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Abstract: Alternative fuels used in diesel buses are becoming the subjects of interest today. LPG, one of these fuels, has
some economical and ecological benefits compared to diesel. Converting diesel engine into gaseous fueling is accompanied
with performances degradation. Therefore, combustion must be improved to remedy this problem. Combustion Improvement
is directly related to the enhancing of intake aerodynamic mixing movements which is influenced by the air-gas mixing
system. This paper investigates the air-LPG engine mixer geometry effect on performance of a six-cylinder, heavy duty,
IVECO engine, which is used to power urban buses in Tunisia. This engine was retrofitted from its diesel version into bi-fuel
gasoline/LPG technology. The gaseous fueling technique used is the carburetion due to its benefits against the conversion
cost for a wide range converted buses. Investigations were performed by numerical and experimental methods. A 3D
modeling of the turbulent flow through engine intake system (with multiple-holes “MH” mixer and without mixer) was
undertaken. The model is based on solving Navier-Stokes and energy equations in conjunction with the standard k-e
turbulence model. This model allowed the identity of the mixer effect. Results indicated that the addition of MH mixer can
produce a better homogenous mixture. Experimental measurements are also carried out to validate the mixer influence by
measuring the important engine performances. Comparative analysis of the experimental results showed the improvement of

BP, BT, BTE and BSFC by 6.25 %, 3 %, 9 % and 6.6 % respectively using MHM mixer in LPG engine operation.
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1. Introduction

Due to air pollution and restricted petroleum
reserves, several fuels like CNG, LPG, hydrogen
and Dbiofuels, were regarded as promising
alternatives for urban transport. To decrease traffic
in many countries, including Tunisia, public
transportation is encouraged. Urban buses are
usually equipped with diesel engines whose
emissions contribute in  greenhouse  gasses.
Alternative fuels for internal combustion engines
applications had emerged to substitute the
conventional fuels such as gasoline and diesel.
Among these alternative fuels, natural gas and
liquefied petroleum gas (LPG) have significant
impact on decreasing toxic emissions. Biofuels
present additional possible alternatives engine fuels.
They have a moderately high availability and
enormous economic benefits, such as biogas and
biodiesel [1-3]. In case of gaseous fueled engine
(LPG and natural gas), promising results were

achieved in terms of fuel economy and exhaust
emissions reduction [4-5]. Numerous countries have
used gaseous fuel for public transportation. In Japan,
Canada, and Italy as much as 7% of the urban buses
are powered with LPG [6]. LPG is produced from
petroleum refining and from natural gas. Actually,
LPG supply exceeds the demand in the mainly of
petroleum countries, so its price is inferior to other
fuels [7]. This gas is a mixture of propane (C;Hg)
and butane (C4H;¢). The proportions ratios fluctuate
between countries but propane frequently comprises
80 to 95 % of the total. The use of LPG as an
alternative fuel could be split into two main types
depending on their fuel consumption. The first is
gaseous engine type, which has been designed from
the beginning to operate on gas. The second is
converted engine type from diesel or gasoline
version, which is also divided into two types: dual
fuel system (both diesel and gas were introduced
into cylinder) and bi-fuel system (engine is
retrofitted to operate with gas). Numerous reliable
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researches on LPG fuelled engines have been done
to enhance the benefits of this gas. [8-13].

LPG is generally used in private vehicles, but
it’s rarely in full-sized transit buses. Like all gas
vehicles, LPG buses can profit from the gaseous
fuels benefits, i.e. the very low proportion of sulfur
and a low carbon hydrogen ratio, which tends to
product relatively low CO, emissions [14-16].

