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Abstract

This study examines the effects of starting a vehicle with a turbo-direct gasoline injector
(T-GDI) engine with liquid LPG on engine torque and exhaust emissions (CO, CO,, HC,
and O»). Vehicle experiments were conducted on a chassis dynamometer. For this purpose,
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the vehicle was operated with pure gasoline and liquid LPG at engine speeds of 2000,
2500, 3000, 3500, 4000, and 4500 rpm, and the change of all values of each fuel is rec-
orded. The results showed an increase in engine’s torque and engine power, along with

liquid LPG. Besides, CO, HC, and O emissions decreased, while CO, emissions in-

creased.
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1. Introduction

Many countries are trying to address growing energy demands
by using petroleum-derived fuels. But in the near future, fossil re-
sources are in danger of extinction. For this reason, global markets
are looking for different renewable, sustainable, low cost, domestic
and more environmentally friendly energy sources. Because rea-
sons such as the depletion of fuel reserves of petroleum origin and
the increase in air pollution due to their use threaten the entire
world [1]. For this purpose, the main agenda issues of the countries
focus on the search, supply and use of alternative fuels that pollute
the environment less. Air pollution, especially caused by transport,
industry, heating and housing, significantly endangers life [2].
Harmful greenhouse gases such as carbon monoxide (CO), hydro-
carbon (HC), nitrogen oxides (NOXx), particulate matter (PM), sul-
fur dioxide (SO»), volatile organic matter (VOS) and carbon diox-
ide (COy), which are one of the causes of air pollution in the
transport sector, negatively affect life [3]. Many academic studies
have been conducted on alternative fuels that can be used in both
compression ignition engines (Cl) and spark ignition engines (SI)
to minimize these harmful gases coming out of vehicles exhausts.
Researchers who continue their experimental studies on this sub-

ject have been searching for different chemicals in addition to con-
ventional alternative fuel additives that have been accepted thanks
to developing technologies. First alternative fuel study in diesel en-
gines. Diesel started the diesel engine using peanut oil. These al-
ternative fuel studies, dating back to ancient times, are further dif-
ferentiated today [4].

In recent years, the use of alternative fuels in internal combus-
tion engines has focused on biomass fuels (alcohols, vegetable oils,
biodiesel), gas fuels (LPG, CNG, acetylene, hydrogen) [5, 6].
Some of the alternative fuels can be used directly in the engine,
while some can also be used by mixing gasoline and diesel into
their main fuels in various proportions. Alternative energy sources
in the sector in the use of LPG (liquefied petroleum gas), CNG
(compressed natural gas), LNG (liquefied natural gas), H. (hydro-
gen), ethanol and biogas, such as eco-friendly fuels research con-
tinues to gain momentum [7]. In gas fuels, fuels such as LPG and
CNG have also become commercial products. From this point of
view, some vehicle manufacturers have started to produce LPG
vehicles from the factory. Because LPG reduces harmful gases
from exhaust emissions [8].

The use of LPG as fuel in internal combustion engines, in par-
ticular, is based on the following foundations;
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*High octane count,

*High thermal efficiency,

*Be cheap,

*Being produced or supplied from many sources,
*Reduction of emission values [9].

With the popularization of Euro norms, fuel consumption of ve-
hicles and combustion emissions gained great importance. In ad-
dition to tracking combustion inside the engine, especially in order
to reduce emissions and reduce fuel consumption, post-combus-
tion emissions also began to be tracked. Combustion in gasoline
engines, especially in Euro 4 and then Euro 5 norms, began to be
provided according to emissions. In this way, the fuel & air mix-
ture in the cylinder became very important [10]. Using vehicles
with LPG fuel is the step taken toward reducing harmful gases
from exhaust emissions. It shows that LPG fuel is an alternative
fuel with fewer emission values than gasoline. The boiling point
values of gasoline and diesel fuels from liquid fuels are above
room temperature, while the boiling point values of LPG fuel are
at lower temperatures [1]. As LPG fuel moves towards becoming
an alternative fuel to gasoline, it can be used without significant
changes on spark plug ignition engines. In addition to all these, its
economy increases the demand for LPG fuel in the automotive sec-
tor. The use of LPG as an alternative fuel in commercial and pas-

senger vehicles has become widespread in Europe and Turkey [11].

