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Abstract

This study presents the design and construction of an electronic low-pressure gasoline direct injection system for two-stroke
engines, with the objective to study engine performance and the emission of exhaust polluting gases, maintaining the expec-
tations of this type of engine. The investigation includes a test bench with an incorporated engine and the required control
devices for this, as well as a gas analyzer Class 0, a computerized data acquisition and several tools for displaying and process
all the electronic signals from the engine in real time. In order to manage this system, a custom electronic injection control
unit has been designed and built, which allows to control the fuel injection timing and duration. This unit uses the signal from
an inductive sensor installed in the crankshaft as a reference and synchronization point. Additionally, modifications have
been made to the fuel feeder circuit and the electronic of the test engine, as well as to some parts of the mechanism in order
to adapt them to this technology. The implementation of the engine tests is described, and the performance and operational

points of the original system and those of the new injection system are evaluated.

Keywords Electronic fuel injection - Gasoline direct injection - Two-stroke engines

1 Introduction

The motorcycle industry has usually used carburetors or port
fuel injection to fuel its two-stroke and four-stroke engines.
In a carburetor-fed two-stroke engine, during the intake
process (by valve or not) the carbureted air—fuel mixture
is compressed into the crankcase below the piston and then
fed into the cylinder via intake transfer. The main drawback
with this fuel supply system is the fresh air—fuel mixture
short-circuiting to the exhaust port during the scavenging
process; this effect characterizes the fresh mixture leaving
with the exhaust gas, thereby increasing fuel consumption
and pollutant emissions, mainly unburned HC.

The implementation of port fuel injection to a two-
stroke engine, with respect to carburetor fueling, produces
an improvement in the combustion process, enhancements
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in fuel economy and emissions can be achieved with this
method. Nevertheless, once a two-stroke engine is equipped
with direct fuel injection the combustion process changes
completely, and the fuel short-circuiting can be almost mini-
mized [1, 2].

Even though electric motorcycles are considered as a
new trend of research and development, the existing inter-
nal combustion engines are one of the most widely power
sources used under present-day circumstances.

There are several published studies on the operation of
direct injection in two-stroke gasoline engines, and this
work focuses on the development of a customized system
using components available in any electronic fuel injection
laboratory.

This study aims on the design and construction of a low-
pressure gasoline direct injection system for two-stroke
engines, as well as everything necessary for its control,
including fuel feeding and processing of the reference
signals.

This system, contrariwise to the high-pressure system,
keeps the simplicity, the low weight and costs that are dis-
tinctive features essential for small two-stroke engines.

It is a good solution to implement a system that injects
only fuel into the combustion chamber of the engine [3,
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4], unlike other systems that mix gasoline with previously
compressed air [5-7], with good results, but significantly
increase the cost and complexity of the entire installation.

Further, direct injection system can produce a stratified
charge directly inside the combustion chamber with high
evaporation rates, which limits fuel impingement on the
cylinder walls and thereby reduces unburnt hydrocarbon
emissions and fuel consumption.

This research analyses the functioning of a gasoline
direct injection system and its electronic management. At
the same time, an efficient and feasible to manipulate con-
trol system which allows full control of the injection, has
been developed for this management.

Once the tests had been developed, the results are dis-
cussed and the conclusions are shown.

2 Experimental setup

2.1 Directinjection system developed
for a reciprocating two-stroke engine

Direct injection systems are used on two-stroke engines to
significantly reduce the amount of unburned fuel ejected
into the exhaust port during the scavenging process by
injecting fuel independently only when the exhaust port
is closed and scavenging only with air charge. If possible,
fuel short-circuiting should be avoided during the fuel
injection, to minimize the loss of unburnt HC through the
exhaust port.

A good experimental study on low-pressure direct
injection is shown in [8, 9].

This premise, however, depends on the load condi-
tions and engine speed, so it cannot always be achieved,
mainly due to the temperature dependent propagation
(sound speed) of the backloading scavenging wave from
the exhaust.

Direct injection allows the implementation of a strati-
fied combustion strategy, which the injection of very tiny
fuel particles to allow fast fuel mixture formation for com-
bustion. The achievement of this fuel spray preparation
(vaporization) is very important in the execution of a strati-
fied combustion process. This has the potential to improve
the fuel economy significantly, even if the injection occurs
partially during the fuel short-circuiting period. Several
studies [10—13] show the impact of stratified combustion
on the reduction of pollutant emissions and the increase in
combustion efficiency.