To convert diesel engines to SI gaseous bi-fuel
engine, many systems are changed, including the
intake and air-fuel blending system. Consequently, a
reliable design of this system leads to improve the
combustion process, therefore to optimize engine
performances. An air-fuel mixer is a mechanical
system, which ensures optimal air-gas mixing in
transient conditions. That’s why the suitable design
of this device directly affects engine performances.
Gas mixer is a tool used to establish the amount of
LPG mixed with air before entering in cylinder and
able to provide the engine with the optimal blend of
gas and air according to various engine speeds. The
perfect blend of gas and air mainly helps to improve
gaseous engine performance and reduce emissions
[17]. To ensure good combustion, a correct fuel-air
mixture is according to the required stoichiometric
air-fuel ratio. Various studies are performed to
examine mixer design effect on the engine behavior,
and especially the engines converted from its diesel
originality [18-21]. Two parameters should be
fulfilled in the mixer design process: turbulence that
enhances the mixing quality and losses reduction in
order to increase charged gaseous mixture volume.
To reach this point, numbers of optimal designs are
proposed: venturi-type mixer, fan type mixer and
multi-holes type. Our choice is focused on multiple-
hole mixer. Literature has shown the benefits of this
mixer type [17]. A clear understanding of the fluid
motion and dynamic processes of the engine mixture
preparation are necessary to enhance the concept of
each part involved. Computational fluid dynamics
“CFD” can be used to give information about the
properties of engine fluid flow. CFD simulation
helps in adapting engine components design, saving
both time and money. Therefore, numerical
simulations have been mostly employed in the
majority of internal flow engine studies [22-26].
However, in most of former work, flow simulations
through the air-gas homogenizing system have been
considered without stressing on gas mixer effect on
in-flow velocity and turbulence structures for diesel
heavy duty engines converted into gaseous fueling.

In the present work, the fuel system of a LPG
powered bus engine, focusing on the mixture
formation unit was reviewed in the first case. A
numerical simulation of the aerodynamic and
turbulence fields is carried out, using the CFD code

SolidWorks Flow Simulation, through an air-gas
blending system of an IVECO urban bus engine.
This engine has been converted from its diesel
version into a spark ignition (gasoline-gas) bi-fuel
version. This study is interested in the inlet system
optimization and especially the gas mixer to ensure
the correct operation of the retrofitted engine. Two
possible designs are presented of intake system
(Fig.1). The first design is added by a Multiple outlet
gas Holes Mixer “MHM” (Fig.2). The second is
consisted of intake system without mixer. In this
case, LPG is injected directly in carburetor. This
technique is used in order to ensure a mixture rich in
gas, since heavy-duty engines require plenty of
power which is lost using alternative gases [27]. The
other benefit of this technique is the gain of mixers
manufacturing cost since the number of diesel buses,
to be converted in Tunisia, is very important. The
comparison of the in-cylinder flow structures using
the two geometries notifies the addition mixer
effectiveness. The simulation objective is to examine
the LPG mixer effect and, thus, making it possible to
provide a fine knowledge of the mixture
aerodynamics nature (velocity, turbulent
characteristics and fuel mass fraction). Hence, the
three-dimensional resolution of Navies-Stokes
equations in conjunction with the standard k-e
turbulence model is achieved. The numerical
modeling is realized considering the aspiration of
one cylinder. The second objective of this paper is to
identify the mixer influence on engine performances
using experimental method. The MH mixer justified
from numerical simulation was installed on a four-
stroke engine type IVECO 8210.02. The used fuel in
the experiments is the liquefied petroleum gas LPG.
Engine power, torque, specific fuel consummation
and thermal efficiency are determined.

a- ) b-
Fig.1. Air LPG intake system, a- Without mixer, b- with MH
mixer
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Fig.2. MH mixer design

2. Engine configuration

An IVECO engine, six-cylinder, 13.8 liter
displacement, water-cooled, heavy duty, direct
injection (DI), installed at the authors’ laboratory
was modified to bi-fuel spark ignition (SI) engine
gasoline and gas fuelling (LPG and CNG). It is used
to power the urban diesel buses in Sfax, Tunisia. The
engine was operated at wide open throttle condition.
The main engine specifications are given in Table. 1.

Table.1. Characteristics of the engine model

Engine parameters Value

Engine (four cycle) IVECO

Reference 8210.02. AP 160
Type 6 Cylinders — Inline
Bore x Stroke (mm) 137 x 156
Displacement (dm®) 13.8

rod length (mm) 260

Crank radius (mm) 78

Compression ratio 16:1 (diesel), 12: 1
Engine speed range (rpm) (bi-fuel)

Cooling system 700 - 2000

Firing order Water cooling
Maximum power at 2000 rpm (kW)  1-5-3-6-2-4

(diesel) 191,36

Maximum torque at 1200 rpm 101

(daN.m) (diesel)

3. Fuel system of LPG engine

The major components of LPG fuel system are
gas storage tank, vaporizer and the air-fuel mixer.
On the whole, LPG is brought in at high pressure
gaseous form in the storage tank. Pressure is
dropped by passing through regulator and vaporizer.
Finally it reaches the intake manifold, passing
through the mixer or injected directly into the
carburetor, before entering inside the cylinder.
Pressure difference in the mixer contraction passage
produces a velocity variation. A change in fuel flow
is created to join and blend with the main airflow in
the necessary proportion [28]. The mixer size was
based on the air flow drawn into the engine.