Currently, companies sell vehicles with an LPG fuel system that
has been installed directly in factories [8]. LPG fuel is sent to the
vehicle cylinders by mixing with air in the gas state, so the use of
LPG fuel in vehicles also has an impact on vehicle performance.
This effect on engine power is lower than that used with pure gas-
oline fuel [12]. LPG fuel is more environmentally friendly than
gasoline and diesel fuel used in internal combustion engines when
evaluated in terms of vehicle exhaust emissions, as well as being
economically cheap, high thermal efficiency and octane number
increase interest in LPG every day.

Demirci and Sycamore [9], examined the effects of pre-mixed
compressed CNG use on engine performance and exhaust emis-
sions in a single-cylinder, four-stroke, diesel engine converted to
HCCI-DI system. According to the results of their tests, they found
that the use of an HCCI-DI engine with CNG under full load pro-
vided significant improvements in CO, specific fuel consumption
and is emissions, leading to an increase in NOx and HC emissions.

In their study, Saputro and Garcia [13], evaluated performance
results in a single-cylinder water-cooled diesel engine with a
power of 8 HP by mixing diesel and LPG fuel in certain propor-
tions. In order to analyze the results of the mixture properties in the
air intake manifold of LPG fuel, they performed simulation using
computational fluid dynamics. They tried performance reversals
by increasing LPG fuel to the inlet air by 5% from 20% to 40%
and achieved the best result when mixing 30% LPG fuel.

Zhu et al., [14], four-cylinder four-stroke turbo petrol direct in-
jection (TGDI) engine Cold start studied the combustion and emis-
sion values of the turbocharged direct gasoline injection engine un-
der the new European Driving Cycle (NEDC). According to the

test results of their study, the combustion duration and the begin-
ning of combustion of 50% up to cold start position under the new
European driving cycle combustion has changed a little, in the first
stage of the new European Driving Cycle, the timing of the spark
for the delay in the effect of cold running HC emissions is limited,
however, HC emissions of the engine showed a specified average
effective pressure) is decreasing due to deceleration cast in a sig-
nificant way under the conditions they observed. They found that
CO emissions seem to have no interest under cold operation and
are too sensitive to excessive air coefficient, while NOx emission
values increase in acceleration cases and decrease in deceleration
cases, which is mainly affected by the stated average effective
pressure and then the speed of the engine.

In his experimental study, Kunt et al., [15], investigated the ef-
fects of LPG fuel and gasoline fuel on engine performance and ex-
haust emissions on a single-cylinder air-cooled, four-stroke gaso-
line engine. According to the test results, the average engine torque
and engine power decreased by 4.15% compared to gasoline fuel,
the average specific fuel consumption decreased by 16.45% and
the average fuel consumption decreased by 16.77% when LPG
fuel was used in the experimental engine. It also found that CO,
CO and HC emission values decreased by 35%, 2.5% and 35.36%
respectively compared to gasoline fuel use when LPG fuel was
used in the experimental engine, and NOx emission values in-
creased by 88%.

Beak et al., [16] compared the effects of liquid LPG on emis-
sions with diesel used as fuel in a commercial vehicle with a
EURO 6 engine. They performed their vehicle experiments on the
chassis dynamometer without changing the original exhaust sys-
tem of the vehicle. For experiments in the chassis dynamometer,
they used the World Harmonized vehicle Cycle (WHVC) standard
vehicle cycle. For this purpose, the researchers recorded the data
by first experimenting with diesel fuel. They then compared ex-
haust gas emissions (SO, CsHs, NHz, THC, N2O, CH4, CO, par-
ticulate) with a newly developed LPG direct injection (LPDi) sys-
tem. Researchers have reported that LPDI fuel is more environ-
mentally friendly than diesel fuel.

Ahn et al., [17] they studied the effects of liquid LPG injection
in a vehicle with a turbocharged gasoline direct injection 2.0 L en-
gine volume. For this purpose, they repeated their experiments
with gasoline and liquid LPG by running the vehicle at engine
speeds of 1600 rpm (40 Nm), 2000 rpm (75 Nm) and 2400 rpm
(110 Nm). They conducted their vehicle experiments in the chassis
dynamometer. Researchers have stated that liquid LPG fuel re-
duces all exhaust gas emissions compared to gasoline fuel.