Recently, the Japanese car manufacturer, MAZDA, has
presented and patented [14] a novel two-stroke direct injec-
tion engine for automotive use, demonstrating the impor-
tance and validity of these engines.
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2.1.1 Crankshaft electronic synchronization system

Every injection system requires a means of synchroniza-
tion between the system and the reciprocating movement
of the engine. This system allows the fuel to be supplied
at a precise angle of the engine cycle. Currently, electronic
synchronization is the most widespread [15].

The synchronization signal comes from the crankshaft,
through an inductive sensor, the model used is a Mag-
neti-Marelli SEN 8K3, whose analog output signal is sent
to the conditioning and processing circuit.

Once the position of the sensor and receiver has been
achieved, a signal is obtained for each angle of the engine
cycle synchronized to 45° after TDC (Top Dead Center). In
this way, there remains sufficient angle of the engine cycle to
carry out the injection at any desired operating point, losing
only in the 45°, which is also invalid as it corresponds to the
expansion displacement of the piston.

2.1.2 Electronic injection control

In order to control the fuel injector, a signal is required
which activates at the moment of the desired start of the
injection, and which has a duration corresponding to the
time interval that allows the injector to inject the necessary
fuel into the combustion chamber in each situation.

The electronics developed for this function use a single
signal for the synchronization, which is that coming from
the crankshaft inductive sensor, and which is used as relative
position of the piston to the TDC; it also allows determin-
ing the engine speed. From this point on, the electronics are
responsible for delaying the reference signal and creating,
as of this delay, a pre-established duration. Previous works
by one of the author show research on the entire injection
strategy for internal combustion engines [16, 17].

2.1.3 Processing of the reference signal

The signal from the inductive sensor first passes through a
filter, which eliminates undesired components, and is then
sent to an inverse logic gate. This eliminates the negative
component of the signal leaving it in a square wave. Moreo-
ver, when inverted, it is ready for the next stage, which is
activated by the falling edge of the signal.

A square signal is obtained from the previous condition-
ing stage, compatible with TTL technology, already pre-
pared for processing. This stage is responsible for delaying
the signal and, once initiated, gives the desired activation
time.

The principal circuit of this task is NE556. This is a dual
precision timer with two independent timer-type circuits.
The conditioned signal must be passed to each branch of
this circuit. In this way, two independent outputs signals
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are obtained, causing the end of the first output signal to
coincide with the start of the injection (timer 2) and the end
of the second output signal to coincide with the end of the
injection (timer 1). In this way, and after a process using
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Fig. 1 Processing of the injection pulse signal

logical electronics in which the second signal is subtracted
from the first, the desired signal is then obtained. Figure 1
shows this process graphically.

The injection timing adjust is conducted through two
potentiometers electronically linked to the NE556 that con-
trols timer 1 and timer 2, respectively.

2.1.4 Injector controller

This electronic controller uses an injector drive controller
(low impedance type) model LM1949. It consists of a peak
and hold-type integrated circuit, which, properly mounted
in a circuit (Fig. 2) including a Darlington transistor bridge,
controls the intensity of the electric current passing through
the injector. It supplies an initial peak intensity, guaranteeing
the immediate opening of the injector, which is triple than of
the following or holding stage, which must be just sufficient
to keep the injector open.

Because it is a two-stroke engine, one injection is made
at each crankshaft revolution, so the electronic implementa-
tion of a frequency divider for the injection is not necessary.

The Fig. 2 shows the complete electronic circuit diagram
of the custom control unit developed for the fuel injection
management. The two potentiometers in Fig. 2 control both
the timing and duration of the fuel injection.

2.1.5 Fuel injector

The injector incorporated in the system is the HDEV 1.2
from the TFSI engines of the Volkswagen group, specifically
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Fig. 2 Injection control system circuit diagram
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the jets on two circles configuration, with the aim of decreas-
ing the mean Sauter diameters of the spray droplets. This
injector was chosen because it has to inject the fuel directly
into the combustion chamber and therefore must withstand
elevated temperatures and pressures.

