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Three major threats that endanger human life and the planet are the
escalating pollution levels, the intensifying global warming, and the rapid
depletion of fossil fuel resources. These challenges have prompted
researchers to explore the use of alternative fuels that are widely available,
renewable, and have lower pollution emissions. Biodiesel obtained from
waste oil has almost all these characteristics. Considering the objectives of
the sustainable development goals in increasing the use of biodiesel in the
future, it is essential to investigate the performance of this fuel in next-
generation internal combustion engines such as reactivity-controlled
compression ignition (RCCI) engines. The start of injection (SOI) parameter
in RCCI engines is important to find suitable performance intervals and
optimize the emission of these engines; however, the effect of this
parameter has not been investigated in experimental studies of RCCI
gasoline/biodiesel combustion. Consequently, the changes in the injection
timing of waste oil biodiesel (combined with diesel), as a high-cetane fuel
and high-octane gasoline fuel, in an RCCI engine were investigated
experimentally in this research. The results indicated that SOI changes in
the completely steady operation range of the engine can cause a change of
around 9.2% in brake thermal efficiency when the engine operates in RCCI
mode with a premixed fuel ratio of 27%. Also, it was found that the SOI
timing of 30°bTDC can lead to a lower level of NOx emission than the other
injection angles while maintaining relatively higher values of brake power.
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1- Introduction

The depletion of fossil fuel reserves, increasing emissions, and the worsening effects of
global warming pose significant threats to humanity's and the planet's survival.
Consequently, the advancement of clean energy technologies and the adoption of
alternative fuels have become crucial. Alternative fuels, widely available across the globe,
renewable in nature, and characterized by lower emissions, play a significant role in
overcoming these challenges. [1-3]. According to the International Energy Agency website,
renewable fuels should account for 64% of total renewable energy by 2030. Between 2010
and 2019, biofuel consumption increased by an average of 5% per year. Thus, this value
requires an average annual growth of 14% between 2021 and 2030 to be aligned with the
predicted value of the Sustainable Development Scenario (SDS). This agency has strongly
emphasized enhancing the conditions necessary for producing and utilizing biofuels [4].

One of the most important alternative fuels that is very effective in reducing some
emissions is biodiesel. Biodiesel or methyl fatty acid is a fuel with combustion properties
similar to diesel fuel. It is generally produced by a transesterification process from
vegetable seed oil, animal fats, and waste oils [5]. Low oxidation stability and high cloud
point make storing biodiesel and maintaining the engines that use it arduous. Blending
biodiesel with diesel can improve these characteristics to an acceptable extent, according
to the volume percentage of the blend [6, 7].

The combustion of biodiesel presents challenges primarily associated with power
generation and emissions. Due to the lower volumetric calorific value of biodiesel
compared to that of diesel, biodiesel has generally faced the problem of reducing the
power output, which, of course, is less significant than the difference in the calorific value
of the two fuels. Higher cetane number, better lubrication, and various other reasons are
brought forward to explain this. It is noteworthy that when biodiesel is combined with
diesel, the difference is greatly reduced, and in some engine operation conditions, the
output power is even slightly improved [8]. In a study conducted by Lin et al. [9] on the
performance of biodiesel fuel derived from palm oil in a compression ignition engine, a
decrease of 3.5% in engine power output was observed compared to when diesel fuel was
used. This reduction was found to be lower than the decrease in the calorific value of
biodiesel compared to diesel. When operating with a blended fuel consisting of 20%
biodiesel and 80% diesel (B20), the study found that the power reduction was
approximately 1%. Zhu et al. [10] conducted a study aimed at enhancing the combustion
process by investigating the impact of combining biodiesel derived from waste oil with
ethanol in a compression ignition engine. They added ethanol to the fuel to reduce the
viscosity and density of biodiesel and consequently improve the atomization and injection
process. Based on the results, Brake brake-specific fuel Consumption (BSFC) was
increased with a mixture of 95% biodiesel and 5% ethanol compared to that with diesel,
but as the effective average brake pressure was increased, the difference was reduced. The
thermal efficiency was also increased compared to diesel, and the difference was raised
with the increase of Brake Mean Effective Pressure (BMEP). Serag et al. [11] researched
engines with biodiesel fuel derived from soybean oil. In their findings, it was observed that
when operating with B20 fuel, the brake thermal efficiency at 3.6 kW power was lower
compared to that with diesel. However, at 10 kW power, the B20 fuel demonstrated an
improvement in this parameter by approximately 3.1% compared to that with diesel fuel.

