56% with M12 fuel, 11.23% with M19 fuel, and 15.16% with M26 fuel.

The CD at a 60 Nm load is found to be 61.52 ◦CA for diesel fuel, 61.17 ◦CA for M12
fuel, 58.71 ◦CA for M19 fuel, and 57.30 ◦CA for M26 fuel. The CD obtained by using diesel
fuel at a 60 Nm load decreased by 0.57% with M12 fuel, 4.57% with M19 fuel, and 6.86%
with the use of M26 fuel.
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Figure 4. CDs in terms of ◦CA for different fuels at 40 Nm, 60 Nm, 80 Nm, and 100 Nm ELs.

The CD is found to be 61.17 ◦CA for diesel fuel, 62.58 ◦CA for M12 fuel, 62.93 ◦CA for
M19 fuel, and 61.52 ◦CA for M26 fuel at an 80 Nm load. The CD obtained by using diesel
fuel at an 80 Nm load increased by 2.31% with M12 fuel, 2.87% with M19 fuel, and 0.57%
with the use of M26 fuel.

The CD at a 100 Nm load is found to be 62.23 ◦CA for diesel fuel, 62.58 ◦CA for M12
fuel, 63.98 ◦CA for M19 fuel, and 64.34 ◦CA for M26 fuel. The CD obtained by using diesel
fuel at a 100 Nm load increased by 0.56% with M12 fuel, 2.81% with M19 fuel, and 3.39%
with the use of M26 fuel.

In this study, the CD decreased with increasing methanol ratio at low loads (40 and
60 Nm), whereas it increased with the rising methanol ratio at high loads (80 and 100 Nm).

3.2. Engine Performance
3.2.1. Brake-Specific Fuel Consumption

Bsfc is defined as the unit amount of fuel consumed by the engine per unit of power
produced. Figure 5 shows the amount of fuel consumed by the RCCI engine per unit of
power for different fuel types. Bsfc is found to be 45.90 g/kWh for diesel fuel, 50.92 g/kWh
for M12 fuel, 55.08 g/kWh for M19 fuel, and 58.42 g/kWh for M26 fuel at a 40 Nm load.
The bsfc obtained by using diesel fuel at a 40 Nm load increased by 10.94% with M12 fuel,
20% with M19 fuel, and 27.28% with the use of M26 fuel.

Bsfc is found to be 55.83 g/kWh for diesel fuel, 62.42 g/kWh for M12 fuel, 68.40 g/kWh
for M19 fuel, and 73.56 g/kWh for M26 fuel at a 60 Nm load. The bsfc obtained by using
diesel fuel at a 60 Nm load increased by 11.80% with M12 fuel, 22.51% with M19 fuel, and
31.76% with the use of M26 fuel.

Bsfc is found to be 70.83 g/kWh for diesel fuel, 79.54 g/kWh for M12 fuel, 85.21 g/kWh
for M19 fuel, and 86.21 g/kWh for M26 fuel at an 80 Nm load. The bsfc obtained by using
diesel fuel at an 80 Nm load increased by 12.30% with M12 fuel, 20.30% with M19 fuel, and
21.71% with the use of M26 fuel.

Bsfc increases with increasing EL. The highest increase is 31.76% in M26 fuel at 60 Nm.
Due to the high latent heat of evaporation, methanol reduces the in-cylinder temperature,
thus requiring more fuel compared with diesel mode to provide the same power output.
For this reason, it is thought that bsfc has increased [28]. The lower calorific value of the
fuel increases the bsfc. In this study, more diesel fuel was injected to achieve the same
power output.
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3.2.2. Brake-Specific Energy Consumption

Bsec is a parameter that depends on bsfc. The amount of fuel consumed by the engine
per unit of power produced is called bsec. Examining bsec yields more meaningful results
when comparing fuels with different calorific values. As seen in Figure 6, the energy
consumed by the RCCI engine per unit power for different fuel types is shown. Bsec is
found to be 1950.58 kJ/kWh for diesel fuel, 1962.07 kJ/kWh for M12 fuel, 2013.65 kJ/kWh
for M19 fuel, and 1975.24 kJ/kWh for M26 fuel at a 40 Nm load. The bsec obtained by using
diesel fuel at a 40 Nm load increased by 0.59% with M12 fuel, 3.23% with M19 fuel, and
1.26% with the use of M26 fuel.
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Bsec is found to be 2372.90 kJ/kWh for diesel fuel, 2466.03 kJ/kWh for M12 fuel,
2598 kJ/kWh for M19 fuel, and 2658.13 kJ/kWh for M26 fuel at a 60 Nm load. The bsec
obtained by using diesel fuel at a 60 Nm load increased by 3.92% with M12 fuel, 9.49% with
M19 fuel, and 12.02% with the use of M26 fuel.
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Bsec is found to be 3010.40 kJ/kWh for diesel fuel, 3193.73 kJ/kWh for M12 fuel,
3323.26 kJ/kWh for M19 fuel, and 3220.78 kJ/kWh for M26 fuel at an 80 Nm load. The bsec
obtained by using diesel fuel at an 80 Nm load increased by 6.09% with M12 fuel, 10.39%
with M19 fuel, and 6.99% with the use of M26 fuel.

