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Abstract: Experimental research was conducted on a rapid compression and expansion machine
(RCEM) that has characteristics similar to a gasoline compression ignition (GCI) engine, using two
gasoline–biodiesel (GB) blends—10% and 20% volume—with fuel injection pressures varying from
800 to 1400 bar. Biodiesel content lower than GB10 will result in misfires at fuel injection pressures of
800 bar and 1000 bar due to long ignition delays; this is why GB10 was the lowest biodiesel blend used
in this experiment. The engine compression ratio was set at 16, with 1000 µs of injection duration and
12.5 degree before top dead center (BTDC). The results show that the GB20 had a shorter ignition
delay than the GB10, and that increasing the injection pressure expedited the autoignition. The rate
of heat release for both fuel mixes increased with increasing fuel injection pressure, although there
was a degradation of heat release rate for the GB20 at the 1400-bar fuel injection rate due to retarded
in-cylinder peak pressure at 0.24 degree BTDC. As the ignition delay decreased, the brake thermal
efficiency (BTE) decreased and the fuel consumption increased due to the lack of air–fuel mixture
homogeneity caused by the short ignition delay. At the fuel injection rate of 800 bar, the GB10 showed
the worst efficiency due to the late start of combustion at 3.5 degree after top dead center (ATDC).

Keywords: RCEM; GCI; gasoline; biodiesel; fuel injection pressure

1. Introduction

In recent years, economic improvements have increased consumer purchasing power, leading to
increased demand for vehicles and electric devices around the world, which will significantly increase
the use of fossil fuels. Because fossil fuel sources are finite, many governments have been conducting
research to utilize renewable energy as an alternative to the use of fossil fuels. Biodiesel is such an
alternative fuel; it can decrease the usage of conventional petroleum diesel over the long term, since it
is produced from animal fat and vegetable oil [1].

The compression ignition (CI) engine system is a very promising candidate for this research.
It injects fuel near the top dead center (TDC: the position of an engine’s piston when it is at the very top
of its stroke), which means that only compressed air is used in the compression step. This produces an
ideal cycle in the system during combustion, making the performance of the CI engine better than the
spark ignition (SI) engine. A high compression ratio can also be applied to CI engines, making them
popular in industrial engines and transportation vehicles due to the high energy that can be produced.

In the last two decades, many renewable sources have been popular as energy resources. For the
transportation system, alternate fuels—such as vegetable oils, biodiesel and simple alcohol (ethanol
and methanol) blends with diesel—have been extensively explored. However, biodiesel has been
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widely developed as a replacement for diesel fuel. Blends of 20% biodiesel and lower can be used
in diesel equipment with no—or only minor—modifications, although certain manufacturers do not
extend warranty coverage if equipment is damaged by these blends. The 6% biodiesel to 20% biodiesel
blends are covered by the American society for testing and materials (ASTM) D7467 specification.
Biodiesel can also be used in its pure form (B100) but may require certain engine modifications to avoid
maintenance and performance problems. The Volkswagen Group has released a statement indicating
that several of its vehicles are compatible with B5 and B100 made from rapeseed oil and compatible
with the European norms (EN) 14214 standard. The use of the specified biodiesel type in its cars will
not void any warranty [2]. Mercedes Benz does not allow diesel fuels containing greater than 5%
biodiesel (B5) due to concerns about “production shortcomings”. Any damages caused by the use
of such non-approved fuels will not be covered by the Mercedes-Benz Limited Warranty. The use of
biodiesel is not only limited to diesel cars, but is also for airplanes, trains, generators, etc.

However, the diesel fuel that is mainly used for CI produces high emissions, which has become
a major environmental concern that has led to the issuance of strict emissions regulations in
various countries. Gasoline has lower emissions and has become an alternative fuel to replace
diesel. Putrasari et al. [3] found that the thermal efficiency and combustion duration of mixed
gasoline–biodiesel is almost the same as diesel. Many researchers have demonstrated that adding
biodiesel content to conventional petroleum diesel will decrease pollution to the environment but
also decrease the brake power and thermal efficiency because of increased knocking [4]. Gasoline
compression ignition (GCI) engines are promising because of their low emissions and high thermal
efficiency characteristics, attracting considerable research interest [5,6].

