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Mixture formation in port fuel spark ignition engines is one of the most important pa-

rameters, which affect combustion and emissions. In this study, the effects of different

injection start timings and some other port fuel injection (PFI) parameters on the perfor-

mance and emissions of a water cooled and single cylinder spark ignition engine were

examined experimentally. The experiments were performed at different engine speeds Received  06.04.2021
(1200 and 1500 rpm for effect of injection pressure and 1500 rpm for changing injection  Revised 25.04.2021
timings) and different engine loads (3 bar and 5 bar for injection pressure and 1 barand 5  Accepted ~ 26.04.2021
bar for start of injection). The start of injection was chosen according to intake pressure
measurements. The experiment results showed that brake specific fuel consumption
(BSFC) and total hydrocarbon (THC) emissions are increased by the increase of the injec-
tion pressure. Because with the increase of injection pressure, the fuel can reach the intake
manifold wall or intake valve. Therefore, the fuel enters the cylinder as a droplet. Different
start of injection experiments showed that injection times have an effect on emissions and )
performance. The minimum brake specific fuel consumption and THC values were ob- ~ Omer Cihan

tained at -243 °CA value of injection start. The twice injection in one cycle increased brake ~ omercihan@hakkari.edu.tr
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specific fuel consumption and THC emissions. Address: Hakkari University, Mechanical
Engineering Department, Hakkari, 30000,
Keywords: Spark ignition engine, Start of injection, Injection pressure, Brake specific fuel consump- Turkey.
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1. Introduction valve injection forms higher HC emissions than close valve injec-

tion in cold start. The fuel droplets cannot evaporate in the first
cycle of engine start-up because of the cold intake manifold. Mix-
ture formation gets better when turbulence is created in the intake
manifold [8].

Meyer et al. investigated the fuel film formed in the intake port
of spark ignition engines. The close valve injection forms a thick
fuel film in the intake port after the first cold running of the engine
for fifteen seconds. As the engine runs, the film thickness de-
creases because of the hot intake valve and port. The droplet diam-
eter is changed by increasing port temperature [9].

The injection system must provide excellent atomization of the
fuel for the lowest releasing amount of HC emissions. When the
fuel is injected behind of intake valve, the wetness on the intake
port is decreased [10,11].

The fastening of emission standards and the desire to lower fuel
consumption decide the direction of research on internal combus-
tion engines. Mixture formation affects fuel consumption and
harmful emissions. One of the common problems in spark-ignition
engines with liquid fuels is the evaporation of fuel for mixing with
air because of fuel stored in liquid form. The intake valve is hot in
port fuel injection engines. The fuel is directed to the hot surface
of the intake valve so it evaporates. The injection pressure, injec-
tion time, injection angle and the number of injections in one cycle
affect mixture formation [1-7].

The effect of different injectors and injection methods were in-
vestigated by Kim et al. HC emissions were reduced when the fuel
injected behind of intake valve with smaller droplet size. Open
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Anand et al examined the importance of injection time and lo-
cation. When the injector angle and position are not adjusted
properly, fuel film is formed on the intake port and valve. The less
HC emission is obtained when fuel is injected behind of injection
valve in open valve injection [12].