The injector was calibrated in the laboratory to deter-
mine exactly the flow rate of injected fuel. For this purpose,
1000 injections were measured for different injection pulses,
always at a constant injection pressure of 1 MPa. The result-
ing flow rate was 4.33 (mg/stroke)/msec.

From a geometrical point of view, the shape of this
injector is appropriate for installation in the engine with the
necessary modifications without affecting the mechanical
strength of the cylinder head of the test engine.

2.2 Fuel feeder system
2.2.1 Cylinder head with built-in injector

The cylinder head was modified to place the fuel injector,
resulting this way a direct injection system. To this end, a
three-dimensional model in SolidWorks™ of the cylinder
head was previously obtained, as it is shown in Fig. 3. With
the assistance of this model, the injector was positioned to
achieve good fuel vaporization and greatest cylinder fulfill-
ing, in this work the optimal inclination angle of the injector
was 50.91° with respect to the vertical plane.

The assembly of the injector on the cylinder head, mainly
its inclination, is fitted considering the reduction of the fuel
short-circuit, a good air—fuel homogenization and a minimal
fuel impingement on the piston top. Very interesting studies
about the importance of the position of the injector can be
seen in [18-20].

The final installation of the injector in the cylinder head
in the test engine is shown in Fig. 4. Due to the position
of the injector, throughout the scavenge process, it is to be
expected that the injected fuel is impregnated with the fresh

Fig.3 Three-dimensional model of the installation of the fuel injector
in the cylinder head
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Fig.4 Installation of the fuel injector in the cylinder head

air upcoming from the intake transfer and is directed toward
the spark plug.

2.2.2 Fuel pump

The fuel requires an increment of pressure in order to be
injected directly into the combustion chamber. One of the rea-
sons is that in the engine cylinder the piston already provides
pressure (compression phase), and in order to deliver the fuel,
a higher pressure is necessary. The other reason is that the fuel
must be introduced in the shortest period as possible, and it
must be injected in an atomized form to facilitate a good mix-
ture with air, mainly when the engine works with a homoge-
neous mixture for combustion [21]. That pressure is provided
by the fuel pump, which, in this case, is a rotary pump from
Volkswagen group, and the released fuel has a pressure greater
than 1 MPa, so this pressure must be regulated subsequently.

2.2.3 Fuel pressure regulation

Whereas the test engine displacement is small (50 cm?) and
the compression pressure is relatively low, a higher injection
pressure may be excessive, resulting in the injected fuel is
impregnated into the piston head, affecting the process of
mixture formation and therefore, combustion. Because of
this, in the tests a relatively low injection pressure was used,
however, the pressure regulator may be calibrated at a higher
pressure according to the results of the tests in the engine or
even future research.

In this work, a fuel pressure regulator at 1 MPa was used,
which regulates the pressure through a membrane and a cali-
brated spring.

2.3 Electronic fuel injection management
2.3.1 Computer data acquisition system

When the injection tests are conducted from a reference
point, it is very important to be aware of the current state
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of the injector signal, when it is injecting, and the injection
duration.

The importance of knowing and control when the gaso-
line is being injected is based on two facts. The first is that
this is required in order to know at which point on the port
timing of the engine the injection occurs (e.g., exhaust port
open or closed). The second is to avoid injection when com-
bustion is already occurring in the combustion chamber or
during the expansion stroke, because of the risk this implies.

Two electronics signals are used for the analysis. The
first is the inductive sensor signal and the second is that of
the injector control device, which shows the intensity of the
electric current of the injector divided by ten. By means of
this system, the angles at which injector and ignition coil
are activated, their duration, the time that remains from the
end of the injection until ignition occurs and the rpm of the
engine are graphically displayed.

In order to complete this type of monitoring, a data
acquisition model, a PC and software that analyze and dis-
plays these data at the convenience of the researcher are all
required.

2.3.2 Programming language

The programming language used was G. This is a powerful
programming language as it represents the logic of the pro-
gram through diagrams. This type of programming is known
as visual programming, and in this study, the software Lab-
VIEW™ was utilized. This is a graphic tool frequently used
in engineering for data acquisition, instrument control and
industrial automation.

2.3.3 Programming algorhythm

The signals, obtained from the injector control device, are
sent to the computer via digital counters, which are con-
tained in their DAQ cards. These are introduced into the
algorhythm through the data acquisition function (DAQ
Assistant).