Low-temperature combustion (LTC) can be achieved by using fuel with a low cetane number
or high volatility [7,8]. LTC will reduce NOx emissions and improve air–fuel mixing, which lowers
the probability of attaining a fuel-rich region and will ultimately reduce particulate matter (PM) [9].
Gasoline is a good choice for LTC, having a high octane number that creates high autoignition resistance.
This leads to a longer ignition delay, resulting in a more homogeneous air–fuel mixture. Additionally,
the capability of fuel to evaporate depends on its volatility. As a result, enhanced air–fuel mix and
decreased local equivalence ratio were obtained.

The low lubricity [10] and higher vapor pressure characteristics of pure gasoline will damage a
conventional common rail system over long-term usage [11]. Biodiesel has great potential to overcome
the low lubricity problem of gasoline when applied in a GCI. Additionally, given its high oxygen
content, adding biodiesel will enhance the combustion process [12]. Adams et al. [13] investigated the
combustion behavior of GCI engines, using a mixed fuel of gasoline and biodiesel. They demonstrated
that adding biodiesel to conventional petroleum diesel increases the combustion stability and decreases
the required intake temperature.

Improving engine performance and efficiency has been actively researched for years. Ahmed et al. [14]
studied the effect of a nanomaterial additive on diesel-n-heptane blends in a diesel engine and found
an increase in the engine performance. Mehmet [15] investigated the effect of fuel injection pressure
on a diesel engine and found that higher fuel injection pressure decreased the brake-specific fuel
consumption (BSFC) and enhanced the brake thermal efficiency (BTE) at low speed. Varying the
injection pressure seems to be a promising strategy to improve combustion characteristics; it is the main
factor that determines fuel stratification inside the chamber and highly affects the combustion process.
Higher fuel injection pressure delivers fuel as smaller droplets, resulting in a higher surface area to
volume ratio. This enhances the vapor capability of the fuel and produces more complete combustion.
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This experiment analyzes the effect of high injection pressure on a GCI engine that uses gasoline
as the main fuel. Generally, the GCI engine has an engine structure similar to a diesel engine and
uses common rails and injectors with standard diesel fuel. Further study related to high injection
pressure using gasoline needs to be done. The purpose of this study was to investigate the combustion
characteristics of a GCI engine. A rapid compression expansion machine (RCEM), which has similar
characteristics as a CI engine, was used to represent the GCI engine. Gasoline mixed with a small
quantity of biodiesel by volume was used with variable high-pressure fuel injections. The purpose of
adding biodiesel content to the gasoline was to increase the cetane number to overcome the automatic
ignition resistance of gasoline. The injection rate was tested to investigate the effects of the fuel injection
pressure on the different densities of gasoline and biodiesel. By varying the injection pressure for the
two different fuel mixtures, the combustion characteristics could be analyzed.

2. Methodology

2.1. Fuel Preparation

The two kinds of mixed fuel were investigated: GB10 (90% gasoline and 10% biodiesel) and
GB20 (80% gasoline and 20% biodiesel). Biodiesel content lower than GB10 resulted in misfires at
fuel injection pressures of 800 bar and 1000 bar due to the long ignition delay. The gasoline–biodiesel
mixtures were prepared in glass containers and were stirred for approximately 5 to 15 min to ensure
homogeneity. Table 1 shows the chemical composition of biodiesel produced from soybeans [16].
It was necessary to perform our experiments immediately after the mixing process because—given the
different densities of the gasoline and the biodiesel—phase separation and crystalline colloid would
occur fairly rapidly. Water coolant was added to the fuel containers by means of a stainless steel tube
to prevent fuel overheating. The physical properties of the fuels were tested in the laboratory and are
shown in Table 2 [3].

Table 1. The chemical composition of soybean oil [16].

Fatty Acid System Name Formula Structure Composition (wt%)

Erucic cis-13-Docosenoic C22H42O2 22:1 0
Behenic Docosanoic C22H44O2 22:0 0

Linolenic cis-9, cis-12, cis-15-Octadecatrienoic C18H30O2 18:3 6
Arachidic Eicosanoic C20H40O2 20:0 0

Oleic cis-9-Octadecenoic C18H34O2 18:1 23
Stearic Octadecanoic C18H36O2 18:0 3

Linoleic cis-9, cis-12-Octadecadienoic C18H32O2 18:2 55
Palmitic Hexadecanoic C16H32O2 16:0 12

Lignoceric Tetracosanoic C24H48O2 24:0 0
Myristic Tetradecanoic C14H28O2 14:0 0

Table 2. Physical properties of fuels [3].