Port Fuel Injection (PFI) system is widely used in gasoline en-
gines. A PFI injector generally operates at pressures between 3 bar
and 5 bar and its operating temperature rises to 80 °C. Therefore,
they are significantly cheaper to produce [13]. A regular PFI injec-
tor produces droplets with Sauter mean diameter between 70 and
150 pm. If the fuel droplets are too large, they can crash the port
walls, and thus the mixture formation becomes less dependent on
the droplet size [14]. Moreover, more dependent upon the fuel film
transient behavior. Open valve injection produced smaller mean
diameters as fuel passed through the valve gap. Kato et al. [15]
conducted in an experimental and numerical study, their showed
that cyclical variations in combustion affect the formation of the
mixture in the combustion chamber and around the spark plug. Ar-
coumanis et al. [16] investigated droplet velocity/size and mixture
distribution in a single-cylinder spark-ignition engine. Laser Dop-
pler velocimetry, phase Doppler anemometry, and Mie scattering
were carried out for transparent liner and piston. Research has been
done on lean air/fuel mixture ratios of 17.5 and 24, tumble flow
droplet size and velocity distributions during intake and compres-
sion stroke. Pressure analysis was carried out thanks to the mixture
distribution and flame images obtained with two injection strate-
gies. As a result, it is advantageous to combine open valve injec-
tion with a tumble, engine operating more stable and efficient and
faster flame growth at 24 air / fuel ratio. Lang and Cheng [17] fo-
cused on the extent to which the interaction of the intake port gas
flow within a port-fuel-injection engine facilitates the mixture
preparation process, and whether there is improvement in HC
emissions through this interaction. The result was a slight improve-
ment (compared to closed valve injection) in cold valve conditions,
with a second pulse of fuel 25%: a 6% reduction in specific HC
emissions and a 4.5% increase in the fuel delivery fraction.
Hushim et al. [18] investigated the effects of the intake manifold
angle of a PFI retrofit kit on engine performance and emission
characteristics. In the experimental study, the engine was operated
on a wide open throttle with variable dynamometer loads for two
different angles, 90° and 150°. The angle of 150 © was found to be
the optimum angle for brake power (BP) and brake mean effective
pressure (BMEP), brake specific fuel consumption (BSFC) and
hydrocarbon (HC) emission parameters.

From the literature review, the effect of injection parameters of
PFI gasoline spark ignition engine on performance and emissions
has not been clearly researched. Therefore, more studies should be
done to get more information about the deficiencies of these topics
in the literature. Because of that, the aim of this study is the inves-
tigation of injection start angle, injection pressure and injection
number per cycle on engine parameters and its emissions.

2. Experimental Study

Experiments were made in the engine laboratory of Istanbul

Technical University. They were made with a single cylinder re-
search engine, which was originally a four stroke compressed ig-
nition Antor 3LD 450 engine. Further details about the engine are
given in Table 1. The engine was converted to a spark ignition en-
gine by adding a throttle valve and electronic control unit (ECU)
[19]. The Spark plug was relocated to the injector location. Spark
plug location is nearly the center of the piston head. ECU, designed
and manufactured as a part of a master thesis, controls the start of
injection, duration and ignition period. The hardware card used in
ECU is an Ardunio Mega 2560. Fuel injection pressure and timing
were able to change. Dwell duration was set to 5 ms for ignition
[20]. The maximum original engine power and torque are 10 HP
at 3000 rpm and 30 Nm at 1800 rpm respectively. The injector
used in the experiments is Bosch EV 6.2 L. It has four holes for the
injection of gasoline fuel. The injection angle is 25 degrees at a 300
kPa pressure. The fuel injection pressure could be changed accord-
ing to the desired value with the fuel supply system. The start of
injection was changed with an electronic control unit.

Table 1. Detailed information about engine.

Engine Model Antor 3LD 450
Compression Ratio 10.5:1
Number of Cylinders 1
Fuel type Gasoline
Displacement 454 cm?®
Bore 85 mm
Stroke 80 mm
Connection Rod Length 145 mm
Power 7.35 kW (3000 rpm)
Torque 28.5 Nm (1700 rpm)
Emission tier EU Stage Il

7~ S
Fig. 1 shows the experimental apparatus. The engine was loaded
by an eddy current dynamometer. The load on the dynamometer
was measured by using a strain gauge load sensor. The accuracy
of the load sensor is £0.02 %. An inductive pickup speed sensor
was used to measure the speed of the engine. The accuracy of the
speed sensor is £3 rpm. Fuel consumption was measured with
AVL 733S fuel consumption measurement and conditioning sys-
tem. The accuracy of the fuel measurement system is +0.08 kg/h.
The exhaust emissions, CO2, THC, and CO were sampled directly
from the exhaust pipe. Emission concentrations and excess air co-
efficient were measured and calculated by exhaust gas analyzers
(Horiba Mexa 7500).