To calculate the angular position of the start of the injec-
tion, the delay time between the sensor pulse and the start of
the injection is measured and multiplied by the engine speed
(in radians per second), thus obtaining the portion of the
whole turning path. This portion of the path is converted into
degrees and it is added to the 45° of the angular displace-
ment existing between the sensor and TDC.

2.3.4 Front panel

The front panel is the interface with the researcher. This
monitoring program communicate with the researcher so
that the obtained results can be visualized always in real
time.
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Fig.5 Front panel of the computer monitoring

P el . LR
Az 5U4  2msk ~F Trig:Al Br 2 Us
B +* | TRIGGER~= EDHTHRST]
HMOJE ™ [SLOPE A >

Fig.6 Oscilloscope capture of the injector activation signal (channel
B) and the reference signal from the engine crankshaft (channel A)

Figure 5 shows the front panel of the program used acti-
vated with the engine running at 4000 rpm (419 rad/s), an
injection pulse of 1.9 ms, the start of the injection at 230°
after TDC (green pointer), the end of the injection at 275.6°
after TDC (red pointer) and a time until the spark ignition
of 2.9 ms.

The Fig. 6 shows an oscilloscope capture of the injector
activation signal (channel B) synchronized with the refer-
ence signal from the engine crankshaft (channel A) under
similar conditions with Fig. 5.

A general diagram of the structure of systems including
fuel delivery, electronic control of injection and the acquisi-
tion and monitoring signals is shown in Fig. 7.

2.3.5 Fuel injection strategy

The symmetrical scavenging port timings diagram of
the test engine is shown in Fig. 8. To completely avoid
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Fig.8 Scavenging port timings diagram of the test engine

short-circuiting fuel to the exhaust, injection must be initi-
ated at 273° ATDC, but as will be discussed below this is
not always possible.

Figures 9, 10, 11 and 12 show the fuel injection timing
during testing for different intake throttle openings. At low
and medium engine speed, less than 4000 rpm (418 rad/s),
further combustion stratification is desirable as possible, this
is achieved by delaying the fuel injection as possible without
affecting the combustion process [22-24].

With increasing speed and load, decreases the combustion
stratification level by decreasing the injection timing [25],
so combustion is performed with a homogeneous mixture.
The charts show that it was not always possible to avoid fuel
short-circuiting completely, mainly at high rpm with throt-
tle opening of 60% and 90%, due to the short time period
available for fuel injection. However, even for this condition,
pollutant emissions were significantly lower, as will be seen
in Results and discussion.

During the tests, numerous experimental analyses of the
engine were carried out on the test bench, with the aim of
adjusting the engine mapping considering mainly perfor-
mance and emissions.

The mapping procedure aims to obtain the same or
higher maximum performance of the base carbureted

@ Springer
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Fig. 11 Fuel injection timing for throttle opening 60%

engine with a great exhaust gas pollutant emissions reduc-
tion and improvement of efficiency in the whole working
range, taking advantage of the accurate mapping of the
fuel delivery (closer to the stoichiometric mixture).

The final injection map developed during the test is
reported in Fig. 13.
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3 Results and discussion
3.1 Study engine

To carry out the investigation, a Derbi Predator engine
model was used and the parameters of which are specified
in Table 1. The engine calibration and test were done at the
test bench of the Laboratory of Thermal Machines of the
Polytechnic University of Catalonia. The cell is provided
with a Dynamic test bench APICOM model FR-30 with
power 30 kW, nominal max torque 110 Nm and max speed
13,500 rpm. For the analysis of exhaust gases, an SPEKTRA
model 3001 gas analyzer Class 0 was used, and a TECNER
model 236C meter was used for the measurement of fuel
consumption.

All tests were carried out under the same environmental
conditions, and both the engine test bench and the measur-
ing equipment were pre-calibrated by a specialized exter-
nal company as part of a previous sponsored project by the
Committee on Research Scientist of the Council of Govern-
ment of the Polytechnic University of Catalonia.
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Fig. 13 Fuel injection mapping

Table 1 Test engine parameters

Engine Two-stroke single-cylinder
Cooling Water

Displacement 49 c.c

Compression 11:1

Port timing

Symmetrical, laminar

Fuel supply Carburettor, Direct Injection
Ignition advance 18° B.T.D.C

Spark plug NGK BOSE or Champion N2C
Fuel 98-Octane lead-free gasoline
Engine speed 7500 rpm max

The lubricating oil supply occurs separately from the fuel,
to a specific reservoir. The supply of the lubricant to the
engine takes place via a small rotary pump, which is pow-
ered by the engine crankshaft, making oil to mix with air in
the crankcase, and flows into the cylinder through the intake
transfer. The quantity of injected oil was adjusted in order to
minimize the oil consumption and the pollutant emissions.