Test Item Unit Test Method Gasoline B100

Heating Value MJ/kg ASTM D240:2009 45.86 39.79
Kinematic Viscosity (40 ◦C) mm2/s ISO 3104:2008 0.735 4.229

Lubricity mm ISO 12156–1:2012 548 189
Cloud Point ◦C ISO 3015:2008 −57 3
Pour Point ◦C ASTM D6749:2002 −57 1

Density (15 ◦C) kg/m3 ISO 12185:2003 712.7 882.3

2.2. Test Engine and System Setup

The experiment was carried out on an RCEM that was designed to replicate the phenomena in one
cycle of a CI system. In an RCM/RCEM, the single-shot, rapid compression of a test fuel can be studied
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in a well-defined and controlled environment without the complex fluid dynamics characteristics of a
typical internal combustion engine [17,18]. Figure 1 shows the schematic of the RCEM. It is moved
by a 22-kW electric motor and has a 100-mm bore and a 420-mm stroke. Adjusting the screw in the
base of the crankshaft will change the compression ratio, which can range from 10 to 23. Temperature
sensors were installed in the TDC, body, and BTDC to ensure the uniformity of the initial temperature,
which could reach a maximum of 393 K. A Kistler 6052CU20 pressure transducer, connected with
a Kistler 5018 amplifier, was used to measure the in-cylinder pressure in the engine. An Autonics
E40S8-1800-3-T-24 rotary encoder was used to measure the crank angle position. Both sensors were
connected to a Dewetron DEWE-800-CA to log the data. A Bosch 0445110327 seven-hole fuel injector
was combined with an injector controller (a Zenobalti ZB-8035 multi-stage injection device) and a
common rail solenoid injector peak. To control the injection duration and injection timing, an encoder
interface ZB-100 and a ZB-5100 hold driver were used.
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Figure 1. Rapid compression expansion (RCEM) engine setup.

2.3. Test Procedure

The RCEM was able to run up to 1200 RPM, but—given its large bore and stroke—it was considered
dangerous to run the engine at such a high speed. A gearbox was installed to reduce the engine speed
to 250 RPM, which was maintained as a parameter in this experiment. The fuel injection pressures
were varied at 800, 1000, 1200, and 1400 bar, while the fuel injection rate was set at 1000 µs.

To investigate the effect of fuel injection pressure on the different fuel physical characteristics,
an injection rate test was conducted. Figure 2 shows the schematic of the fuel measuring system
in a glass vessel. A 1.5 bar air pressure was maintained in the vessel by injecting N2 to create
backpressure, as presented in Figure 3. A heating element was used to control the initial temperature
within the cylinder and was set at 323 K. Single-fuel injection was controlled at 12.5◦ before top dead
center (BTDC).
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3. Results and Discussion

3.1. Effect of Fuel Injection Pressure on the Fuel Injection Flow Rate

Figure 3 shows the fuel injection flow rates of the GB10 and GB20 with fuel injection pressure at
600 to 1400 bar. The injection rates between 600 and 1000 bar show clear differences between the GB10
and GB20. The GB10 had higher injection rates than the GB20 due to its lower content of biodiesel,
reaching 0.01, 0.013, 0.015, 0.019, and 0.021 mL/cycle, compared to the GB20, which had injection rates
of 0.009, 0.011, 0.014, 0.017, and 0.02 mL/cycle, respectively. When the injection pressure exceeded
1000 bar, there were random differences between the GB10 and GB20. The different densities and
viscosities of the gasoline and biodiesel caused the different fuel injection rates; a higher-viscosity fuel
(i.e., with a higher biodiesel content) will have a lower fuel injection rate. The viscosity affects the fuel
injection rate by increasing the viscous friction force and the hydraulic force at the leakage passage.
In contrast, the density of the fuel affects only the hydraulic force. We found that higher fuel injection
pressure decreased the effects of density and viscosity on the fuel rate, and the difference in injected
fuel capacity is similar. These results were in agreement with the previous study by Kim et al. [19],
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who stated that increasing the fuel injection pressure will decrease the effects of the fuel density because
the discharge coefficient becomes steady at a high Reynolds number.