A laboratory automation system produced by OTAM. This sys-
tem collected all data, such as exhaust gas, lubricating oil and other
temperatures, the position of the throttle valve, intake and exhaust
pressure from sensors. During the test, the temperature of the cool-
ing water was kept constant at around 72 degrees Celsius. The ex-
perimental data were recorded for 90 seconds using an automation
system. Ignition advance for maximum torque (MBT) is obtained
at each experimental point. The excess air coefficient (1) was set
to 1 (stoichiometric mixture) for all experiments. The intake man-
ifold temperatures were about 44 °C and 37 °C for 1 and 5 bar of
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MEP at 1200 rpm engine speed respectively. At 1500 rpm engine
speed, the values of air inlet temperature were respectively 42, 41,

l = —"N}
Throttle Valve
Actuator

and 35 °C at 1, 3, and 5 bar engine load.

70 kW
Dynomometer

Fig. 1. Antor 3LD 450 single cylinder research engine.

3. Results and Discussions

The BSFC, THC and CO values are shown in Fig. 2 for dif-
ferent injection numbers in one cycle at 1200 and 1500 rpm
speeds. Different injection numbers in one cycle were occurred
according to the connection situation of the encoder to the crank-
shaft or camshaft.

The once injection is called as a cam and twice injection is
called a crank in figures. When the encoder is coupled to the
camshaft the once injection is obtained. Twice injection occurs
when the encoder is connected to the crankshaft. The injection
was performed when the intake valve was opened in one injec-
tion. In twice, injections were performed in intake and expan-
sion times. The BSFC and THC values are less for once injection
at all speeds and loads. Since there is airflow at the moment of
injection in the intake manifold, the fuel is carried by air and
does not reach the wall in one injection. In twice injection, there
is no airflow in the expansion stroke. So fuel can reach the man-
ifold wall and enters the cylinder as droplets. The fuel entered
in the liquid phase increases THC emission and BSFC value. CO
emission mostly depends on excess air coefficient. It was
changed with little uncontrolled differences of excess air coeffi-
cient values.

The BSFC, THC and CO values are depicted in Fig. 3 for dif-
ferent injection pressures (1, 2 and 4 bar) at different loads (1, 3
and 5 bar value of MEP) and 1500 rpm constant engine speed.
The fuel was injected one time for all injection pressure experi-
ments. When the fuel was injected at 4 bar the engine load was
not able to be obtained less than the 1.20 bar value of MEP. So
the BSFC value of 4 bar injection less than others at 1 bar load.
With the increase of injection pressure, fuel reaches the intake
manifold wall and fuel enters the cylinder in liquid form. The
values of BSFC and THC increased with the rising of injection
pressure at higher loads. CO emission values changed according
to excess air coefficient. It was able to be obtained less or more
for different injection pressures at different loads.

The Electronic control unit (ECU) set different injection start
angles. Fig. 4 shows injection start angles (-343, -243, -143, 150
and 250 °CA) according to crank angle (CA) values. The injec-
tions were made at intake and exhaust periods. The intake valve
is opened on intake and closed on the exhaust period. The ex-
periment points were chosen roughly at the start, mean and end
of the intake period. It is the same for the exhaust period of start
and mean. The spark advance was set to the same value all in-
jection starts at the same loads.
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Fig. 2. BSFC, THC and CO emissions for different injection numbers in one cycle.
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Fig. 3. BSFC, THC and CO emissions for different injection pressures at different loads and 1500 rpm constant speed.
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Fig. 5. Intake pressure values for different loads.