Bsec is found to be 3683.35 kJ/kWh for diesel fuel, 3881.65 kJ/kWh for M12 fuel,
3927.51 kJ/kWh for M19 fuel, and 4034.69 kJ/kWh for M26 fuel at a 100 Nm load. The bsec
obtained by using diesel fuel at a 100 Nm load increased by 5.38% with M12 fuel, 6.63%
with M19 fuel, and 9.54% with the use of M26 fuel. As the methanol ratio and EL increased,
bsec values also increased. The highest increase was 12.02% in M26 fuel at 60 Nm.

3.3. Emissions

Various exhaust emissions are released as a result of the combustion of petroleum-
based hydrocarbon fuels or alternative fuels in ICEs. These emissions are released into the
environment in different amounts and percentages. In today’s internal combustion engines,
harmful emissions must meet the low emission values specified in the norms through the
use of after-treatment devices located after the exhaust valve. However, these applications
cause both a decrease in engine performance and an increase in costs.

3.3.1. HC Emissions

Figure 7 shows HC emissions occurring at different loads. HC emissions at a 40 Nm
load is 15.6 ppm with diesel fuel, 31.57 ppm with M12 fuel, 78 ppm with M19 fuel, and
113.17 ppm with M26 fuel. HC emissions obtained by using diesel fuel at a 40 Nm load
increased by 102.37% with M12 fuel, 400% with M19 fuel, and 625.45% with the use of
M26 fuel.
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Figure 7. HC emissions for different fuels at 40 Nm, 60 Nm, 80 Nm, and 100 Nm ELs.

HC emissions at a 60 Nm load are 12.33 ppm with diesel fuel, 34.83 ppm with M12
fuel, 86.3 ppm with M19 fuel, and 117.35 ppm with M26 fuel. HC emissions obtained by
using diesel fuel at 60 Nm load increased by 182.48% with M12 fuel, 599.92% with M19
fuel, and 751.74% with the use of M26 fuel.

HC emissions at an 80 Nm load are 14.80 ppm with diesel fuel, 35.67 ppm with M12
fuel, 131.57 ppm with M19 fuel, and 177.30 ppm with M26 fuel. HC emissions obtained by
using diesel fuel at 80 Nm load increased by 141.01% with M12 fuel, 788.99% with M19
fuel, and 1097.97% with the use of M26 fuel.

HC emissions at a 100 Nm load are 14.07 ppm with diesel fuel, 45 ppm with M12 fuel,
146.7 ppm with M19 fuel, and 195.60 ppm with M26 fuel. HC emissions obtained by using
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diesel fuel at 100 Nm load increased by 219.83% with M12 fuel, 942.64% with M19 fuel, and
1290.19% with the use of M26 fuel.

As the methanol ratio increases, hydrocarbon (HC) emissions also increase. Re-
searchers have determined that the increase in high HC emissions during RCCI combustion
mode is the main source of HC emissions, the thickness of the sudden cooling layer during
combustion and the rich and premixed fuel and air mixture in this layer [29]. In another
study, it was observed that HC emission increased in low-temperature combustion due to
low combustion temperature and low oxygen concentration [30].

3.3.2. CO2 Emissions

Although carbon dioxide does not have a direct effect on human and environmental
health, half of the CO2 resulting from combustion processes accumulates in the atmosphere,
and this accumulation leads to an increase in the concentration of CO2 in the atmosphere.
Because CO2 affects weather conditions, this increase affects the environment by creating a
greenhouse effect in the atmosphere.