Regarding biodiesel emissions in compression ignition engines, Gopal et al. [12]
reported that by using biodiesel obtained from waste oil (B100) instead of diesel fuel,
unburned hydrocarbons (UHC) and carbon monoxide (CO) emissions are reduced by 57
and 31%, respectively, while the level of the nitrogen oxides (NOx) emission is raised by
18%. Of course, for NOx, there were fluctuations in different loads and ratios of different
compounds, and sometimes, this emission was reported to be lower for cases with
biodiesel than those with diesel. Gad et al. [13] reported a 20% and 25% reduction in UHC
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and CO emissions, as well as a 40% increase in NOx emissions, for the combustion of
biodiesel from waste oil (B100) compared to diesel fuel. Raman et al. [14] investigated
engine performance at maximum power with biodiesel derived from rapeseed oil and
observed that with biodiesel, UHC and CO emissions decreased by 42% and 35%,
respectively, and NOx level increased by 33%, compared to when diesel fuel was used. Of
course, there have been studies in which NOx level was reduced by using biodiesel. Al-
lwayzy et al. [15] reported a 7.4% reduction for NOx in B100 combustion with chlorella-
derived biodiesel. On the other hand, the PM emission was reduced with biodiesel due to
the oxygen content present in the structure of this fuel [16].

The use of biodiesel has been successful in reducing particulate matter (PM), UHC, and
CO emissions. Most of the reports, however, indicate the increase of NOx emission levels in
the combustion of this fuel. Apart from the engine condition, the presence of oxygen in the
links of this fuel is one of the most important reasons for more complete combustion and,
as a result, the reduction of PM, UHC, and CO emissions, and sometimes the reason for the
increase of NOx emissions. Given that the emission of NOx in diesel fuel combustion is
already a significant challenge, it is important to recognize NOx level as a major concern in
biodiesel combustion.

When choosing a base oil for biodiesel, it is crucial to take into account various factors such
as economics, climate, and the environment. These considerations hold significant importance
as they can greatly influence the advancement and widespread adoption of biodiesel globally
[17]. The increasing production of biodiesel from vegetable oils can pose significant economic
and social challenges in the future. To address this, a viable solution would be to replace a
substantial portion of biodiesel derived from vegetable oils with biodiesel from waste oil. This
alternative is advantageous due to its widespread availability worldwide [18]. Apart from the
abundant availability of waste oils, the significantly low cost of the base oil, and the potential
for enhancing the process of collecting discarded cooking oil at the city level, there are
additional significant benefits to using this oil. These advantages include positive
environmental impacts and improvements in public health [19].

Given the general goal of elevating the usage of biodiesel in the forthcoming years, it is
vital to thoroughly assess its performance in next-generation internal combustion engines.
Among various strategies, low-temperature combustion (LTC) engines are considered one
of the most effective approaches for minimizing NOx and PM emissions due to the
homogenization and diminished regional concentration of fuel in the combustion
chamber, even though there is a slight reduction in engine power [20]. The Reactivity-
Controlled Compression Ignition (RCCI) strategy represents a highly advanced approach
among LTC engines. This combustion technique involves adjusting the proportion of fuel
with different reactivity levels based on the engine's operating conditions, thereby
mitigating the operational limitations encountered in other LTC engine types. In these
engines, low-reactivity fuel is injected through the manifold, while high-reactivity fuel is
injected directly into the combustion chamber. The utilization of two fuels with different
reactivity levels not only addresses the challenges associated with initiating combustion
but also promotes improved fuel stratification within the chamber [21, 22]. Research on
RCCI engines has demonstrated a decrease in NOx and PM emissions, while there may be
an increase in CO and UHC emissions to some extent [23]. In a general sense, without
delving into the specifics of combustion parameters, biodiesel usage and the RCCI
combustion strategy both contribute to improvements in PM emissions. Moreover, in
terms of CO, UHC, and NOx pollutants, they can also exhibit complementary effects. This
initial observation served as the primary motivation for further research and a
comprehensive review of the potential of biodiesel utilization in RCCI engines.