Darzi et al., [18] they studied the effects of adding liquid LPG
to the engine to increase combustion efficiency and reduce exhaust
gas emissions in a two-stroke air-cooled engine with spark plug
ignition. They can control the spray timing with the system they
developed to spray liquid LPG at high pressure. In this way, the
engine performed the spraying process in different positions of the
piston according to the upper dead point. They also repeated their
work according to different air excess coefficient. They noted that
the air excess coefficient in the addition of liquid LPG is extremely
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important in terms of engine power, engine torque and fuel con-
sumption. They also noted that liquid LPG generates less exhaust
gas emissions than gasoline.

As mentioned above, research on the effects of LPG fuel con-
tinues and there are many studies on this subject. In this study, un-
like other studies, the effects of 100% liquid phase LPG use on
exhaust emissions and engine performance in an experimental ve-
hicle engine with turbo gasoline direct injection system were ex-
amined. For this purpose, the T-GDI was first adopted into a vehi-
cle chassis dynamometer. Vehicle 5th we operated it at engine
speeds of 2000, 2500, 3000, 3500, 4000 and 4500 rpm while in
gear position. Through the Prins LPG system, we can operate the
vehicle only with gasoline and LPG. During each vehicle test, en-
gine torque, engine power and exhaust gas emission (HC, CO, CO,
and O we record separately values for LPG and gasoline.

2. Material and Method

In the experiments, a vehicle with a four-stroke, four-cylinder,
turbocharged gasoline direct injection system was used. Technical
specifications of the vehicle are given in Table 1. Vehicle experi-
ments were carried out on the chassis dynamometer. Vehicle ex-
periments were conducted on the Dynorace 2WD chassis dyna-
mometer. The dynamometer has a maximum power of 535 HP and
atorque absorption capacity of 1500 Nm and the ability to measure
up to 300 km/h vehicle speed. At each stage of the experimental
study, Vehicle Power, vehicle torque and exhaust emission values
(CO, COy 03, and HC) were measured and recorded. Exhaust
emission measurements a Capelac brand device was used. The
measurement range of the exhaust emission device used is given
in Table 2. The process of sending liquid LPG to the engine was
carried out with the direct LiquiMax liquid LPG model of the com-
pany that produces a prince brand LPG kit. With this model, the
current injection system of the engine 100% liquid phase of LPG
is sprayed into the cylinder [10]. The image of the control panel of
the emission device and chassis dynamometer used during the ex-
periments is shown in Figure 1, and the schematic image of the
experimental assembly is shown in Figure 2.

Table 1. Technical specifications of experimental vehicle

Vehicle 1.6 T-GDI DCT 4x2
Engine Type T-GDI
Engine Volume (cc) 1591
Engine Maximum Speed (km/h) 201

177 /5500 min-1
265 / 4500 min-1

Maximum Power (HP)
Maximum Torque (Nm)

Injection Type Direct
Number of Cylinder 4
Number of Valves 16 valve
Transmissions Type 7DCT
Tire Size 245/45 R19

Table 2. Exhaust emission device specifications.

Model Capelec CAP 3201-4 GAZ Measurerr;wc?t Accu-
HC 0-20000 ppm Hexan %1
CO 0-5 %vol. 900.001

CO2 0-20 %vol. 9%0.1
02 0-21,7 %vol. %0.01

NOx 30-10000 ppm 1

1. Exhaust gas emission, 2. Chassis Dynamometer Control Panel
Figure 1. A picture of the experimental assembly.

After the engine water temperature of the vehicle reached 90 °C
and the oil temperature reached 100 °C for engine experiments, the
experiments were started. Engine experiments 5 it was repeated at
engine speeds of 2000 rpm, 2500 rpm, 3000 rpm, 3500 rpm, 4000
rpm, 4500 rpm while in gear lever position.
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Figure 2. Schematic picture of the experimental assembly.
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3. Results and Discussion

Figure 3 shows the effect of changing the use of liquid LPG and
gasoline according to engine speed on engine power. An increase
in engine power compared to gasoline was observed at all engine
speeds when liquid LPG was used. During vehicle experiments,
177 horsepower (HP), the maximum engine power given as the
catalog value of the vehicle, was not reached. Only gasoline use
was measured with power data of 166 HP. With the use of LPG,
the maximum engine power increased to 169 HP. An increase of
approximately 1.7% in maximum engine power was achieved. It
is possible to explain this situation by the fact that the thermal value
of LPG by mass is high compared to gasoline. LPG is an advanta-
geous fuel with high octane number. [19]. It is seen in the study
results that all the disadvantages that occur when sending LPG into
the cylinder as a gas can be overcome by using liquid LPG and
sending it directly into the cylinder. In particular, the opinion that
the fuel sent with high spray pressure is well atomized and in-
creases combustion efficiency in the cylinder appears in studies.
Because LPG, which is sprayed on the air at a high rate with turbo,
is thought to provide combustion in a more ideal environment [20].
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Figure 3. Change of engine power.