Figure 8 shows CO2 emissions occurring at different ELs. At a 40 Nm load, CO2
emissions are 4.2%vol with diesel fuel, 4.81%vol with M12 fuel, 4.49%vol with M19 fuel,
and 4.23%vol with M26 fuel. CO2 emissions obtained by using diesel fuel at a 40 Nm load
increased by 14.52% with M12 fuel, 6.9% with M19 fuel, and 0.71% with M26 fuel.
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Figure 8. CO2 emissions for different fuels at 40 Nm, 60 Nm, 80 Nm, and 100 Nm ELs.

At a 60 Nm load, CO2 emissions are 5.64%vol with diesel fuel, 6.1%vol with M12 fuel,
6.08%vol with M19 fuel, and 5.82%vol with M26 fuel. CO2 emissions obtained by using
diesel fuel at a 60 Nm load increased by 8.16% with M12 fuel, 7.8% with M19 fuel, and
3.19% with M26 fuel.

At an 80 Nm load, CO2 emissions are 6.94%vol with diesel fuel, 7.6%vol with M12
fuel, 7.37%vol with M19 fuel, and 7.26%vol with M26 fuel. CO2 emissions obtained by
using diesel fuel at an 80 Nm load increased by 9.51% with M12 fuel, 6.2% with M19 fuel,
and 4.61% with the use of M26 fuel.

CO2 emissions at a 100 Nm load are 8.28%vol with diesel fuel, 8.83%vol with M12 fuel,
8.82%vol with M19 fuel, and 8.57%vol with M26 fuel. CO2 emissions obtained by using
diesel fuel at 100 Nm load increased by 6.64% with M12 fuel, 6.52% with M19 fuel, and
3.5% with the use of M26 fuel.

In general, CO2 increases as engine load increases. Because this is related to the
amount of fuel burned in the cylinders, it increases because more fuel is burned. At the
same ELs, it decreases as oxidation occurs as you move from M12 to M26.
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According to research conducted in the literature, it has been determined that the CO2
emission values obtained from diesel fuel–methanol blend fuels are lower than diesel fuel.
The reason for this is that methanol contains fewer C atoms than diesel fuel. It is stated
that as the C-atom ratio of blended fuels decreases, CO2 emissions released as a result of
combustion decrease [31].

3.3.3. O2 Emissions

Figure 9 shows O2 emissions occurring at different loads. At a 40 Nm load, O2
emissions are 14.84%vol with diesel fuel, 14.04%vol with M12 fuel, 14.28%vol with M19
fuel, and 14.57%vol with M26 fuel. O2 emissions obtained by using diesel fuel at a 40 Nm
load decreased by 5.39% with M12 fuel, 3.77% with M19 fuel, and 1.82% with the use of
M26 fuel.
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Figure 9. O2 emissions for different fuels at 40 Nm, 60 Nm, 80 Nm, and 100 Nm ELs.

At a 60 Nm load, O2 emissions are 12.85%vol with diesel fuel, 12.19%vol with M12
fuel, 12.32%vol with M19 fuel, and 12.54%vol with M26 fuel. O2 emissions obtained by
using diesel fuel at a 60 Nm load decreased by 5.14% with M12 fuel, 4.12% with M19 fuel,
and 2.41% with the use of M26 fuel.

At an 80 Nm load, O2 emissions are 10.99%vol with diesel fuel, 10.01%vol with M12
fuel, 10.14%vol with M19 fuel, and 10.54%vol with M26 fuel. O2 emissions obtained by
using diesel fuel at an 80 Nm load decreased by 8.92% with M12 fuel, 7.73% with M19 fuel,
and 4.09% with M26 fuel.

O2 emissions at a 100 Nm load are 9.08%vol with diesel fuel, 8.21%vol with M12 fuel,
8.24%vol with M19 fuel, and 8.61%vol with M26 fuel. O2 emissions obtained by using
diesel fuel at a 100 Nm load decreased by 9.58% with M12 fuel, 9.25% with M19 fuel, and
5.18% with the use of M26 fuel.

It is seen that O2 emissions increase due to increased oxidation as we move from M12
to M26 fuel under the same EL conditions. O2 emissions decrease with the increase in load.