The ratio of premixed fuel and the direct fuel injection timing are crucial parameters in the
performance evaluation of RCCI engines, which have been extensively studied by researchers
[24]. Regarding the premixed fuel ratio, numerous studies have focused on biodiesel fuel and
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provided generally consistent results. However, RCCI engines face challenges at lower loads
due to the low reactivity of high-octane fuels like gasoline. To control combustion and reduce
pollutants such as CO and UHC, an increased amount of energy associated with biodiesel is
required. In certain cases, substituting diesel with biodiesel results in better performance at
low loads and even reduces the energy percentage of the premixed fuel less significantly,
which is due to biodiesel's higher cetane number and its superior ability to oxygenate the
mixture. It is important to note that the impact of biodiesel on NOx emissions can vary, as
biodiesel has a higher adiabatic flame temperature compared to diesel. However, increasing
the energy contribution of high-octane fuel, which is more homogenized, can reduce NOx
emissions while also lowering PM levels. It should be noted that these observations can be
influenced by engine performance conditions, and certain studies have reduced the premixed
fuel portion to achieve specific performance points with biodiesel. At higher loads, to obtain
smoother engine performance and reduce the knock phenomenon, the share of high-octane
fuel is usually increased to enable stratified combustion due to its higher sensitivity to
equivalence ratio [25-31].

The influence of the start of injection (SOI) timing on biodiesel combustion in RCCI has
attracted less research interest from scholars. In three numerical studies [26, 32, 33], the SOI
was considered as a side parameter while investigating the effects of altering the premixed
fuel ratio and piston bowl geometry at two or three different direct fuel injection timings. In
the experimental study conducted by Zheng et al. [34], the effect of SOI, the premixed fuel
ratio, exhaust gas recirculation (EGR), and the type of high-octane fuel were examined in an
RCCI engine. Three fuels, namely ethanol, butanol, and dimethylfuran, were individually tested
as port fuel, while biodiesel was used as a direct-injection fuel. When the SOI was varied from
2° bTDC to 16° bTDC, the combustion process and emissions exhibited similar trends for all
three fuels. Moreover, ethanol combustion demonstrated better NOx and PM reduction, while
butanol combustion exhibited higher efficiency.

In another study conducted by Zheng et al. [35], butanol/biodiesel fuels were
compared in RCCI and blend modes. The researchers investigated the effects of varying
parameters such as EGR, low-reactivity fuel mass fraction, injection timing, and engine
load. The results showed that by using the blend of the fuels, the CO, UHC, and soot
emissions are better reduced while the level of NOx emission increases. It is important to
note that neither in this study nor in the two other studies that will be mentioned as
follows was gasoline considered a high-octane fuel.

Zhou et al. [36] numerically investigated the knock phenomenon in RCCI engines. They
observed that the use of cooled EGR, retarding fuel injection, and reducing methanol mass
fraction can contribute to reducing this phenomenon.

Ghaffarzadeh et al. [37] investigated the natural gas/biodiesel and natural gas/diesel
RCCI combustions by changing the liquid fuel injection timing. They also investigated the
effect of biodiesel composition (B0, B5, and B20) and premix ratio. To improve the knock
phenomenon with the increased ratio of the premixed fuel, direct fuel injection was
retarded. Also, based on the engine's operating conditions, different SOIs were selected for
each premix ratio and each biodiesel/diesel blend. They reported that fuel injection timing
has a considerable impact on engine performance and emissions. In the graphs presented
in that research, it can be observed that, in general, early fuel injection leads to a slight
reduction in thermal efficiency and a significant decrease in NOx emission, while it usually
results in a rise in CO and UHC emission levels. Also, based on the findings, increasing the
premix ratio generally decreases the thermal efficiency and CO emission, while it increases
the UHC emission significantly.