Figure 4 shows the effect of changing the use of liquid LPG and
gasoline according to the engine speed on the engine torque. En-
gine torque occurs as an effect of the pressure on the cylinder as a
result of the combustion of the fuel taken into the cylinder. Itis an
important parameter that allows work in internal combustion en-
gines [9]. Engine torque obtained with LPG is higher up to engine
speeds of 2000 rpm and 3500 rpm. After the engine speed of 3500
rpm, the torque obtained by LPG decreased and the engine torque
obtained by gasoline increased. 210 Nm engine torque was pro-
duced with LPG at 2000 rpm, while 189 Nm torque was produced
with gasoline under the same conditions. The maximum engine
torque was 268 Nm. 255 Nm engine torque is produced with LPG
under the same conditions. As the reason for the increase in engine
torque along with the increase in engine speed, it is possible to ex-
plain the excessive cooling of the air together with the spraying of

liquid LPG in the cylinder. Because liquid LPG will draw heat
from inside the cylinder to evaporate, so the end-of-combustion
temperature will decrease.
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Figure 4. Change of engine torque.

Figure 5 shows the effect of changing the use of liquid LPG and
gasoline according to engine speed on CO emissions. CO emis-
sions are an incomplete combustion reaction caused by the com-
plete failure of fuels in internal combustion engines. CO emissions
in a turbocharged GDI engine are expected to be less than in other
motor vehicles. Because all the air is taken into the engine cylin-
ders to burn the fuel. Despite this, CO emissions can occur for rea-
sons such as the fact that fuels are not fully atomized, air and fuel
do not mix in the cylinder [21]. At all engine speeds, there is a
decrease in the use of LPG compared to gasoline fuel. In injection
vehicles, atomization of fuel inside the cylinder during spraying
from inside the cylinder is very important. In this way, the fuel and
air are ideally mixed and the combustion efficiency is improved. It
is believed that liquid LPG sprayed from the injector compared to
gasoline is a complete atomization and partially improves combus-
tion, resulting in a reduction in CO emissions. In general, it is
known that the CO emissions of vehicles with LPG are reduced.
But in this study, spraying LPG in liquid form from the injector
provided extra combustion efficiency and led to a reduction in CO
emissions. The highest recovery rate was at 2000 rpm with an en-
gine speed of 66.6%. The lowest recovery rate was achieved at an
engine speed of 3500 rpm with 12.5%.
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Figure 5. Change of CO emission.

Figure 6 shows the effect of changing the use of liquid LPG and
gasoline according to engine speed on CO; emissions. CO, emis-
sions as a result of full combustion of fuels with oxygen in the en-
gine cylinder, CO emissions with incomplete combustion of re-
maining fuels after full combustion, HC emissions with the re-
moval of fuel that does not burn at all from the exhaust [22, 23].
Along with liquid LPG, CO; emissions tend to increase at engine
speeds of 2000, 2500, 3000 and 3500 rpm. Engine speed 4000 and
4500 rpm with the increase of the engine speed was seen to de-
crease. Itis believed that combustion efficiency is higher with LPG,
especially at low engine speeds, but with increasing engine speed,
the combustion efficiency of liquid LPG decreases, thus causing a
decrease in CO, emissions [22, 24]. As the engine speed increases,
more fuel is sent into the cylinder. In this way, the end-of-combus-
tion temperature decreases with the heat drawn by LPG in the lig-
uid phase from inside the cylinder. In this case, combustion effi-
ciency tends to decrease. The highest reduction trend was achieved
at an engine speed of 3000 rpm with a rate of 13%.
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Figure 6. Change of CO2 emissions.
Figure 7 shows the effect of changing the use of liquid LPG and