In this study, a multiple holes type mixer, with
17 holes, based on venturi system is chosen. Despite
its manufacturing problems, it brings gains in engine
filling [24]. Holes were made along the
circumference of the throat to dispense the propane
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fuel to the air stream evenly, with a radial
arrangement.

4. CFD modeling of intake system

CFD is largely used to simulate the transition
engine flows. In this study, the commonly available
CFD means SW Flow Simulation is used. It has the
benefit of importing geometry directly from CAD
software such as SolidWorks. Firstly, 3D geometry
of the two intake system configurations (with and
without mixer) is built using the SolidWorks (SW)
software. The files created by SW are imported in
CFD code to build the grid for the final calculation
of simulation. The 3D model can simulate the in-
cylinder flow under unsteady engine conditions [29].
The simulation methodology is indicated in Fig.3.
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Fig.3. Intake system numerical simulation steps

4.1. Mathematical model

In this paragraph, the conservation equations of
CFD simulation required for modeling inlet
premixed air gas flow is presented. The equations
governing the dynamics of gases are expressions of
the conservation and thermodynamics laws.
Simulation is based on the steady and unsteady flow.
Gases are defined as compressible fluid. The
standard model k-¢ is used to solve the problems of
intake flows reigning inside two inlet system
configurations. Equations governing the flow model,
including the conservation equation of mass,
conservation of momentum, and the conservation
equation of energy, are summarized in the Navier-
Stokes equations:
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4.2. Turbulence Model

Turbulence modeling is imperative in engine
intake flows. Since the turbulence directly influences
spray, blending, in-cylinder movements and
combustion, adequate prediction of turbulence
behavior is required. The study of this fact is
essential in order to improve engine performance
and emissions. In most of the computational codes
developed so far, the characteristics of velocity are
directly related to the corresponding turbulence [30].
Therefore, an appropriate modeling of intake mixing
processes is dependent on the accuracy of the
turbulence prediction. In this section, the turbulence
models employed for current work will be developed
according to the standard k-¢ turbulence model [31].
The typical turbulence parameter consists of
turbulent kinetic energy and its dissipation rate. The
equations of turbulent kinetic energy k and its
dissipation rate ¢ are written as:
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“Pp” represents the turbulent generation due to
buoyancy forces [32] and can be written as:
& 10p
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B
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where “g;” is the component of gravitational
acceleration in direction x;, the constant 6z = 0.9
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“Cg” is defined as: Cz = 1 when Pz > 0, and 0
otherwise;
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The constants C,, C,, Cg, o o, are defined
empirically [33]. In Flow Simulation the following
typical values are summarized in Table 2.

"

Table.2. (k- €) model empirical constants

Cu Csl Csl Oy O
0.09 1.44 1.92 1 1.3

4.3. Boundaries Conditions and
Computational Mesh

An air ideal mass fraction equal to 1 and a
pressure equal to 1.013 bars are considered as the air
inlet initial conditions. The inlet fuel initial
boundary conditions are the gas mass fraction as 1
and 1.013 bars for propane pressure. The outlet
boundaries conditions are determined from the
engine filing parameters, intake valve opening and
alternative piston motion as is shown in Fig. 4. The
equation describing the transient evolution of piston
motion “Ul,,” is presented as follows:

A7 sin(26)

U [
(1-27sin*(9))

pislunzwz /151n(6?)+% ;ﬂ ZFT, 0=owt
(10)

“r” is the radius of the crankshaft, “/” is the length
of the connecting rod.

The intake valve lift speed is determined from

derivative form of the wvalve lift equation:
L(H)=%Lmux.(l+tanh(9+IOA).tanh(lSO—ICD))
(11
L,.. maximum intake valve lift, /OA: intake
opening advance, /CD: intake closure delay
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Fig.4. Piston and intake valve opening speeds temporal
evolution

The inlet flow is in practice an unsteady process
because of the valves motion, the piston motion, and
the effects of the pressure [34]. To simplify
simulation, the inlet system walls are assumed
adiabatic: no transfer of heat with outside. The
piston speed is taken for the engine speed
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corresponding to the maximum torque (n=1500
rpm). The LPG fuel simulated in the present study is
C5Hg, (almost 100% propane).