Based on the literature review, limited research has been conducted on the utilization of
biodiesel in engines employing the RCCI combustion strategy. This research gap is even more
notable when the biodiesel is produced from waste oil in such a way that, to the extent of the
author’s knowledge, the investigation of waste oil biodiesel in an RCCI engine fueled with high-
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octane gasoline has not been investigated. Furthermore, the fuel injection timing parameter,
which is one of the two crucial parameters in RCCI combustion, has received relatively less
attention, particularly concerning biodiesel, compared to the premixed fuel ratio parameter,
which is one of the other important parameters. In addition, there is a lack of experimental
investigation into the effect of direct fuel injection timing in the RCCI combustion of
gasoline/biodiesel blends. This study aims to experimentally examine the impact of waste oil-
derived biodiesel/diesel blend (B20) injection timing as high-cetane fuel alongside high-
octane gasoline in an RCCI engine. The study focuses on extracting important data such as in-
cylinder pressure, fuel consumption, efficiency, and CO, UHC, and NOx emissions.

2- Research Method

In this research, after collecting the cooking waste oil, 500-micron filters were used to
filter the oil and remove the food and particles. The Biopro190 device was used to produce
biodiesel. In addition to the base oil, the blend was supplemented with methanol at a ratio
of 1:6 concerning the oil quantity. Furthermore, potassium hydroxide was included in the
blend at a concentration of 1% relative to the weight of the oil. Additionally, sulfuric acid
was added to the mixture at a ratio of 1:1000 with the oil volume. Finally, biodiesel was
produced by two-stage transesterification (one stage with an acid catalyst to reduce the
free fatty acids of waste oil and one main production stage) and three stages of rinsing
with water. The results of the gas chromatography test of the obtained biodiesel are
shown in Table 1. Due to challenges such as cold-flow characteristics, high viscosity, and
oxidation stability, a combination of biodiesel fuel and diesel was utilized in a specific ratio
of 20% biodiesel to 80% diesel, commonly referred to as B20. The experimental research
conducted by Bahari et al. [38] investigated the impact of varying volume compositions of
biodiesel derived from waste oil and diesel fuel on a conventional compression-ignition
engine with a mechanical fueling system.

Table 1 Gas chromatography analysis of biodiesel fatty acids

Type of fatty acid Weight percent
Palmitic C16:0 24.8
Palmitoleic C16:1 0.27
Stearic C18:0 32.98
Linoleic C18:2 26.55
Linolenic C18:3 1.57
Nonendocytic C19:0 7.39
Other 6.45

All necessary steps for establishing a suitable platform capable of achieving an engine
with RCCI combustion functionality were taken in the internal combustion engine test
room within the Sea-Based Energy Research Center at Babol Noshirvani University of
Technology in Iran. The basic engine used in this research is a single-cylinder compression
ignition engine with direct injection, manufactured by Daedong Company in South Korea,
with a maximum power of 11 hp. This naturally aspirated engine has a water-cooling
system. The engine specifications are given in Table 2.

Table 2 Engine specifications

Characteristics Description/ Value

Manufacturer Daedong

Type Single-cylinder, four-stroke, water-cooled, direct-injection
Connecting rod length (m) 0.15

Compression ratio 17.1

Bore diameter (m) 0.0918

Stroke length (m) 0.0955

Displacement volume (m3) 0.00063

Maximum power (hp) 11
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To create RCCI combustion mode, a Pride’s gasoline injector was mounted on a suitable
point on the air manifold body. Then, the mechanical fueling system of the engine was
replaced with the common rail fueling system with a solenoid injector. Also, an electronic
control unit (ECU) was designed to control direct and port fuel injections. The comparison
of the engine performance with a mechanical fueling system and a common rail fueling
system with a solenoid injector is presented in the work of Ghaedi et al. [39]. Bosch
DLLA144-p-2273 seven-hole injector was selected and used for direct fuel injection. To
achieve the required injection pressure, a Bosch CP1 high-pressure pump was employed.
There is a flow control valve at the top of this pump. The common rail fueling system,
which was made by the Bosch Company, was connected to a piezoelectric pressure gauge
on its end to develop the ECU design. To rotate the fuel pump, a three-phase Motogen
100L4B electric motor was employed, which had a rated speed of 1450 rpm. Since the
nominal speed was high, to easily control the pressure inside the rail, a Shenzhen GD100-
004G-4 inverter was used to adjust the speed of the electric motor. For the ECU design, to
determine the exact position of the crankshaft, an encoder with a 0.1-degree accuracy and
3600 pulses per cycle was used. To adjust the SOI timing and fuel injection duration, a
circuit was designed that allowed the parameters to be adjusted with the help of Arduino,
which is an open-source hardware and software platform. Also, the control of the injection
pressure was performed using the PID controller designed in MATLAB Simulink.