It should be noted that all tests and measurements were
carried out without any post-combustion catalytic treatment
of the exhaust gases.

3.1.1 Engine tests with carburetor

The obtained graph curves offer a great deal of information
about the engine performance. As a reference when the char-
acteristic graph curves of the engine running with injection
are constructed, the graph curves obtained when the engine
is operating with the carburetor are used.

In the graph of the Figs. 14 and 15, the trend of torque
and power of the test engine can be seen for four differ-
ent openings of the carburetor throttle, showing the typi-
cal reciprocating engine operation. As is known, the engine
torque increase with the engine speed until a maximum
value of torque is reached from which it begins to decrease.

In these tests with carburetor, the ignition timing
remained constant with the original engine design, i.e., 18°
B.T.D.C.

Due to the high engine speed, the volumetric efficiency
becomes affected decreasing its value, in consequence, the
combustion and total efficiency decrease. This combustion
efficiency failure cannot be compensated for by an increase
the amount of fuel injected, as discussed [26], and this is
reflected in the maximums of the characteristic graph curves.

Figure 16 shows the air/fuel equivalence ratio of the mix-
ture in the exhaust with the carburetor-fed engine. For throt-
tle openings of 33% (with rpm above 4000), 60% and 85%,
the composition of the air—fuel mixture is rich. This has a
negative impact on both fuel consumption and the emission
of polluting gases.
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Fig. 14 Trend of torque vs. rpm of the engine with carburettor for dif-
ferent throttle openings
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Fig. 15 Trend of power vs. rpm of the engine with carburettor for dif-
ferent throttle openings
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Fig. 16 Air—fuel equivalence ratio vs. rpm of the engine with carbu-
rettor for different throttle openings

In the same way, the trend of CO and CO, emissions
is reported in volume percentage of the exhaust gas in
Figs. 17 and 18, respectively. Between the throttle open-
ings of 60% and 85% CO, emissions are maximum, and
the differences in the emission of CO, for these condi-
tions are of little significance; this is because the throttle
is practically fully open, so there is a too much presence of
O,, which logically favors the formation of CO, because
much of the CO is oxidized forming CO,. The difference
is observed in the emission of CO for the different throttle
openings in which, at a throttle opening of 85%, more O,
enters the engine cylinder, decreasing the formation of CO
during combustion. For a throttle opening of 9%, the fuel
supply is minimal, so it is logical a minimum emission of
all pollutants, except NOx, due to a higher temperature in
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Fig. 18 CO, emission vs. rpm for the engine with carburettor for dif-
ferent throttle openings
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Fig. 19 HC emission vs. rpm of the engine with carburettor for differ-
ent throttle openings

the combustion chamber, as shown and explained later in
Fig. 20.

The trend of HC and NOx emissions is shown in ppm in
Figs. 19 and 20, respectively. Obviously, the HC values are
very high, mainly due to the working cycle of the test engine
(two-stroke), as highlighted in the introduction of this work.

For medium and high loads, (throttle 60% and 85%) HC
emissions are notably high; this is because the richness of
the air—fuel mixture and the incomplete combustion from
previous cycles aggravate the phenomenon of the fuel
short-circuiting via the exhaust port during the scavenging
process.

NOx emission values are relatively low, mainly due to
the low temperatures of the combustion process. This is
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Fig.20 NO, emission vs. rpm of the engine with carburettor for dif-
ferent throttle openings

because the richness of the air—fuel mixture provided by
the original carburetor of the base engine and the lubri-
cation oil contribute to the cooling of the combustion
chamber [27, 28]. For a throttle opening of 33%, there
1s a minimum of NOx emissions, which coincides with a
higher CO emission (Fig. 17), this is due to an excess of
fuel in the mixture, which causes a greater cooling of the
combustion chamber and, therefore, less emission of NOx
and higher CO emissions.