A rectangular mesh was used to model the
engine intake system investigated in this study. The
intake manifold of this engine is divided into two
separate parts. Each three cylinders are fueled from a
separate way. A separation procedure was adopted
in this study. It splits up the cells of mesh in high-
gradient flow sections, which cannot be determined
before simulation, and merges cells in low-gradient
flow sections (see Table. 3).

Table.3. Different dimensions of mesh cells
" Total cells number Meshing plan view
Tevel | pgng | Witbout S—

Withont mixer

Mesh 1 | aens | 1767
oL | 12668 | 16764

Mesh_2 | 203875 | 391096

Mesh_3 [ 619498 | 876449

To achieve grid-independence computational
results, three mesh levels were generated and
analyzed. Suitable mesh size is selected based on the
convergence and stability of results. The variation in
Flow velocity at the intake system input was chosen
as an acceptable criterion to validate the chosen
resolution. As indicated in Fig. 5, it is clear that the
grid sizes with Mesh_2 level and Mesh 3level give
way very similar results for both configurations.
Consequently, results are grid independent using a
mesh_2 or more cells. Taking into account the time
resolution constraints and availability of computer
equipment, the decision was taken to work with
Mesh 2 level in further analyses. In this work, only
one cylinder is taken in intake stroke. Therefore the
mesh of the manifold half is sufficient. Mesh
features are summarized in Table 4.
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Fig.5. Effect of CFD mesh resolution on Flow velocity at the
intake system input, a/ without mixer, b/ with MHM

Table.4. Intake system models grid
P .

Intake system with MHM mixer
Total cells: 203873, Fluid cells: 76973, Solid cells:
68336, Partial cells: 38344

Intake system Without mixer
Total cells: 391096, Fluid cells: 166230, Solid cells:
115113, Partial cells: 109733

4.4. CFD Results and discussion
Mixing efficiency is an important parameter that
determines the quality of combustion. A high
combustion quality will produce low exhaust gas
emission components. The purpose of numerical
simulation tests is the identification of the mixer
effect on mixing quality of fuel and air. Flow
structures through the two configuration of intake
system (with and without mixer) are studied. The
cyclic variations of the mixture velocity, fuel air
ratio, propane mass fraction and turbulent kinetic
energy are determined. Results are taken in the
intake valve measurement point (P1) and inside
cylinder point (P2), which taken for a crank angle
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equal to 38° after top death centre, as can be seen in
Fig. 1.
4.4.1. In-cylinder flow velocity variation

The control of the velocity distribution in the intake
system improves quality of cylinder filing. In Fig. 6,
the cyclic variation of mixture velocity is shown
during in the intake stroke using MHM mixer and
without mixer. It has noted the presence of four
regions in the evolution of the two curves. The first,
with linear evolution, is located in the first moments
of intake stroke. This linearity is due to the intake
valve opening advance. The second region presents
a sudden peak of in-flow velocity. This is due to the
admission of the pressurized air/fuel mixture stored
in the intake manifold just after the valve opening.
The third and fourth regions have parabolic
evolution growing then decreasing in accordance
with the piston movement. The dominance of the
velocity, using the mixer, appears only in the fourth
region when the piston approaches to the bottom
dead center BDC. The velocity priority of the in-
cylinder flow without mixer, at the intake stroke
beginning, is explained by the large flow rate
entering directly into the manifold without passing
through the mixer rooms. When the piston continues
its upward movement inflow velocity, with mixer,
increases which indicates the effect of the mixer
addition on volumetric efficiency. According to Fig.
6 a, the maximum velocity values approximates 160
m/s. It is explained by the restriction of passage
section through the valve. Inside cylinder, velocity
values did not exceed 13 m/s due to the sudden
increase of volume in the combustion chamber.
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Fig. 6. Variation of in-cylinder velocity with and without
mixer, a/ Intake valve level, b/ Inside cylinder level