A water-brake dynamometer was used for the tests, which was equipped with a torque
meter with a measurement accuracy of 0.1 Nm. To obtain the data and the pressure-crank
angle diagram, a Kistler 6613CA pressure gauge connected to the cylinder head and a rotary
encoder with an accuracy of 0.1 degrees and 3600 pulses per revolution were used. A coupling
was used to connect the encoder to the main axis, where the dynamometer was connected.
The combustion processor extracted pressure data in terms of crank angle, each 0.1 crank
degrees. An HG-550 5-gas analyzer was employed to measure the emissions. Table 3 shows
the technical properties of the equipment used and the uncertainties of calculated parameters.
Figure 1 shows the general schematic of the test room.

Table 3 Properties of the equipment used of calculated parameters

Parameter/Unit Systematic error Measurement Resolution Uncertainty

In-cylinder pressure/MPa +0.5% 0-25 0.0001

CO emissions/vol% - 0-9.999 0.001

UHC emission/ppm vol - 0-10000 1

NOx emission/ppm vol - 0-5000 1 -

Brake power - - - 1.15%

Fuel consumption - - - 1.50%

Brake thermal efficiency - - - 1.89%
Common rail

= I ] ri,.' 7:‘Hreasanalymr

* air’ cylinder
| ] | ecc| ,
Fuel pump T ‘ |
’ i | ECU iCrankshaltv . Dynamometer
Fuel 1ank e— | )
)L pump . :
Electric motor Fuel lankg 3| Pressure sensor | |pnoumand
+ Inverter ——Encoder I — valve
Gt o ! $ | pump [
SRS amY omemuniceton Regulator
F8l intex e Combustion analyzer Water J
- Fuel retumn ne tank 1
—++=— Dynamometers connactions ‘ Compressor

—o— Combustion products inlet line

Figure 1 General schematic of the test room
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According to the measurement of torque and speed in each test, the brake power of the
engine can be calculated using Equation (1):
P, = 2nNT /60000 (D
Considering the combustion of two fuels in the combustion chamber, the BSFC, which is
given in Equation (2), is used:

BSFC = my,/P, (2)
Also, the brake thermal efficiency is calculated from Equation (3):

nr = Py/(mpaoLHVpy0 + mgLHVg) (3)
Moreover, the ratio of the premixed fuel is obtained from Equation (4):

Pr = (myLHV,)/(mpaoLHVgao + myLHV,) (4)

After starting the engine, a period of 30 minutes was allowed for the engine to reach a
steady state. Each in-cylinder pressure data is the average of the values of 50 working
cycles, and each test is done in triplicates. Tests have been performed at the speed of 1050
rpm with constant fuel mass intake. The start of injection timing of the directly injected
fuel (SOI) was studied in the range of 10° bTDC10 to 50° bTDC in intervals of 5°, although,
it is necessary to note that at the SOI timings of 10° bTDC and 50° bTDC, the engine did not
exhibit a desirable performance at this speed with these fuel injection conditions, or the
speed was not accessible. Additionally, the B20 fuel injection pressure was 300 bar.

3- Results and Discussion

The calorific value and density of the B20 fuel were measured and calculated to be 41.5 M]/kg
and 3840 kg/m?, respectively. Similarly, the calorific value and fuel density of gasoline were
measured and calculated to be 43.5 MJ/kg and 3780 kg/m?. Based on these measurements, it
can be determined that the proportion of premixed fuel in the blend is 27%.