3.2. Effect of Fuel Injection Pressure on Combustion Characteristics

3.2.1. In-Cylinder Pressure and Heat Release Rate

Figure 4 shows the in-cylinder pressures of GB10 and GB20 at different fuel injection pressures.
At an 800 bar fuel injection pressure, GB10 produced much lower in-cylinder pressure than the GB20,
i.e., 25.78 bar vs. 33.51 bar, respectively. However, GB20 showed less improvement in in-cylinder
pressure than the GB10 when a higher fuel injection pressure was applied. At 1400-bar fuel injection,
there was only a slight difference of in-cylinder pressure between the GB10 and GB20, i.e., 40.18 bar and
40.22 bar, respectively. From Table 2, we can see that gasoline has a higher heating value than biodiesel.
Therefore, fuel with more gasoline is expected to produce greater in-cylinder pressure. However,
even with a lower fuel heat value, GB20 at fuel injection pressure 800–1000 bar produces higher
in-cylinder pressure than GB10. As shown in Figure 5, the GB10 ignition delay at 800- and 1000-bar
fuel injection pressures occurred for a very long time. The start of combustion (SOC) occurs after
top dead center (ATDC), after which the pressure in the cylinder decreases due to volume expansion,
resulting in reduced in-cylinder pressure generated during combustion. These phenomena were in
agreement with Raeie et al. [20], who studied ignition delay by varying the injection timing. At fuel
injection pressures of 1200 and 1400 bar, the fuel injection rate of the GB20 was higher than the GB10.
0.026 and 0.0322 mL/cycle, respectively, for the GB10 and 0.0262 and 0.0329 mL/cycle, respectively,
for the GB20. This produced higher heating values for the GB20 at those two fuel injection rates.
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As shown in Figure 6, an increase in fuel injection pressure increases the rate of heat release for
both fuel mixes, which affects the pressure in the cylinder. With increasing fuel injection pressure,
the first stage of heat release or low-temperature heat release (LTHR) also increases. At fuel injection
pressures of 1200 and 1400 bar, a significant increase in LTHR is shown for both fuel mixtures. Higher
fuel injection pressure will increase spray capability where smaller fuel drops will be produced.
This condition will make the fuel more reactive to rising temperatures and pressures, thereby increasing
the premixed maximum of HRR. However, at the fuel injection pressure of 1400 bar, the increase
in the heat release rate of the GB10 was higher than that of GB20. This was because the early SOC
caused in-cylinder peak pressure to occur at 0.24◦ BTDC, retarding the combustion phasing (CA50)
and reducing the heat release rate.
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3.2.2. Combustion Duration and Ignition Delay

The ignition delay of the engine when operated using GB10 and GB20 fuels is presented in
Figure 6. In this work, the ignition delay is defined as the time interval of fuel injected until combustion
occurs. The second peak of the pressure rise rate is defined as the SOC, as described by Lee et al. [21].
Thus, it can be concluded that the ignition delay will be shortened when higher fuel injection pressure
is applied in the engine. Increasing the content of biodiesel also affects the ignition process, making
it occur faster. These phenomena are caused by the higher biodiesel content in GB20 than in GB10,
which means GB20 has a higher cetane number. Generally, the cetane number is related to the
autoignition characteristics of the fuel; the GB20 with its higher biodiesel content and higher cetane
number will shorten the ignition delay. This is consistent with Adams [13]. A higher cetane number
will also enhance the fuel capability to autoignite against compression, resulting in higher engine
performance. Increasing the biodiesel content in a gasoline–biodiesel fuel mix will increase the
cetane number, which will improve the autoignition speed and engine performance, as proposed by
Putrasari et al. [3]. Meanwhile, an increase in fuel injection pressure increases cavitation—the main
breakup—and, consequently, fuel atomization shortens the ignition delay as well as the duration
of combustion.

Figure 7 shows the CA10, 50 and 90, while Figure 8 shows combustion duration of GB10 and
GB20 with diferent fuel injection pressures. The combustion phasing can be observed in the CA10,
CA50, and CA90 graphs. CA50 shows a very consistent advance when higher fuel injection pressure
is applied. The start and the end of combustion can be observed from CA10 and CA90, respectively.
The combustion duration of GB10 mostly has a lower burn duration than GB20. Fuel with a higher
calorific value will produce a shorter total duration of combustion [22]. By increasing fuel injection
pressure, shorter combustion duration due to smaller fuel droplets makes fuel more combustible.
However, when the rate of increase in the first stage of heat release increases outside the main HRR,
the duration of combustion shows an increase. When the first phase of the heat release phase is
completed after TDC, the duration of combustion continues to decrease.
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3.3. Brake Thermal Efficiency and BSFC