4.4.2. Turbulent kinetic “TKE”
variation
The turbulence affects the flow dissipation rate, heat
transfer and the flame propagation rate. It is
quantified by TKE inside cylinder. Turbulence can
be beneficial to reach an optimum air-fuel blend and
to qualify combustion. Its intensity during the intake
stroke is presented in Fig. 7. It is observed that TKE
are reaching their highest values at 0.01s intake
stroke time “IST” for both curves with and without
mixer. This expected by the higher in-cylinder
velocity according to this IST. Variation of TKE is
almost in line with the variation of the average
air/fuel blend velocities. It means that almost it
follows the variation of the inlet average blend
velocity at a given engine speed. During the first
moments of the intake stroke, the interactions
between the blend jet (air and fuel) through the
intake valve are the most important mechanism for
the production of the TKE intensity, which explains
the sudden peak in the curves at 0.0027 s (Fig. 7. a).
The abrupt fluctuation turbulence intensity is due to
the intake valve sudden opening and exhaust valve
closing. In the middle of the piston path, a priority of
the energy without mixer curve almost equal to 19 %
is noticed. But, at the end of the intake phase, this
priority is lost by using the MH mixer. Adding that
element generates causes the increase in the

energy
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turbulence gradually. As a result, the agitation of the
particles rises causing a better homogenization of the
air-gas mixture. From Fig. 7.b, it can be observed
that TKE inside cylinder present similar temporal
variation comparing to that of the variation through
the valve but with reduced values. According to
Figs. 7, the MH mixer improved the average TKE in
the intake phase end.
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Fig. 7. Variation of kinetic turbulent energy, a/ Intake valve
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4.4.3. LPG-air ratio variation
In optimal combustion process, the fuel is burned
totally with oxygen and it is called stoichiometric
combustion. In real combustion processes, more of
air is used to raise the chances of optimal
combustion.
Fuel-air ratio FAR is the mass ratio of fuel to air
present in internal combustion engine. The FAR is
expressed on a mass basis and defined as:
FAR=M=N/M(MM)_

My N (M)

Where m represents the mass, N represents number
of moles and M molar mass.
The air quantity used in combustion processes is
also expressed in terms of the fuel-air equivalence
ratio “@” called also “fuel richness”:
& FA,,. {< 1 lean mixture (excess air) (13)

FA
In the case of LPG, 15.5 kg of air is used to burn
each 1 kg of gas (which is taken in this study 100%

(12)

>1 rich mixture (default air)

stoich

14

propane) [35], i.e. the stoichiometric FAR is equal to
0.065.

Fig. 8 depicts the LPG-air ratio, called also fuel-air
ratio, variation of in-cylinder blend. At the intake
valve level, the FAR is equal to 0.075 in the
beginning of intake stroke for the two
configurations. It means that a rich blend is
introduced at opening valve. After a few moments of
fluctuation, the FAR has stabilized using MH mixer.
This stabilization is due to geometry effect of the
mixer. Although the presented values are greater
than stoichiometric FAR (which is equal to 0.065),
using mixer approximates the blend nature to the
stoichiometry. The inlet flow without mixer results a
rich blend. Such a mixture causes numerous
pollution problems due to unburned particles despite
the advantages in engine power. Fig. 8 b depicts the
predicted FAR evolutions for both intake
configurations inside cylinder (point P2). It has
noted that the ratio is almost zero in the first
moments of the cycle-This is due to the elapsed time
until arrival of first blend particles. In the rest of
intake stroke, the FAR is almost equal to 0.07 using
multi-holes mixer, such a very close value to
stoichiometric FAR. The average difference between
the two curves is equal to 8 %. Consequently,
according to the two preceding figures, it is noticed
that the use of the mixer results an acceptable blend
for proper combustion.
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4.4.4. LPG mass fraction streamlines
Studying the flow along the entire intake system for
the piston position corresponding to a crank angle
equal to 170°, it is noteworthy in Fig. 9 that the
progression of streamlines is more optimized using
MH mixer. The LPG mass fraction (fuel mass
quantity versus the entire mixture) inside cylinder is
equal, in an average value, to 0.07 which is a value
close to the FAR. The in-cylinder streamlines
evolution without mixer (Fig. 9 b) presents dead
zones in the combustion room due to the sudden jet
entering without volume mixture preparation. The
LPG mass fraction in this case is equal, in an
average value, to 0.077, such value generates a rich
blend which directly affects the quality of
combustion, thus affects engine performance.