Figure 2 illustrates the in-cylinder pressure at different crank angles, while Figure 3 depicts
the engine brake power corresponding to the studied SOI timings. Fuel mass and fuel injection
pressure are constant in all tests, and the differences occurred only due to the change of the
SOI timing. With the same input conditions, the engine performance with the SOI of 10° bTDC
and 50° bTDC was not desirable at the speed of 1050 rpm, or the speed was not available. With
the SOI timing of 15° bTDC, the engine operating condition with the speed of 1050 rpm was
similar to that in idle condition. With the SOI timing of 45° bTDC, the engine performance
fluctuated slightly at the speed of 1050 rpm, and it was not quite desirable. By advancing the
SOI timing, ignition occurs earlier. The maximum in-cylinder pressure and the highest engine
brake power occur with the SOI timing of 40° bTDC. Advancing the SOI timing to 45° bTDC
causes the peak pressure and power to drop. As compared to when the SOI timing of 40° bTDC
was used, this SOI advancement provides the fuel energy release at a piston position where
more fuel is released before TDC is reached, which aggravates the combustion conditions.
Also, advancing the injection timing leads to fuel injection at a time when the temperature and
pressure inside the cylinder are lower. If the advancement is considerable, it increases fuel
penetration and reduces evaporation, which can contribute to the reduced power output at
the SOI timing of 45° bTDC.

From the SOI timing of 20° bTDC to 40° bTDC, by advancing the SOI, the brake power
virtually increases. In comparison with the SOI timing of 20° bTDC, with the SOI timing of 25°
bTDC, the second peak of the RCCI combustion phase seems to be better in terms of fuel
stratification inside the chamber. Despite the slightly higher first pressure peak with the SOI
timing of 20° bTDC, the combustion duration with the SOI of 25° bTDC is longer and the power
is increased. Only with the SOI timing of 35° bTDC, a slight power loss observed, which can be
attributed to the fact that since, compared to the SOI timing of 30° bTDC, the fuel is injected at
a lower temperature and pressure, it can have a slightly weaker initial evaporation. Also,
compared to the SOI timing of 40° bTDC, fuel energy is released in a piston position (relative to
TDC) where it leaves less energy ready to be released at TDC.
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Figure 2 In-cylinder pressure diagram with different SOI timings
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Figure 3 Brake power values with various SOI timings

Figure 4 illustrates the BSFC values, while Figure 5 presents the brake thermal
efficiency for different SOI timings. Since with the SOI timing of 15° bTDC, the engine
operating condition was similar to that in idle condition, neither the BSFC nor the brake
thermal efficiency values are taken into consideration. Since the injected fuel mass or fuel
energy input remains constant throughout the tests, the analysis of BSFC and efficiency
behaves similarly to the analysis conducted for engine brake power. The highest recorded
BSFC value is 311 g/kWh, and the lowest brake thermal efficiency is 27%, which is
obtained with the SOI of 45° bTDC. Both these values are obtained based on the specific
operating conditions of the engine with that SOI timing. Within the more stable SOI timing
range from 20° bTDC to 40° bTDC, the highest BSFC value is 224 g/kWh, while the lowest
brake thermal efficiency is 38.5% with the SOI timing of 20° bTDC. Conversely, the lowest
BSFC value is 180.6 g/kWh, and the highest brake thermal efficiency is 47.4% with the SOI
timing of 40° bTDC. When the engine operates in RCCI mode with a premixed fuel ratio of
27%, variations in the SOI timing within the completely steady operating range of the
engine lead to a 9.2% change in brake thermal efficiency.
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Figure 4 BSFC values with different SOI timings
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Figure 5 Brake thermal efficiency values with various SOI timings

Figure 6 visually represents the NOx emission level with each SOI timing. It can be
observed that with the SOI timing of 40° bTDC, the highest level of NOx emission is 250
ppm, which is attributed to the elevated in-cylinder pressure, resulting in higher
temperatures. An observation that is worth mentioning is the NOx emission level of 156
ppm with an SOI of 30° bTDC. Injecting fuel at this SOI, despite exhibiting higher brake
power compared to preceding and subsequent SOIs, displays lower NOx emissions.
Advancing injection timing helps to homogenize the mixture and provides better fuel
stratification, but when the ratio of premixed fuel is about 27%, a large ratio of energy is
released by B20 fuel itself, and as a result, the position and time of B20 fuel energy release
is also effective in the in-cylinder temperature and NOx emission level. As a result, these
points have caused the lowest NOx emission level with the SOI timing of 30° bTDC relative
to the resulting brake power. With the SOI timing of 15° bTDC, since the engine is almost
in an idle condition and the in-cylinder temperature is low, the NOx emission level is
negligible. Compared to the SOI timing of 30° bTDC, with the SOI timing of 25° bTDC, the
homogenization level is lower due to the advancement of the injection; therefore, the NOx
emission level is higher. But as compared to the combustion with the SOI timing of 25°
bTDC, with the SOI timing of 20° bTDC, due to the lower power output and the shorter
combustion duration, NOx emission level is lower.