3.3.4. NOx Emissions

When combustion occurs at high temperatures, NOx is formed as a result of the inter-
action of nitrogen in the air with oxygen. Two important factors affecting NOx formation
are combustion chamber temperature and air-fuel ratio. Additionally, chemical reaction
rates play a decisive role in the formation of NOx emissions. However, because chemical
reaction rates depend on temperature, this is also among the factors affecting the formation
of NOx [32].
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Figure 10 shows NOx emissions occurring at different loads. At a 40 Nm load, NOx
emissions are 840.02 ppm with diesel fuel, 980.83 ppm with M12 fuel, 828.07 ppm with
M19 fuel, and 718.43 ppm with M26 fuel. NOx emissions obtained by using diesel fuel at a
40 Nm load increased by 16.76% with M12 fuel, decreased by 1.42% with M19 fuel, and
14.47% with the use of M26 fuel.
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At a 60 Nm load, NOx emissions are 1376.69 ppm with diesel fuel, 1494.47 ppm with
M12 fuel, 1360.25 ppm with M19 fuel, and 1164.81 ppm with M26 fuel. NOx emissions
obtained by using diesel fuel at 60 Nm load increased by 8.56% with M12 fuel, decreased
by 1.19% with M19 fuel, and 15.31% with the use of M26 fuel.

At an 80 Nm load, NOx emissions are 2593.07 ppm with diesel fuel, 2662.77 ppm with
M12 fuel, 2253.80 ppm with M19 fuel, and 1902.47 ppm with M26 fuel. NOx emissions
obtained by using diesel fuel at an 80 Nm load increased by 2.69% with M12 fuel, decreased
by 13.08% with M19 fuel, and 26.63% with the use of M26 fuel.

NOx emissions at a 100 Nm load are 3876.23 ppm with diesel fuel, 3911.27 ppm with
M12 fuel, 3331.6 ppm with M19 fuel, and 2947.4 ppm with M26 fuel. NOx emissions
obtained by using diesel fuel at a 100 Nm load increased by 0.9% with M12 fuel and
decreased by 14.05% with M19 fuel and 23.96% with the use of M26 fuel.

NOx emissions increase with increasing EL. It decreases significantly as the methanol
content and oxidation increases. The reason for the decrease in NOx emissions as the
methanol ratio increases is the high latent heat of evaporation of methanol. Methanol
absorbs more heat from the environment during evaporation, causing the cylinder temper-
ature to decrease. The amount of NOx emissions increases with an increasing engine load.
As more fuel is drawn into the cylinders, the instantaneous pressure ratio in the cylinder
rises, leading to higher maximum pressure and combustion temperature. This effect results
in an increase in NOx emissions [33].

In a study by Benares et al., it was determined that a higher ID helped reduce NOx
emissions. It was observed that NOx emissions increased at temperatures where maximum
adiabatic flame temperatures were high [34]. This is consistent with the study in the
literature, with the decrease in NOx emissions at CAs where ID increases.

3.3.5. Smoke Emissions

In the diffusion-controlled combustion process that occurs in diesel engines, hydrogen
reacts because hydrogen is generally more reactive towards oxygen than carbon, while
carbons become smoke due to the effect of temperature, which takes time to complete
the combustion and causes smoke formation, especially in cases where O2 is insufficient.
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Smoke is the solid carbon particles formed in this case. Generally, smoke formation is part
of diesel combustion. Therefore, most of the initially formed carbon is burned again. As
the EL increases, the amount of fuel sent to the combustion chamber also increases, which
increases smoke formation because there is not enough O2 in the cylinder [35].

Figure 11 shows the smoke emissions occurring at different ELs. At a 40 Nm load,
smoke emissions are 0.1 m−1 with diesel fuel, 0.07 m−1 with M12 fuel, 0.06 m−1 with M19
fuel, and 0.05 m−1 with M26 fuel. Smoke emissions obtained by using diesel fuel at a
40 Nm load decreased by 30% with M12 fuel, 40% with M19 fuel, and 50% with M26 fuel.
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At a 60 Nm load, smoke emissions are 0.12 m−1 with diesel fuel, 0.13 m−1 with M12
fuel, 0.14 m−1 with M19 fuel, and 0.14 m−1 with M26 fuel. Smoke emissions obtained by
using diesel fuel at a 60 Nm load increased by 8.33% with M12 fuel, 16.67% with M19 fuel,
and 16.67% with M26 fuel.

At an 80 Nm load, smoke emissions are 0.3 m−1 with diesel fuel, 0.41 m−1 with M12
fuel, 0.51 m−1 with M19 fuel, and 0.33 m−1 with M26 fuel. Smoke emissions obtained by
using diesel fuel at an 80 Nm load increased by 36.67% with M12 fuel, 70% with M19 fuel,
and 10% with the use of M26 fuel.