4 With MEM

Gt
. =
b. Without mixar

Fig. 9. LPG mass fraction flow trajectories

As a general conclusion, it can be deduced that the
distributions of the velocity, turbulence energy and
LPG-air ratio variation, depend strongly on air-gas
mixer addition in inlet system. Also, from this
numerical prediction of air-LPG mixture structure, it
can be concluded that the optimal mixture
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homogeneity is tend to be occurred using MH mixer,
especially with its advantages of streamlines and
diffusion of propane in air. Therefore, the MH mixer
was made and experimentally tested on IVECO bi-
fuel gaseous converted engine.

5. Experimental study

An experimental study is carried out to identify
the mixer influence on engine performance. An
engine test bench installed at the authors’ laboratory
is used. The brake power (BP), brake torque (BT),
brake specific fuel consumption (BSFC) and brake
thermal efficiency (BTE) of the engine are measured
before and after conversion with and without
air/LPG MHM mixer. The object is to manage each
series of experimental statements in order to plot
diagrams which characterize the behavior of the test
engine for bi-fuel operation. The test fuel used in
experiments is the LPG. Its properties are illustrated
in Table 5.

Table.5. LPG properties [35]

Property Value

Molecular formula CsHs (propane)t CaHio
(butane)

Octane number 100-110

Stoichiometric air-fuel ratio 15.5

Lower heating value LHV

(kI/ke) 46000

Density p at 1 atm and 15°C 510-580

(g

Ignition temperature (°C) 480

5.1. Engine specifications

The engine is derived from a heavy duty, urban
bus diesel engine type IVECO. This engine was
modified to bi-fuel spark ignition (SI) engine
gasoline and gas fuelling. The main engine
specifications are summarized in Table 1. The
engine combustion chamber was adapted to the
spark ignition operation through a modification of
pistons geometries and a reduction of the volumetric
compression ratio from original version (16:1) into
bi-fuel version (12:1). Through a thermodynamic
analysis, the compression ratio is considered for the
proper operation on spark ignition, according to the
two following conditions: avoiding the risk of fuel
mixture self ignition at the finish of compression
stroke, and ensuring maximum mechanical power,
combustion chamber pressure and thermal
performance. Reducing this ratio is performed
through the reduction of the height of the pistons
according to the value of the selected compression
ratio. The cylinder heads are modified, in order to
adapt the fitting of spark plugs at the location of the
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diesel injectors. The fuel injection system was
replaced with an electromechanical ignition system.
LPG components were installed. The LPG was
stored in a cylindrical tank at a maximum pressure
of 30 bars. The gas regulator system used was a two-
stage diaphragm type regulator, filter, gas solenoid
valve and safety valve which was duly calibrated for
a supply pressure of 2 bars above the pressure of the
intake manifold. Electronic switch regulator was
used to monitor the current fuel (LPG or gasoline).
The experimental setup is shown schematically in
Fig. 10.

b. LPG operation with mixer

¢ LPG operation without mixer

1-LPG tank 7- PC controller 13- Gasolne pump 18- thermocouple

2- Gasoline tank 8- Intake manifold 14- Fuel flow meter 20- Optical tachometer
3-IVECO Engine 9- Muffler 13- Air-gas mixer 21-Vibration dampers
4- Hydraulic dynamometer  10- Pressure-gaugs 16- Air flow meter

3- Rigid coupling 11- Regulator 17- Catburetor

6- Engine control systam 12- LPG vaporizer 18- Air filter

Fig.10. Engine test bench

5.2. Experimental setup and procedure

To determine brake power “BP” and brake
torque “BT”, the engine was coupled with a
hydraulic dynamometer brake type "H3 BIS" of
maximum power 400 kW. It was aligned and leveled
to avoid vibrations in the transmission system and
measurement errors. The quantity of consumed fuel
is measured using a mass flow meter for purpose of
Carioles effect type “Kroohne Optimass MFC 050
F”. Engine speed is measured by an optical
tachometer type “Chauvinistic Arnoux CA 27”.
Engine performances are measured on the test bench
while acting on two parameters. The first parameter
is engine speed starting from the position of the
regulation process (accelerating) which operates on
the injection pump or the carburetor and makes it
possible to vary the quantity of fuel introduced into
the cylinders. The second is the load exerted by the
hydraulic brake on the engine while acting on the
quantity of water introduced into the brake. The
engine was started using gasoline fuel and allowed
to warm up. After 5 min, LPG liquid has evaporated
by the vaporizer, and through the gasoline-gas
switch, the engine started to operate with LPG. Soon
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as the engine reaches a stable operation (after
approximately 30 min of operation), it is charged
gradually while ensuring a constant flow of feed
water of the brake for the same engine speed. The
BP value is raised by a direct reading as well as the
mass throughput of the fuel. Experiments were
conducted with two modes:

- Tests without air-gas mixer. In this mode,
LPG pipes are connected directly to the
carburetor,

- Tests with MH mixer. Multiple holes mixer
was installed and tightens at the right
position (above the carburetor) and it is
connected with gas pipes.

Operations are set up at compression ratio equal to
12:1. Engine was operated at different speeds (680 -
1800 rpm).

5.3. Experiments instruments and error

analysis

For all the results, three runs of tests were

performed under identical conditions to check the
data repeatability, which appeared within an
uncertainty of 4%. The error in the measurement of
the engine brake power was £+ 0.3 %. Hence, the
accuracy of the hydraulic dynamometer brake was =+
0.5 %. The error in the measured value of the
instantaneous speed of the engine could be estimated
by considering the error with the tachometer, which
is + 0.015 %. Thus, the accuracy in the values of
rpm is estimated to be £ 0.05 %. In mass flow
measurements, the relative error is + 0.1 % and with
accuracy equal to £ 0.5 % of the mass flow meter.
Errors in experiments can arise from instrument
conditions, calibration, environment, observation,
reading and test planning. To reduce the
measurement errors, these experiments are repeated
three times for all the results. Finally, engine
characteristics are determined by taking the average
values. All instrumentation was calibrated prior to
engine testing. The characteristics of engine
performance with various rates were calculated as
follows [28]:

30 BP C 3610°m

, BSFC=—— " pre-—2F

BP=2nF .10°, BT =

Thn BP BP m, 0

) (14)
F is a characteristic of the hydraulic dynamometer
read directly on the brake graduated disc.

5.4. Results and discussion
Figs. 11-14 show the effect air-gas mixing device
impact on the engine performance characteristics.

5.4.1. Brake power and torque
It is clearly plotted on Fig.11 that engine
fueled by LPG with multiple holes mixer has the
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highest power rise compared to LPG without mixer
(almost 6.25% in the average). This outcome is
explained by two processes. 1- The turbulent flow,
generated by using the mixer gas pre-chamber
increased the homogenous mixture that affected the
better combustion performance. 2- The control of
fuel flow promotes mixing fuel and closer to its
stoichiometric reports. Consequently, rich mixture
problems are removed.

The brake torque variation is shown in
Fig.12. It is observed that the measured value from
the dynamometer shows a higher torque for the
engine operation with MH mixer. It gives rise to 3 %
increase, in average, compared to without mixer
operation. The dominance is more readable in high
speeds. It has noted that the mixer addition for the
gaseous fueling shows a slight increase in torque in
the interval 1400 - 1600 rpm equal to 4% in the
mean.

BP and BT are essentially dependent on in-
cylinder mixture quantity and quality. Consequently,
volumetric efficiency has a significant role to
improve engine operation. According to the BP and
BT curves, it is clear that the use of this mixer has
advantages on the engine performances.

100

a0 ——"ith MHM
—o—Without Mixer

G0

BP (kW)

40 -

20

0

500 700 800 1100 1300 1500 1700
n (rpmy)

Fig.11. Variation of brake power with engine speed

600

—be—ith MHM
500

== "Without Mixer

400

300

BT {N.m)

