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Abstract

The direction of technological development in 2-stroke gasoline direct injection engines
is to improve engine performance and reduce exhaust gas pollution, where the solution
to achieve this is to use a high-pressure electric fuel pump that produces stable fuel
pressure and is practical in its application. This research aims to determine the influence
of variations in fuel pressure on the performance, especially torque and power, of a 2-
stroke gasoline direct injection engine. Tests were carried out on a 110 cc 2-stroke
gasoline direct injection motorcycle engine using Research Octane Number (RON) 90 fuel
at varying fuel pressures of 7.5 Bar, 8 Bar, and 8.5 Bar on a chassis dynamometer to obtain
engine performance data in the form of torque and power. The results of this research
show that increasing fuel pressure will increase the atomization of fuel particles so that
it will influence increasing the performance of this engine, where maximum torque and
power of 6.20 Nm and 2.00 kW are achieved at 3250 rpm, at a pressure of 8.5 Bar.

Keywords: 2-stroke, direct injection, fuel pressure, gasoline engine, performance.

Abstrak

Arah pengembangan teknologi pada motor bensin 2-tak injeksi langsung yakni pada
meningkatkan performa mesin dan mengurangi polusi gas buang, dimana solusi untuk
mencapai hal tersebut adalah dengan penggunaan pompa bahan bakar elektrik bertekanan
tinggi yang menghasilkan tekanan bahan bakar yang stabil dan praktis dalam
penerapannya. Tujuan penelitian ini adalah untuk mengetahui pengaruh variasi tekanan
bahan bakar terhadap kinerja, khususnya torsi dan daya, motor bensin 2-tak injeksi
langsung. Pengujian dilakukan pada mesin sepeda motor bensin 2-tak injeksi langsung 110
cc menggunakan bahan bakar Research Octane Number (RON) 90 di variasi tekanan bahan
bakar 7,5 Bar, 8 Bar dan 8,5 Bar pada chassis dynamometer untuk mendapatkan data
kinerja mesin berupa torsi dan daya. Hasil dari penelitian ini diketahui bahwa penambahan
tekanan bahan bakar akan meningkatkan atomisasi partikel bahan bakar sehingga
berpengaruh pada peningkatan kinerja mesin ini, dimana torsi dan daya maksimal 6,20
Nm dan 2,00 kW dicapai pada 3250 rpm, pada tekanan 8,5 Bar.

Kata Kunci: 2-tak, injeksi langsung, kinerja, motor bensin, tekanan bahan bakar.
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1. INTRODUCTION

Motorcycles are one of the considerations
that people like in terms of saving time and costs
compared to four-wheeled vehicles. On the other
hand, the use of transportation, especially the
large use of motorized vehicles, has an impact on
decreasing air quality (Pujiono, 2019), especially
motorcycles that use 2-stroke engines.

The 2-stroke internal combustion engine
requires only 1 rotation of the crankshaft to
complete one cycle (Grimaldi and Millo, 2015).
Meanwhile, the drawback of a 2-stroke gasoline
engine is that it produces quite high emissions.
This is because the unburned fuel during the
scavenging process is wasted directly through the
exhaust which causes 2-stroke gasoline engines to

have high exhaust emissions, especially
hydrocarbons (Jennings, 1987; Sapate and
Tikekar, 2012). So, for vehicle applications,

especially motorcycles, a 2-stroke gasoline engine
is needed which is environmentally friendly and
has minimal pollution, without sacrificing
performance and fuel economy. Several attempts
have been made to reduce exhaust emissions from
2-stroke gasoline engines, including using Exhaust
Gas Recirculating (EGR), but this has not been
satisfactory because the results are affected by
the rate of gas entering and exiting the EGR
system (Andwari et al., 2017).

To overcome this problem, modify the
conventional fuel system on a 2-stroke gasoline
engine to a direct injection fuel system so that
this engine does not waste fuel during the
scavenging process (Hamada and Rahman, 2014),
while producing good engine performance
(Boretti, 2017b). The direct fuel injection system
is a technology used in internal combustion
engines to mix fuel with air to be burned in the
combustion chamber. Fuel Direct injection system
is a promising technology because it improves fuel
economy, engine performance, and reduces
emissions compared to conventional systems.
Therefore, this is a solution if the direct fuel
injection system can be easily installed on
motorbikes that are already operational on the
road (Singh, Lanjewar and Rehman, 2015).