The act of fuel in the intake port, when injected in liquid form,
depends on many parameters like temperature and pressure. One
of the most critical parameters for comparing of entering fuel into
the cylinder is the injection start angle. The fuel can be injected
while airflow is present or absent. If Air flows, it can carry fuel to
the cylinder. Fuel can reach the manifold wall without airflow. Be-
sides that, the temperature of the intake manifold affects the situa-
tion of fuel too. High temperatures evaporates liquid fuel [21,22].

Intake manifold pressures for 1 and 5 bar values of MEP are de-
picted in Fig. 5. The lowest values of intake manifold pressure
were obtained around (-260) - (-180) crank angle (°CA) in the in-
take stroke. Therefore, injection in the regions at the lowest mani-
fold pressure generated positive results for the formation of the
mixture. There is no airflow when the intake valve is closed. The
intake manifold temperature rises with decreasing of the load.
The change of BSFC, THC and CO is given in Fig. 6 for differ-
ent injection start angles (-343, -243, -143, 150 and 250 °CA) at 1
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and 5 bar value of MEP and 1500 rpm constant engine speed. The
intake manifold pressure is lower for one bar value of MEP. There
is less airflow in the intake manifold because of the throttle valve
position. Since fuel, can reach the wall and enter cylinders as a
droplet. Fuel evaporates better than low loads. The BSFC and THC
values are less for high load at higher loads (5 bar value of MEP).
At high load, there is more airflow and higher intake manifold tem-
perature. As a result, increasing of the load decreases BSFC and
THC values. CO does not depend on the load. It strongly depends
on the excess air coefficient. The effect of injection start angle var-
ies with the airflow and intake manifold pressure. Air can carry

BSFC comparison of different start of

injection
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fuel to the cylinder if the intake valve is open and air flows into the
cylinder. The lowest BSFC and THC values are obtained for the -
243 °CA value of start injection. Because fuel mixed better with
air due to airflow. The BSFC and THC values are higher for -
343 °CA of injection start. Because there is not more airflow and
fuel can reach the intake valve and can enter as a droplet. The other
starts were performed in the close situation of the intake valve. Be-
cause of that fuel can reach the intake manifold and enter the cyl-
inder as a droplet. CO changed independently of start CA of injec-
tion.
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Fig. 6: THC and CO emissions for different injection starts at different loads and 1500 rpm constant engine speed.
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4. Conclusion

The results of experiments showed that the connecting of the en-
coder to the camshaft decreases brake specific fuel consumption and
THC emission.

e When the encoder was mounted to the camshaft (one
injection per a cycle), the BSFC value was reduced by
about 9.5 % and 5% at 1200 and 1500 rpm engine
speeds, respectively.

e At this running situation, THC emission was reduced
about 10 % at all loads and speeds.

e Therising injection pressure increased BSFC and THC
value.

e The changing of injection pressure from 4 bar to 1 bar
decreased BSFC and THC emission by about 7 % and
3.5 % respectively at higher than one bar load and at all
engine speeds.

e Atlowengine load (1 bar value of MEP), the start angle
of injection strongly affects BSFC and THC values. -
243 °CA value of injection start decreases roughly by
5% these parameters.

e At 5 bar load, injection start do not affect strongly
BSFC and THC value. Because intake manifold tem-
perature is higher than lower load. As a result of that, it
evaporates more liquid fuel. The lowest values of
BSFC and THC were found for -243 °CA injection
start at 5 bar load like 1 bar.

e The CO emission strongly depends on the excess air
coefficient. The change of injection situations like dif-
ferent injectors did not affect this emission value.

As a recommendation for future studies, the researchers can
study the footprints of liquid fuel on the intake manifold and in-
take valve. Besides that, the test engine can be run at higher
loads and higher engine speeds for getting more knowledge
about these running conditions.
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MEP : Mean Effective Pressure

MBT : Maximum Brake Torque

OTAM : Automotive Technologies Research and Developme
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PFI . Port Fuel Injection
THC : Total Hydrocarbon
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