200

100

0

500 700 900 1100 1500

n (rpm)
Fig.12. Variation of brake torque with engine speed

1300 1700

5.4.2. Brake Specific fuel consumption
Specific fuel consumption is the measure of
fuel flow rate per unit power outlet and relates to the
fuel efficiency of an engine. It is inversely
proportional to efficiency of the engine as lower
values of specific fuel consumption are favorable for
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higher performance. Fig. 13 presents the brake
specific fuel consumption (BSFC) characteristics
with the engine speeds. The BSFC variation
decreases gradually when the engine speed is
increased. At lower engine speeds, the high
frictional forces acting on the piston and cylinder
walls results in a greater fuel consumption rate since
the heat of combustion is lost to friction. It is clear
from this figure that fuel consumption per engine
power outlet was the lowest for the engine speed
range of 680-1100 rpm by using the multiple holes
mixer in LPG engine operation. The presence of this
device forms a homogeneous nature of the
combustible mixture and gas optimal consumption.
The resulted combustion gives rise to a significant
torque on the crankshaft with a minimum of
consumed propane. Therefore the higher combustion
efficiency compensates the lower gas filling
efficiency caused by the increased pressure drop of
the mixer. Furthermore, the turbulent aerodynamic
in-cylinder flow structures are increasingly
favorable, which improves necessarily the
combustion process. In a mean value, BSFC is
increased by 6.6 %.

2500

2000 —air— With MHM

—8—"Without Mixer

1500

1000

BSFC (g/kW.h)

500

0

500 700 900 1100 1500 1700

n (rpm)

Fig.13. Variation of brake specific fuel consumption with
engine speed

1300

5.4.3. Brake thermal efficiency
Engine thermal efficiency is crucial on
evaluating  engine  economic and  overall

performance. The brake thermal efficiency “BTE” in
the three engine modes of operation is reported in
Fig. 14. It can be seen from this figure that brake
thermal efficiency obviously increases with the
increase of engine speed. It can be seen that the
mixer addition causes a BTE improvement. The
improvement is almost equal to 9 % in the average.
For the without mixer engine operation, it ranges
from 1.5 % to 23.6 % whereas in the case of with
mixer operation it varies from 1.64 % to 25.1 %.
Because of the stoichiometric ratio uncertain values
(incompatibility between number of gas molecules
and that of oxygen), the chemical process of
combustion is incomplete. The absence of mixer
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causes a discrepancy between the gas and air flow,
which increases the availability of these errors.
30

25 ——With MHM

a0 —+— Without Mixer

15

10

Thermal efficiency (%)

5

0

500 700 900 1100 1300 1500 1700
n (rpm)

Fig.14. Variation of brake thermal efficiency with engine

speed

6. Conclusion

The investigation and the analysis of the air-gas
intake flow characteristics, during intake stroke, are
numerically carried out using a CFD code. The
effectiveness of a liquefied petroleum gas mixer is
determined in order to provide a good air fuel
mixing quality. Through the numerical approach,
two intake system configurations are compared.
Simulation results showed that the air-fuel mixing
system plays an important role on the gaseous
fueling engine performance. In addition, it is noted
that the use of multiple holes mixer leads to an
optimal homogenization compared intake system
without mixer.
Experiments were performed on an urban bus diesel
engine converted into bi-fuel LPG fuelled engine to
study the influence of fueling type and mixer on the
engine performance. From experimental tests it is
noted that the gaseous fueling engine shows an
average of 6.25 %, 3 %, 9 % higher BP, BT and
BTE respectively using MH mixer within intake
system. The consumption is reduced by 6.6 %.
The numerical and experimental results affirm each
other well on the optimal design efficiency of the
selected gas mixer that yields the better cylinder
filling.

Nomenclature
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C (kg.min™) Fuel consummation
G d kg' K" Specific heat at constant pressure
C,(Jkg' K" Specific heat at constant volume
e() Specific internal energy
Ju Turbulent viscosity factor
k (Jkg") Turbulence kinetic energy
m(kg.s™) Mass flow rate of fuel
n (rpm) Engine speed
Ps (s?) Turbulent generation due to buoyancy forces
p (Pa) Pressure
0 (kJ/kg) Lower heating value
Ou () Heat source or sink per unit volume
q: (W/m™?) Diffusive heat flux
S; Mass-distributed external force per unit mass
R (JK'kg"h Ideal gas constant
T (°K) Temperature
u (m.s™) Fluid velocity
0 (kg/m™) Density
gg\e;lf(;_!flr)nbals Turbulence dissipation rate
i (Pa.s) Tl.lrbulent viscosity
7 (kg m' s2) Viscous shear stress tensor
Abbreviations
BP (kW) Break power
BT (N.m) Break torque
BSFC (g/kW.h) Break specific fuel consummation
BTE (%) Brake thermal efficiency
CNG Compressed natural gas
CED Computational fluid dynamics
CAD Computer associated design
LPG Liquefied petroleum gas
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