Current direct injection fuel systems, both
research and application, are more developed in
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diesel engines (Hooper, Al-Shemmeri and
Goodwin, 2011). As for the research and
application of direct injection fuel system
technology in gasoline engines, most are
developed for 4-stroke gasoline engines (Hushim
et al., 2013; Chincholkar and Suryawanshi, 2016;
Kathuria, 2016; Kalwar and Agarwal, 2020). The
ability to ignite a mixture of fuel and air in a 4-
stroke gasoline engine with direct injection is
influenced by the timing and duration of fuel
injection (Parker, 2011). Several studies of the
fuel injection system on 2-stroke gasoline engines
still use indirect fuel injection systems (Boretti,
2012; Pai, Sharief and Kumar, 2018), although
based on simulations, direct injection gasoline
engines when applied to 2-stroke gasoline engines
are used to reduce high exhaust emissions
(Mitianiec and Rodak, 2012). The simulation
results of a 2-stroke gasoline direct injection
engine using gaseous fuel show an improvement in

fuel energy conversion (Addepalli and
Mallikarjuna, 2018) and reduced exhaust
emissions (Efemwenkiekie et al., 2019). In

addition, experiments have also been carried out
on a 2-stroke gasoline engine with direct injection
of gas fuel (Lorenz, Bauer and Willson, 2005;
Boretti and Jiang, 2014; Boretti, 2017a).
However, the energy density and ease of
obtaining it on the market make gas fuel less
preferred than liquid fuel.

Studies using liquid fuels that are injected
pneumatically into the engine prove that 2-stroke
engines with direct injection can work well
(Syaka, Sukarno and Waritsu, 2017), where its
performance is affected by the injection timing,
injection duration, and fuel pressure of the
injection (Syaka et al., 2022). But pneumatically
pressing the fuel is impractical to apply to
vehicles because it is difficult to keep a constant
fuel injection pressure while the engine is
operating. The key solution is to replace the
pneumatic fuel pressure system with a high-
pressure fuel pump system.

The application of high-pressure pumps in
direct injection engines has long been carried out
in diesel engines, and high fuel pressure affects
performance and exhaust emissions in direct
injection diesel engines (Pai, Sharief and B., 2013;
Pai et al., 2014). In gasoline engines that use a
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multi-point injection (MPI) fuel system, the fuel
injection pressure has an optimum pressure value
for both low fuel consumption and exhaust
emissions (Sriyanto et al., 2019). The main
challenge in optimizing the combustion system in
direct injection gasoline engines is to improve
volumetric performance and homogeneity of the
fuel-air mixture by reducing wetting of the fuel
surface thereby increasing power output (Ali and
Mohamad, 2022). The wettability of the fuel can
be reduced by increasing the pressure of the fuel
system resulting in an increase in the homogeneity
of the mixture due to increased spray atomization
and mixture preparation (Piock et al., 2015).
Combustion data shows a real effect of increasing
fuel pressure on reducing combustion emissions
(Hoffmann et al., 2014), this is because higher
injection pressure allows faster combustion so it
also produces higher thermal efficiency and
reduces fuel consumption (Peer et al., 2016).

The study of increasing the fuel pressure at
the GDI was carried out using a fuel pump driven
by a two-lobe cam (Andwari et al., 2018) but this
could increase the power required to drive the
mechanical fuel pump although, the advantage of
the higher fuel pressure higher, can be
compensated for by better spray atomization,
lower exhaust particulate emissions, and
increased fuel efficiency (Husted, Spegar and
Spakowski, 2014) trials on 2-stroke gasoline
engines direct injection confirmed this emission
reduction, the use Mechanical fuel pumps such as
those commonly used in diesel engines limit
engine operation at low engine speeds (Bertsch et
al., 2013).

The solution to this problem is to use an
electric fuel injection pump for 2-stroke gasoline
direct injection engines. Therefore, this research
continues the development of a 2-stroke gasoline
direct injection engine which has been researched
previously by using a pneumatic system in an
electric fuel pump so that it is hoped that the
resulting fuel pressure will be more stable, and
the engine will become more practical for use in
everyday life because the engine no longer
requires a compressor to provide air pressure to
the fuel system. Thus, the development of a 2-
stroke gasoline direct injection engine for
motorcycles is expected to have good
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performance and fuel efficiency, as well as low
exhaust emissions. This research will only
concentrate on the effect of fuel pressure that
can be generated by an electric fuel pump on
engine performance, especially on torque and
power.

2. METHODOLOGY

2.1. Materials

The experiment in this research was carried
out by testing the performance of a 1997 Yamaha
F1ZR 2-stroke gasoline motorcycle engine whose
specifications are as shown in Table 1.

Table 1. Engine specifications of 1997 Yamaha F1ZR
motorcycle (Yamaha, 2021).