Figure 7 shows the UHC emission level, while Figure 8 indicates the CO emission level with
various SOI timings. As the fuel injection is advanced, since the in-cylinder temperature is
lower during the injection, the penetration of the fuel spray is greater, and some fuel is placed
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in the gaps and corners, which increases UHC and sometimes CO emission. On the other hand,
combustion conditions and higher in-cylinder temperatures help to reduce UHC and CO
emissions. The combination of these two points can provide a partial explanation for the low
emission levels with the SOI timing of 25° bTDC and the slight upward trend in emissions from
the SOI timing of 30° bTDC to 40° bTDC. The combustion with the SOI timing of 20° bTDC
provides the highest UHC emission of 369 ppm. With the SOI timing of 20° bTDC, it is clear
from the pressure diagrams that the fuel stratification in the chamber was not somehow that
the combustion duration was as long as that with the SOI of 25° bTDC, where the second peak
of RCCI combustion is clearly defined.
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Also, the energy release time, like with the SOI timing of 40° bTDC, was not somehow that
more energy is released at TDC. This means that the energy is released faster at a lower
temperature, which has caused a sharp increase in the UHC emission level. With the SOI timing
of 45° bTDC, speed fluctuations and linear speed changes of the piston have affected air
turbulence and mixing and have slightly reduced the amount of fuel trapped in the gaps. With
the SOI timing of 15° bTDC, which has the lowest CO emission of 0.216%, fuel injection in
dense air with higher temperatures increases the initial vaporization of the fuel and greatly
reduces its penetration into the crevices due to the lower penetration of the fuel spray. From
this point of view, the mixing process of fuel and air can be improved and reduce the CO
emission level. Of course, due to the relatively late start of combustion with this SOI, the in-
cylinder temperature is relatively lower, which prevents a larger amount of fuel from
combustion and increases the UHC emission. The lowest UHC corresponds to the case with the
SOI timing of 25° bTDC with an emission level of 155 ppm.

4- Conclusions

Limited research has been conducted on the utilization of biodiesel in engines employing

the RCCI combustion strategy. This research gap is even more notable when biodiesel is

produced from waste oil. In addition, there is a lack of experimental investigation into the
effect of direct fuel injection timing in the RCCI combustion of gasoline/biodiesel blends.

This research aims to investigate the impact of varying SOI timing on the performance and

emissions of an RCCI engine with B20 fuel derived from waste oil, with a premixed fuel

ratio of 27%. The purpose of choosing a premix ratio of 27% is to investigate mid-to-low-
engine loads where the relative percentage of biodiesel fuel is higher. The main findings of
this research can be summarized as follows:

e Advancing the injection in the completely steady operating range of the examined RCCI
engine with a premixed fuel ratio of 27% virtually raises the brake power.

e When the engine is operating in RCCI mode with this premixed fuel ratio, variations in
SOI timing over the completely steady operating range can cause around a 9.2% change
in brake thermal efficiency.

e [t was found that the SOI timing of 30°bTDC has a lower NOx emission level than other
injection timings while maintaining relatively higher values of brake power.

e The advancement of the injection timing in the fully stable operating range of the examined
RCCI engine with a premixed fuel ratio of 27% virtually increases the UHC and CO emission
levels. Of course, due to the increase in the power obtained from advancing the fuel
injection at some points, the rise in UHC emissions is sometimes insignificant.

In general comparison with research close to the subject of this article, the change in
fuel stratification in the combustion chamber was well observed with advancing injection
timing, so that an optimal SOI for engine performance was found, and the trend of results
was not fully upward or downward with advancing injection timing. Also, compared to a
previous study conducted on this engine with different fuels (investigation of diesel fuel
injection timing) [23], the engine's stable performance range was shorter, and the
diagrams had optimum points, unlike that study, which had almost monotonous diagrams.
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