Figure 9 shows the brake thermal efficiency (BTE) of the engine using GB10 and GB20 with fuel
injection pressures of 800 to 1400 bar. Both fuel blends showed the best improvement of BTE when
the SOC occurred near TDC: 31.04% at 1000 bar for GB10 and 55.14% at 800 bar for GB20. Decreases
in BTE were shown by both fuel mixes when the fuel injection pressure increased. Figure 10 shows
the brake-specific fuel consumption (BSFC) of the engine using GB10 and GB20 with fuel injection
pressures of 800 to 1400 bar. GB10 seemed to have a higher BSFC than GB20 in every experimental
test: it had the highest fuel consumption, reaching 545 g/kWh at an 800-bar fuel injection pressure,
compared to GB20’s 360 g/kWh at a 1400-bar fuel injection pressure.
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Increasing the fuel injection pressure will increase the BSFC for all fuel blends. As discussed above,
increasing the fuel injection pressure will decrease the ignition delay. A longer ignition delay gives
the fuel a chance to mix with the air more perfectly, leading to better quality combustion. However,
a too-long or too-short ignition delay will make the engine misfire, and a short ignition delay will
produce low combustion quality and efficiency due to insufficient air–fuel mixing. The ignition timing
and burn duration will also affect the efficiency of the combustion. However, a too-early SOC will
produce backpressure, decreasing the piston speed before it reaches the TDC. A too-late SOC would
lead to a decrease in efficiency because of volumetric effects and delayed fuel conversion processes.
This statement is in agreement with Haris [23], who studied the effect of ignition delay (ID) on
performance, emission, and combustion characteristics of 2-Methyl Furan-Unleaded gasoline blends.
He found that retarded ignition will decrease in BTE. For GB10, the SOC at an 800-bar fuel injection
pressure occurred after 4.6◦ ATDC, as shown in Figure 7, resulting in the lowest thermal and fuel
efficiency compared with the other samples. The best efficiency was achieved when the SOC occurred
synchronously with TDC, which for GB10 was 2.1◦ CA ATDC at a 1000-bar fuel injection pressure.
For GB20, the closest SOC was achieved at an 800-bar fuel injection pressure, which was 2.6◦ CA BTDC.
Meanwhile, by increasing the value of the cetane number, the efficiency also increased. Yakup [24]
states that improvement in engine performance by increasing the cetane number may be attributed to
improving the combustion process, as the reason for the highest efficiency is shown by GB20 in all tests.

4. Conclusions

This study of the combustion characteristics of two gasoline–biodiesel mixtures using various
fuel injection pressures was conducted to gain more understanding of the effects of high fuel injection
pressure in a GCI engine. The following conclusions can be drawn from the results of this study.

The injection rates for 600 and 1000 bar show a clear difference between GB10 and GB20, caused by
the differences in density and viscosity between gasoline and biodiesel. GB10 results in higher injection
rates than GB20 due to the higher content of biodiesel. However, a higher fuel injection pressure will
deter the effects of density and viscosity differences on the fuel rate and injected fuel capacity.

If the SOC is closer to the TDC it will maximize combustion, so that it produces high in-cylinder
pressure. However, when the SOC exceeds TDC, volumetric inefficiency will cause a pressure drop
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because GB10 at fuel injection pressures of 800 and 1000 bar has a lower in-cylinder pressure than
GB20 while having a higher fuel heat value.

An increase in fuel injection will result in an increase in LTHR. Both fuel mixes showed a significant
increase in fuel injection pressure above 1200 bar, which exceeded the main HRR and caused an
increase of combustion duration. However, the duration of combustion will still decrease if the end of
the first stage of heat release is complete after TDC.

The ignition delay decreased as the fuel injection pressure and the cetane content in the fuel
increased. With both GB10 and GB20, increasing the fuel injection pressure above 800 bar produced low
efficiency due to the shortened ignition delay. At a fuel injection pressure of 800 bar, GB10 produced
the slowest ignition delay or SOC at 3.5◦ ATDC. At a fuel injection pressure of 1400 bar, GB20 produced
the shortest ignition delay, leading to a retarded in-cylinder peak pressure which occurred at 0.24◦

BTDC, resulting in the lowest efficiency of both fuel mixes.
This study specifically studies the effects of applying high fuel injection pressure in GCI engines

with gasoline as the main fuel on combustion characteristics. The idea of increasing efficiency by
reducing fuel particles using high fuel injection pressure is not proven to increase efficiency in this
system. Not only wasting power, high fuel pressure on gasoline will easily increase the fuel temperature
due to fuel friction in the common rail. Fuel with high volatility, such as gasoline, requires a long
ignition delay to increase combustion performance. However, further research needs to be done to find
out the maximum ignition delay that can be applied to the GCI engine to produce optimal performance.
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