Item Spesification
Type 2-stroke, single-
cylinder
Bore x stroke 52mm x 52mm
Cylinder capacity 110.4 cm3
Compression ratio 7.1:1
Ignition system CDI AC

carburetor modified
to direct injection
system

RON 90 gasoline

?Fuel tank

In line fuel tank

H throttle position sensor
5‘&“ :

Fuel system

Fuel during testing

check valve
T o -

Fuel o
Pressure (0

Regulator

N injector

._j 2 stroke
r_’ ﬂ] engine
| |

proxmmuty sensor

rotor trigger

Figure 1. Experiment setup.

The fuel system for a 2-stroke gasoline engine
on this test engine, which was originally a
carburetor, has been modified to a direct
injection fuel system as shown in Figure 1. Fuel
from the fuel tank is delivered to the 160 L / H
electric fuel pump 0580464070 casing In-line type
used by the Renault Espace MK3, which will
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provide fuel pressure in this fuel system. So that
the resulting fuel pressure is maintained constant,
after leaving the fuel pump it is then attached to
the check valve, then the fuel is fed into the Fuel
Pressure Regulator is used to measure and
regulate fuel pressure, which in turn, fuel, by
direct type injector is injected directly into the
combustion chamber.

The Arduino Uno microcontroller board as the
Electronic Control Unit (ECU) controls the
injection duration. Meanwhile, the bulge mounted
on the crankshaft rotor functions as a proximity
sensor trigger which gives a signal to the ECU as a
sign to start the injection timing and determines
the engine rotational speed. The injection
duration setting via the Arduino Uno module is
determined based on input from the Throttle
Position Sensor (TPS).

2.2. Experimental Procedure

Fuel pressure variations are 7.5 bar, 8 bar,
and 8.5 bar, regulated via the Fuel Pressure
Regulator. Furthermore, on the crankshaft rotor
using a protractor, a bulge is installed in the 0o
position at the bottom dead center which
functions as a trigger for the proximity sensor to
provide input for the injector to start fuel
injection.

Caption:
1. Roller dynamometer
2. Wheel Lock
3. Tachometer cable
4. Consul GUI (graphical user interface)
5. Monitor
6. Remote

Figure 2. Experimental procedure.

Injection duration between a minimum of 3
ms to a maximum of 3.75 ms is set based on the
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throttle position sensor (TPS) opening from
throttle opening 0 - 100. The test was carried out
by installing the engine on a motorbike, then
testing it at several variations of engine speed
(rpm) on an AWD chassis dynamometer, Dyno
Dynamics Brand Lowboy Chassis Model to measure
engine performance, namely torque and power as
shown in Figure 2. Furthermore, the data
analyzed for each variation is the average result
of 3 tests.

3. RESULTS AND DISCUSSION

The research results show that peak torque
occurs at 3250 rpm. At a pressure of 7.5 Bar the
torque is 4.07 Nm, at a pressure of 8 Bar it is 6.13
Nm, and at a pressure of 8.5 Bar, it is 6.20 Nm as
shown in Table 2.

Table 2. Torque at fuel injection pressure variations.

Engine Fuel injection pressure
speed
7.5 Bar 8 Bar 8.5 Bar
Torque Torque Torque
rPm (N?n) (N?n) (N?n)
2750 3.43 3.80 4.73
3000 3.43 4.90 5.80
3250 4.07 6.13 6.20
3500 3.33 5.17 5.67
3750 2.57 4.53 4.77

The relationship between torque, pressure,
and engine speed was then analyzed statistically
using a two-way ANOVA with the desired
significance level of 0.05 (Alpha = 0.05), where
the results are shown in Table 3. Based on Table
3itis known that the engine speed F, is calculated
as smaller than the F table (F<Fcrit), this means
that there is no significant difference between
engine speed and fuel injection pressure. This
provides validation that data from several direct

injection diesel engine studies where fuel
pressure does not affect engine speed
(Herfatmanesh and Zhao, 2014). While the

analysis for fuel injection pressure produces
F>Fcrit, this indicates that the average fuel
injection pressure data significantly affects the
torque generated.
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Table 3. Two-way ANOVA test on torque.

Source of

SS df MS F P-value

Variation crit
Engine 156233 4 39058 1 0.44502 3
speed

Torque 39498098 3 13166033 337  7.60E-12 3
Error 468773 12 39064

Total 40123104 19

A comparison of the torque that occurs at a
pressure of 7.5 Bar, 8 bar, and 8.5 Bar is shown in
Figure 3. Based on the results of the study, the
engine performance (torque) of the engine for a
pressure of 7.5 Bar, 8 Bar, and 8.5 Bar has
increased which was significant in the engine
speed range of 2750 rpm to 3250 rpm and
decreased in the engine speed range of 3250 rpm
to 3750 rpm.