The specific fuel consumption of the engine is shown
in Fig. 21. The best results were obtained for the 60%
and 85% throttle openings, considerably higher than those
achieved with direct injection for the same testing condi-
tions, as shown and discussed later with respect to Fig. 30.

Knowing the BSFC and the lower heating value (LHV)
of the European standard unleaded 98 gasoline (43.5 MJ/
kg), the total efficiency was calculated according to

Eq. ().

1

Nt = o
BSFC * LHV

)]

For carburetor testing, the total engine efficiency for
different load and rpm conditions is shown in Fig. 22.
These results are then analyzed in comparison with those
obtained during direct injection tests.

Throttle 85%
glkw.h BSFC Throttle 60%
330 —&— Throttle 33%
X —e—Throttle 9%
320
31 0 _%
300 e —
290 —
280

0 2000 4000 6000 8000
RPM

Fig.21 Brake specific fuel consumption vs. rpm of the engine with
carburettor for different throttle openings

3.2 Engine tests with electronic direct fuel injection

The tests with the engine functioning with direct fuel injec-
tion have been undertaken for four different openings of the
intake throttle from those in the previous section, due to the
different calibration of the control mechanism of the throt-
tle aperture. The carburetor of the engine was kept up, to
continue using the intake throttle, but its fuel supply was
disabled. Despite this, the selected values are consistent with
the previous ones.

For these tests, the ignition timing was set to minimum
spark advance for maximum brake torque with knock-free
combustion. After numerous tests, the ignition timing was
adjusted at 15° B.T.D.C.

The entire electronic injection system, including fuel
pump, is powered by the engine itself by means of a coupled
alternator and battery, so this electrical power is subtracted
from the power delivered by the test engine.

In order to obtain the graph curves, a frequency sweep
was undertaken for each selected throttle opening. Initially,
the aperture controller is positioned at the desired point and
the test bench controller at 1000 rpm (105 rad/s). By means
of the potentiometers of the electronic injector controller, the
start and the duration of the injection for obtaining the maxi-
mum brake torque under knock-free conditions to these rpm
are fixed. Then, the values of the torque, time from the start
of the injection in milliseconds with respect to the signal of
the inductive sensor, time of the duration of the injection
in milliseconds and emissions in percentages respective to
the volume of the emitted gas of CO and CO, are recorded,
as well as HC and NOx emissions in ppm. After this, the
engine speed is increased by 250 rpm (26 rad/s) and the pro-
cedure is repeated successively until 7500 rpm (785 rad/s) is
reached for each of the four openings of the intake throttle.

Although there are areas of operation of the engine
where the torque delivered is greater, its operation is
unstable, causing greater noise and vibrations, for this
reason they have not been considered in this investigation.
The main objective of this work is the operation close to
the stoichiometric mixture for fuel economy, maintaining a

% Efficiency $:ro{tle 85%
rottle 60%
23 —a—Throttle 33%
—&—Throttle 9%
22

R e~
21

21 *%
20

20 '/

0 2000 4000 6000 8000
RPM

Fig.22 Total efficiency vs. rpm of the engine with carburettor for dif-
ferent throttle openings
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Fig. 23 Trend of torque vs. rpm of the engine running with direct fuel
injection for different throttle openings
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Fig. 24 Trend of power vs. rpm of the engine running with direct fuel
injection for different throttle openings

stable operation of the engine. The results obtained can be
observed in Figs. 23 and 24, showing the trend of torque
and power of the test engine.

The engine performance with direct fuel injection can
be seen again in the torque and power graph curves for
four different openings of the intake throttle, marking a
maximum and then they begin to decrease. This is because
at high speeds the volumetric efficiency of the engine
decreases (even with the intake throttle fully opened),
which affects the combustion process, and therefore, the
torque delivered.

Because the engine works with direct fuel injection, per-
formance increases when the throttle aperture is greater [29],
showing rising torque and power graph curves and high val-
ues for a 90% throttle aperture, it should be noted, as a posi-
tive factor, that for this condition the pumping losses during
the scavenge process are lower. When the throttle aperture
decreases, the values of torque and power also decrease until
they produce unstable and irregular engine operation for
throttle apertures of 30% and 20%.