gasoline according to engine speed on HC emissions. HC emis-
sions at all engine speeds have tended to decrease with the use of
liquid LPG. With the use of liquid LPG, a similar HC emission
profile was obtained with gasoline. The trend of reducing HC
emissions is also an expected result in LPG vehicles with a classic
system. The most positive result in terms of HC emissions was
achieved with 26% of the engine speed at 3500 rpm. The lowest
recovery rate was measured at 2000 rpm with an engine speed of
15.7%. Liquid LPG atomized by spraying from the injector is ide-
ally mixed with air and increases combustion efficiency in terms
of HC emissions have also been shown to give positive results. The
results of the study are similar to those of [23-26] in the literature.
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Figure 7 shows the effect of changing the use of liquid LPG and
gasoline according to engine speed on O, emissions. In classic gas-
oline vehicles, gasoline is also taken when air passes through the
carburetor and an ideal mixture is formed. A lack of oxygen in such
engines would affect many combustion parameters and cause
emissions to occur negatively. But today, it is known that the pres-
ence of oxygen in the cylinder can be adjusted with injector en-
gines supported by turbochargers. In this way, many emissions are
reduced. Octane number and flammability of LPG are one of the
important features that lead to efficient combustion in this type of
engine. At engine speeds of 2000 rpm, 2500 rpm and 3000 rpm,
less oxygen from the exhaust also indicates that combustion has
partially improved. But with the increase in engine speed, the ox-
ygen content tended to increase with the use of liquid LPG. It is
possible to express this condition by the fact that the combustion
is partially worsened.
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4. Conclusion

In this study, the effects of liquid LPG use on engine perfor-
mance and exhaust emissions in vehicles with turbo direct gasoline
injector (T-GDI) engine technology with liquid LPG system were
determined. It was repeated at engine speeds of 2000 rpm, 2500
rpm, 3000 rpm, 3500 rpm, 4000 rpm, and 4500 rpm while in gear
lever position.

By using liquid LPG, an increase in engine power values is
achieved at each engine speed. The highest increase rate was
achieved at an engine speed of 4500 rpm. The maximum engine
power is measured at 169 HP with the use of liquid LPG, while
this figure is reduced to 166 HP with gasoline. An increase of ap-
proximately 1.7% in maximum engine power was achieved with
the use of liquid LPG.

Engine torque increased slightly at engine speeds of 2500 rpm,
3000 rpm and 3500 rpm with the use of liquid LPG. If the engine

speed is above 3500 rpm, it has shown a tendency to decrease again.

The highest increase rate is 210 Nm of engine torque with liquid
LPG at 2000 rpm, while under the same conditions; only 189 Nm
of torque was produced with gasoline. The highest reduction with
liquid LPG was measured at an engine speed of 4500 rpm. The
maximum engine torque was 268 Nm. 255 Nm engine torque is
produced with LPG under the same conditions. CO emission val-
ues are reduced compared to gasoline fuel operation mode in liquid
LPG operation mode at all engine revs. The highest recovery rate
was 66.6% with an engine speed of 2000 rpm, while the lowest
recovery rate was 12.5% with an engine speed of 3500 rpm.

Along with the use of liquid LPG, there was an increase in CO;
emissions at engine speeds of 2000, 2500, 3000 and 3500 rpm, and
with the increase in engine speed of 4000 and 4500 rpm, there was
a decrease in CO, emission values. When the Test results were ex-
amined, the highest reduction trend was realized at an engine speed
of 3000 rpm with a rate of 13%.

Along with the use of liquid LPG at all engine speeds, there was
a decrease in HC emissions compared to the use of gasoline. When

HC emission values were examined, the highest amount of reduc-
tion was achieved with 26% at 3500 rpm engine speed, while the
lowest recovery rate was determined with 15.7% at 2000 rpm en-
gine speed.

With the use of liquid LPG, the amount of O decreased at 2000
rpm, 2500 rpm, 3000 rpm and 3500 rpm, while the engine speeds
tended to increase at 4000 rpm and 4500 rpm.

Nomenclature

T-GDI : Turbocharged g-Gasoline Direct Ignition
HC : hydrocarbon

Cco : carbon monoxide

NOXx : nitrogen oxides

PM : particulate matter

CO2 : carbon dioxide

Cl : compression ignition engines
SI : spark ignition engines

SO, : sulfur dioxide

LPG : liquefied petroleum gas
CNG : compressed natural gas

LNG : liquefied natural gas

H: : hydrogen
NEDC : European Driving Cycle
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