—=a—7.5Bar
—e— 8 Bar

—a— 8.5 Bar

6.5

25

2600 2800 3000 3200 3400

Engine Speed(rpm)

3600 3800

Figure 3. Comparison of torque at various fuel
injection pressures of 7.5, 8, and 8.5 Bar.

The higher the fuel injection pressure, the
higher the mechanical efficiency because when
the injection pressure is increased, the diameter
of the fuel particles will be smaller, so that the
formation of the fuel mixture into the air becomes
better during the ignition period, this makes
engine performance increase, in this case it is
indicated as increased torque at higher fuel
injection pressure (Figure 3). This is also the case
in direct injection research on diesel engines
where Dbetter fuel-air mixing and better
atomization as a result of increased injection
pressure. This leads to an improvement in the
combustion process and hence increases
efficiency (Pai et al., 2014). The peak torque
occurs at 3250 rpm at all pressure variations, this
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shows that the best volumetric efficiency occurs
at 3250 rpm. The volumetric efficiency of a 2-
stroke engine is affected by the location of the
intake, transfer, and exhaust ports of this 2-stroke
gasoline engine to produce optimum air volume
(Wahyu, 2019). As with torque, peak power is also
reached at 3250 rpm. This is because power is
always proportional to torque and engine speed
(rpm). At a fuel injection pressure of 7.5 Bar, a
power of 1.87 kW is obtained, 8 Bar is 1.97 kW,
and 8.5 Bar is a power of 2.00 kW as shown in
Table 4.

Table 4. Power at various fuel injection pressures of
7.5 Bar, 8 Bar, and 8.5 Bar.

Engine Fuel injection pressure
speed  75Bar  8Bar  7.5Bar
rpm Power Power Power
(kW) (kW) (kW)
2750 1.33 0.97 1.17
3000 1.40 1.43 1.67
3250 1.87 1.97 2.00
3500 1.67 1.60 1.70
3750 1.33 1.40 1.27
Furthermore, to know the relationship

between power and engine speed to fuel injection
pressure, a statistical analysis is used using a two-
way ANOVA with the desired significance level of
0.05 (Alpha = 0.05), as shown in Table 5. Similar
to the results of the statistical analysis on torque
and engine speed to pressure (Table 3), Table 5
shows that for engine speed F count is smaller
than F table (F<Fcrit), this means that there is no
significant difference between engine speed and
torque as is the case with direct injection diesel
engines (Herfatmanesh and Zhao, 2014). While
the analysis for pressure produces F>Fcrit, this
indicates that the average pressure data
significantly affects the power generated.

Table 5. Two-way ANOVA test on power.

Source of

Variation s df s F P-value crit
E:i" de 156442 4 39111 1 0.444 3.26
Power 39;;23 3 13190796 338  7.49E-12  3.49
Error 468559 12 39047
Total 401973 49

89
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Figure 4 shows the comparison of the power
generated at various pressures of 7.5 Bar, 8 bar,
and 8.5 Bar. Based on the research results, it is
known that the engine power at a pressure of 7.5
Bar, 8 Bar, and 8.5 Bar experienced a significant
increase in the engine speed range of 2750 rpm to
3250 rpm and decreased in the engine speed range
of 3250 rpm to 3750 rpm. As with torque, the peak
power also occurs at 3250 rpm at all pressure
variations (power is proportional to torque and
engine speed), this is related to the best
volumetric efficiency occurring at 3250 rpm.

2.0 —=— 7,5 bar
—e— 8 bar

—4&— 8,5 bar

Power (kW)
NS

)

1.0

0.8

2600 2800 3000 3200 3400

Engine speed (rpm)

3600 3800

Figure 4. Comparison of power at various fuel
injection pressures of 7.5, 8, and 8.5 Bar.

The increase in power with increasing
pressure, related to the same injection duration,
occurs because a greater amount of fuel is
injected at a higher pressure (Syaka et al., 2022).
This results in a pressure of 8.5 bar having higher
power than the others. An increase in fuel
injection pressure also causes an increase in
compression pressure and better preparation of
the spray mixture (Husted, Spegar and Spakowski,
2014), so this can also increase the power
generated.

4. CONCLUSION

Based on the research that has been done,
the fuel injection pressure from the electric pump
affects engine performance by producing
increased torque and power as the fuel injection
pressure increases. The peak torque and power
that occurs at a certain engine speed is due to the
influence of the engine's volumetric efficiency.
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This research proves that electric pumps can be
used for motorcycles with 110cc 2-stroke gasoline
direct injection engines.
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