In both cases, carburetion and direct injection, the per-
formance of the engine is similar; however, they could be
improved by increasing the amount of fuel injected, but as
mentioned above, that is not the objective of this work.
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Fig. 25 Air fuel equivalence ratio vs. rpm of the engine running with
direct fuel injection for different throttle openings
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Fig.26 CO emission vs. rpm of the engine working with direct fuel
injection for different throttle openings

Figure 25 shows the air/fuel equivalence ratio of the
mixture in the exhaust with the engine running on direct
injection.

For these test conditions, after adjustment of the injec-
tion timing, stable engine operation was achieved with lean
mixture up to 5000 rpm for all load conditions.

The graphics of the Figs. 26 and 27 shows the trend of
CO and CO, emissions, respectively. The value of CO for the
throttle opening of 90% is relatively low, and the CO, to the
same conditions also, this is because small amount of fuel,
in proportion to the quantity of the intake air, is injected, so
the air—fuel mixture is too poor.

For low loads (throttle opening of 30%) and high rpm,
the CO emissions are higher for both cases (carburetion and
direct injection), even so, an average reduction of 53.8% is
appreciated for the operation of the engine with direct fuel
injection for this condition, and for a throttle opening of
60%, the average reduction was 55.9%. With the increase of
the rpm, the CO emissions are significantly reduced, due to
an increase in the efficiency of the combustion with direct
fuel injection, and for full load (90% throttle opening), it is
less than 3% in volume percentage of the exhaust gas for the
whole engine speed range, well below 6.92% CO emissions
on average with the engine working with carburetion for the
same conditions.



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2024) 46:308

Page 110f 14 308

C02

16 = Throttle 90%

Throttle 60%
~— Throttle 30%
—e— Throttle 20%

P PSSP PSS SO
IO RN SRSNRNSPS
PSS PO

RPM

Fig.27 CO, emission vs. rpm of the engine running with direct fuel
injection for different throttle openings

CO, emissions decrease percentage-wise with the throt-
tle aperture. For low loads (throttle opening of 30%), the
average reduction is 17.8%, and for medium load (throttle
opening of 60%), an average reduction of 6.5% has been
achieved. For greater throttle aperture, the reduction is even
bigger, and for a throttle opening of 90%, the CO, emission
represented 6.42% on average of the exhaust gases, which
represents an average decrease of 16.4% with respect to
the operation of the engine with carburetion for these same
conditions.

This CO, reduction with the increase of the throttle open-
ing is mainly due to an increase in the efficiency of the com-
bustion process.

HC and NOx emissions are shown in Figs. 28 and 29,
respectively. It should be noted that the emission of HC is
higher for throttle opening of 60%, however, they are lower
by 36.4% on average for the same conditions when the
engine runs on carburetion, as shown previously in Fig. 18.
For this condition, late injection decreases the HC exhaust
port losses but negatively affects the air—fuel mixing pro-
cess and conducts to unstable combustion because the time
per stroke available for the injection is limited, and the
amount of injected fuel per stroke is quite high, and on
the contrary, too early start of the injection increases the

HC
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Fig.28 HC emission vs. rpm of the engine working with direct fuel
injection for different throttle openings
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Fig.29 NO, emission vs. rpm of the engine running with direct fuel
injection for different throttle openings

HC emission due the injected fuel is not engaged in the
scavenge process and goes straight out through exhaust
port, an specific study in this regard can be seen in [30].
Analyzing the full loads, being the most critical condition,
the average reduction was 38.6%.

NOx emissions are slightly higher for engine operation
with direct fuel injection. For low loads (throttle opening
of 20%), the increase is greater. It appears that the exces-
sive strangulation of the intake airflow penalizes the scav-
enging process cycle by cycle, increasing the temperature
of the combustion chamber and, therefore, the emission of
NOx. It is remarkable that these same conditions coincide
with the lower emission of HC. For medium loads (60%
throttle opening), the increase in NOx emissions is about
15% on average, and for full load the average increase is
only 3.8%. It should be noted that NOx emissions could be
effectively reduced by the control of the residual exhaust
gas retained inside the cylinder (internal EGR) or the well-
known external exhaust gas recirculation strategy.

The brake specific fuel consumption for the engine with
direct fuel injection is shown in Fig. 30.

For low loads (throttle 20% and 30%), the BSFC is
higher, but even under these conditions an average reduc-
tion of 8.5% and 9.7%, respectively, was achieved regard-
ing the engine running on carburetor.

