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The paper presents a simulation and experimental study on using bi-fuel gasoline - liquefied petroleum gas (LPG)
for currently used fuel-injected motorcycles in Vietnam. Consequently, an innovative fuel supply system was de-
signed to make the original gasoline motorcycles can flexibly operate on either gasoline or LPG. In this research,
simulation processes were conducted by using a dedicated software analysis tool to optimize the operation pro-
cess of the fuel system in order to maintain its stability and efficiency based on the characteristics of each type of
fuels. Meanwhile, the original fuel supply system of the test motorcycle will be modified in the experiment by
developing the second Electronic Control Unit (ECU) to control LPG quantity supplied for the one. The results
showed that the test motorcycle well operated on either gasoline or LPG on the new design. In addition, when
running on LPG the specific fuel consumption and exhaust emissions of the test motorcycle were reduced
significantly. The investigation suggests that the old generation of fuel-injected motorcycles can be run flexibly
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on bi-fuel in order to reduce the fuel consumption and exhaust emissions.
© 2018 International Energy Initiative. Published by Elsevier Inc. All rights reserved.

Introduction

The polluted environment has become a serious problem in
Vietnam, especially in big cities due to the industrialization process of
this country. According to the Vietnam Ministry of Natural Resources
and Environment, the main reason of air pollution in large cities is ve-
hicular traffic, which contributes 85% of the amount of carbon monoxide
(CO) in the environment (As Vietnam urbanises, air pollution grows in
big cities). As shown in (Khanh et al., 2016), with more than 40 million
vehicles, the motorcycle has speedily become the main transportation
vehicle, and the main pollution sources in this country due to the poor
infrastructure, lack of awareness of drivers and government's misman-
agement. To deal with air pollution from motorcycles, the Vietnam gov-
ernment formulated a strategy to control emissions. As a result, Euro III
emission standards regulation for new motorcycles will become effec-
tive in July 2017. However, this solution cannot solve the problems re-
lated to the number of largely used motorcycles circulated in Vietnam.

As listed in many studies (Changwei et al., 2017; Gandhi et al., 2003;
Hsieh et al., 2002; Jahirul et al., 2010; Khanh et al., 2016; Lodice et al.,
2016; Park et al., 2010; Winkler et al., 2008; Xiaolei et al., 2012), the
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main exhaust constituents of vehicles retrofitted gasoline engine in-
clude CO,, CO, NOy and unburned hydrocarbons (HC) since the fuel sup-
plied to the engines cannot be completely combusted causes for the
formation of CO and HC. Meanwhile, NO is produced as a result of the
thermal dissociation of molecular oxygen to give oxygen atoms reacting
with nitrogen molecules known as the Zeldovich mechanism (Khanh
et al,, 2016; Manzetti & Andersen, 2016). CO, HC and NOy emissions af-
fect directly to human health since they cause in many diseases, includ-
ing respiratory problems, eye irritation, heart disease as well as
potential to cause cancer (Bogarra et al., 2016; Chowdary et al., 2016;
Demir, 2015; Yu et al., 2015). On the other hand, CO, does not affect di-
rectly to human health; however, it has a significant impact on global
warming because of its abundance in the atmosphere. In addition, CO,
emissions are also directly related to the fuel consumed by vehicles.
Consequently, Vietnam is necessary to find out the suitable method to
reduce the emissions from the motorcycles in order to minimize the
polluted environment and energy consumption.

Recently, alternative energies have been performed as the solution
to replace traditional energy sources used for internal combustion en-
gines such as gasoline, diesel. Known as propane autogas, LPG is a
clean-burning, high-energy alternative fuel that has been being consid-
ered by scientists worldwide to use for vehicles. P.R. Chitragar et al. per-
formed an experimental study to analyze the combustion and emission
of a 4-stroke gasoline engine running on LPG. It revealed that toxic
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emissions CO, HC, and NO, were improved for LPG at idle conditions
than gasoline (Chitragar, 2016). The investigation of the ultra-lean com-
bustion direct-injection LPG engine for passenger-car applications
under the FTP-75 mode was also conducted by ]. H Kim et al. as
shown in (Kim et al., 2016). Their results showed that the particle emis-
sions of the lean combustion were higher than those of the original
combustion, but considered as acceptable levels based on the upcoming
emission standards. In another research, the effects of the LPG temper-
ature on the engine operating characteristics were experimentally
investigated on a test spark ignition engine. Consequently, the LPG
temperature contributing to the change in a wide band of the spark
ignition engine effects directly to engine performance and NO emission
characteristics.

In Vietnam, the scientists have recently focused on finding out re-
newable and alternative energy sources to replace traditional energy
and contribute to developing agriculture in the countryside. Many stud-
ies have concentrated on using ethanol as the potential energy source
applied to motorcycles (Khanh et al., 2016). They showed that motorcy-
cles can well operate with a fuel mixture of ethanol and gasoline corre-
sponding to the low content of ethanol. Some studies have also
performed to use LPG for light-duty vehicles or motorcycles using a car-
buretor. These studies obtained some worthy results, and are the foun-
dations for the development of renewable and alternative energy in
Vietnam. However, they are limited in application due to the cumbrous
design and high cost of the modified fuel supply systems.

This research aims to investigate a new fuel supply system for fuel
injected motorcycles in order to flexibly run on either LPG or gasoline.
Due to the difference between physical-chemical properties of LPG
and gasoline such as the density, kinematic viscosity, heat value and la-
tent heat of vaporization, it is necessary to modify the structure of the
original fuel supply system. Consequently, LPG fuel was injected into
the intake manifold by an independent gaseous injector and controlled
by a second ECU. The performance and emission of the test motorcycle
using either LPG or gasoline were evaluated after the modification. The
results of this study are the foundation for applying widely LPG as the
alternative energy to replace the traditional gasoline fuel in order to
solve the energy crisis and environmental problems.

Simulation and experimental procedures
Simulation procedure

In this research, the engine simulation model was conducted by
using AVL Boost software as showed in Fig. 1. Theoretical backgrounds
including the basic equation and calculation models for all components
of the model are clearly described in (AVL, 2013; Heywood, 1988). The
model of the engine was simulated at fully opened throttle with gaso-
line and LPG, the engine speed has been increased from 2000 to
8000 rpm at an interval of 1000 rpm. In each simulation modes, sup-
plied fuel in the case of gasoline and LPG was adjusted to maintain the
air excess ratio constantly equals 1.

Basic conservation equations

The calculation of the high-pressure cycle of an internal combustion
engine is based on the first law of thermodynamics as given in
Egs. (1) and (2).
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where m, is the mass in the cylinder, u is the specific internal energy, p.
is the cylinder pressure, V is the cylinder volume, Qf is the fuel energy
and Qy is the wall heat loss, a is the crank angle, hgg is the enthalpy
of blow-by, mgg is the blow-by mass flow, d.,; is the mass element
flowing into the cylinder, d .. is the mass element flowing out of the cyl-
inder and m,, is the mass of evaporating fuel. It means that the change
of the internal energy in the cylinder is equal to the sum of piston work,
fuel heat input, wall heat losses and the enthalpy flow due to blow-by.
Eq. (1) is valid for engines with internal and external mixture prepara-
tion. However, the terms, which take into account the change of the gas
composition due to combustion, are treated differently for internal and
external mixture preparation. For internal mixture preparation as in a
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Fig. 1. Simulation model of tested engine. Whereas: 1-Air cleaner; 2-Restriction; 3- Injector; 4-Cylinder; 5-Pleum.
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