At a 100 Nm load, smoke emissions are 0.43 m−1 with diesel fuel, 0.84 m−1 with M12
fuel, 0.66 m−1 with M19 fuel, and 0.73 m−1 with M26 fuel. Smoke emissions obtained by
using diesel fuel at a 100 Nm load increased by 95.35% with M12 fuel, 53.49% with M19
fuel, and 69.77% with the use of M26 fuel.

As EL increased, smoke emissions also increased. According to a study, the increase
in pilot fuel amount and energy rates as the engine load increases is one of the reasons
affecting the increase in smoke emissions [36]. It is thought that smoke emission increases
much faster at 80 and 100 Nm, and especially the increase in M12 and M19 fuels is due to
the exposure of the diesel in the mixture to a higher temperature environment and also due
to the decrease in oxygen availability [17].

4. Conclusions

RCCI engines are known as the LTC combustion concept using dual fuel. Using RCCI
technology provides more controllable combustion over a wider operating range. This
allows the engine to operate with higher efficiency while also reducing exhaust emissions.

Alcohol fuels are a type of fuel that can be an alternative to gasoline and diesel fuels.
Methanol is an alcohol fuel with a high octane number. The fact that methanol has low
NOx and CO2 emissions and can be obtained from renewable sources makes it attractive
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for use as an alternative to motor fuels. The use of methanol in RCCI engines can provide
significant advantages in terms of emission control.

The methanol energy fraction ratio has a significant impact on engine performance
and emissions. This ratio determines the engine’s operating characteristics and combustion
efficiency. It is important to optimize energy fraction ratios and thus increase engine
efficiency for the balanced use of methanol and diesel fuels in RCCI engines.

The unique contribution of this study is the detailed investigation of a part-load,
four-cylinder, turbocharged diesel/methanol-fueled RCCI engine under different engine
loads and methanol fraction ratios. The results obtained show how a number of important
parameters affect the performance and emissions of this engine, such as ignition delay,
combustion duration, bsfc, bsec, and exhaust emissions.

In this study, ID, CD, bsfc, bsec, and exhaust emissions of a four-cylinder, turbocharged
diesel/methanol-fueled RCCI engine under different Els, and different methanol fraction
ratios were examined in detail. The important results of the experimental study are
summarized below:

• In RCCI mode, as the methanol content increased, the ID also increased. The highest
increase was 88.13% in M19 fuel at 40 Nm. It is seen that the ignition delay increases
as the load increases. It is seen that ID decreases at high loads of 100 Nm for M19
and M26 fuels. This phenomenon can be attributed to the increase in in-cylinder
temperatures resulting from the decrease in the energy fraction of methanol and the
lower latent heat of vaporization of diesel compared to methanol.

• At low loads (40 and 60 Nm), CD decreases significantly, while at high loads (80 and
100 Nm) CD increases.

• Bsfc and bsec increased as the methanol ratio and engine load increased. As EL
increases, Bsfc also increases. The highest increase in bsfc was in M26 fuel at 60 Nm
with 31.76%, while the highest increase in bsfc was in M26 fuel at 60 Nm with 12.02%.
While the minimum bsfc in conventional diesel fuel was 45.9 g/kWh at 40 Nm, the
highest bsfc in M26 fuel was 104.88 g/kWh at 100 Nm. Bsec reached its lowest value
at 40 Nm at 1950.58 kJ/kWh on conventional diesel fuel and its highest value at
4034.69 kJ/kWh at 100 Nm on M26 fuel.

• As the methanol ratio increased, HC and O2 emissions increased, while NOx and
CO2 emissions decreased. While smoke emission decreased at low loads, it tended to
increase at high ELs.

These findings can serve as a reference for future engine design and fuel develop-
ment studies.
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Nomenclature

BMEP Brake mean effective pressure
bsec Brake-specific energy consumption
bsfc Brake-specific fuel consumption
BTE Brake thermal efficiency
CA Crank angle
CO Carbon monoxide
CO2 Carbon dioxide
COHR Center of heat release
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CD Combustion duration
CHR Cumulative heat release
CHR Cumulative heat release
CP Cylinder pressure
EGR Exhaust gas recirculation
ES Energy sharing
EL Engine load
HR Heat release
HC Hydrocarbon
HCCI Homogeneous charge compression ignition
ICE Internal combustion engine
ID Ignition delay
LHV Lower heating values
LTC Low-temperature combustion
NOx Nitrogen oxide
O2 Oxygen
PCCI Premixed charge compression ignition
RCCI Reactivity-controlled compression ignition
ROHR Rate of heat release
ROPR Rate of pressure rise
SOI Start of ignition
V Volume
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