The BSFC is lower for a throttle opening of 60% and
90%, resulting in an average reduction of 13.6% and 9%
compared to the same carburetor engine test conditions.

The total efficiency of the engine during direct injection
testing is shown in Fig. 31.

For a throttle opening of 60%, the total efficiency is
higher, achieving an average increase of 15.9% compared
to the carburetor engine (shown in the Fig. 22). For the
other load conditions, the improvement in total efficiency
was smaller, but still significant: 10% for throttle opening
of 90%, 10.9% for throttle opening of 30% and 9.2% for
throttle opening of 20%.
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Fig. 30 Brake specific fuel consumption vs. rpm of the engine run-

ning with direct fuel injection for different throttle openings
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Fig.31 Total efficiency vs. rpm of the engine working with direct
fuel injection for different throttle openings

3.3 Uncertainty analysis

All measurements of physical magnitudes are subject to uncer-
tainties. Uncertainty analysis was needed to prove the accuracy
of the tests. The uncertainty in the computed values such as
brake power measurements was estimated.

The measured values such as speed, voltage and current
(from the electric brake of the test bench) and considering an
efficiency (Ilge) of 0.85 were estimated from their respective
uncertainties based on the Gaussian distribution. The uncer-
tainties in the measured parameters are voltage (AV)+3 V and
current (Al)+0.15A. For a speed (V) of 3500 rpm, voltage (V)
of 220V, current (/) of 13A and brake power (BPw) of 3.4 kW,
the uncertainty for brake power calculation is:

Vol
BPw=f(V,]) = — =34 kW
w=fv.D nge * 1000 @)
6BPw 34
—— =—=0.015
oV 220
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OBPw _ 34 _ 561
5l - 13
2 2
ABPw = \/(@ . Av) + (@ . Al) — 0.06 kKW
% 51

3)

According to Eq. (3), the uncertainty in the brake power

is +0.06 kW and the uncertainty limits are 3.4 +0.06 kW.

Average uncertainties have been calculated considering

the specifications of the measurement equipment offered

by the manufacturers. The uncertainty estimation of all
measured parameters is given in Table 2.

4 Conclusions

A low-pressure direct fuel injection system for two-stroke
Otto cycle engines has been designed, implemented and
valued. The results show a direct comparison of perfor-
mance, fuel consumption and pollutants emissions of the
same engine equipped with both a carburetor and direct
injection system, for different load conditions and engine
speed.

The main conclusion of this study is that the use of fuel-
only low-pressure direct injection systems is feasible in two-
stroke internal combustion engines, and its implementation
is completely viable and it is not very expensive. The ana-
lyzed strategy is very hopeful; indeed, the modified engine
achieves almost the same maximum performance as the base
engine with an important increase in engine efficiency and
significant reduction of HC emissions, that is, with the same
engine performance, pollutant emissions can be decreased.

In this research, with the implementation of direct
injection, stable engine operation was achieved with lean
air—fuel mixtures (up to 1.2 air—fuel equivalence ratio),
with the consequent reduction of fuel consumption. Over-
all engine efficiency was increased by 15.9% for half loads
and approximately 10% for all other engine load condi-
tions, which represents a very significant improvement.

Table 2 Accuracy and measurement uncertainty

Parameters Unit Uncertainty

Load N +0.025 abs, +0.5% rel
Speed rpm +50 abs, +1.0% rel
NO, ppm +20 ppm abs, +4% rel
CO % +0.02% abs, +3% rel
HC ppm +8 ppm abs, +3% rel
CO, % +0.03% abs, +3% rel
Fuel sec/100cm® +0.1% abs, +2% rel
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The engine functioning with direct fuel injection could
run with a maximum intake throttle aperture, in this way
reducing the pumping losses during the intake process.

Considering pollutant emissions, the presented two-stroke
direct fuel injection strategy can implement a pure oxidation
catalyst.

During the engine operation at low and medium load and
speed, it is possible to start the injection after closure of
the exhaust port, avoiding fuel short-circuiting, in this way
reducing the emission of unburnt HC and therefore decreas-
ing the fuel consumption and the emission of contaminants.

This study shows the feasibility of the development of a
system with relatively practical implementation into most of
existing engines of this category, stimulating further investi-
gation in this type of fuel injection management.
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