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Abstract

An ANN model was developed by the authors and tested against experimental data available for an engine as
supplied in the manual by the manufacturers. The model was found to perform excellently well by showing
similar trends of performance for this engine as well as other engines for which the necessary data was available.
This model was then used to perform some parametric studies to improve the performance of an engine using
LPG (mainly Propane C3HS8) as a fuel. This paper presents discussion on some of the parameters that affect the
engine’s thermal efficiency with suggestions to improve it. The effect of equivalence ratio, compression ratio and
spark plug location at different speeds on the thermal efficiency have been studied. Based on the engine and the
range of variables studied it was found that the best spark plug location was 0.395 for all equivalence ratios
studied at CR =9.
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1. Introduction

Thermal efficiency can be understood to represent an indication as to how effectively the engine is utilizing the
energy content of the fresh charge for the development of the power. In other words, how much of the fuel is
taking active part in the combustion process and development of power. The increasing cost of liquid
hydrocarbon fuels in the resent years accompanied by the stringent pollution rules and regulations has stimulated
the interest in alternative fuels for automotive engines. One of the alternatives proposed to replace gasoline on
the short term is Propane. Several methods were tested to improve the performance of LPG-powered, 4-stroke
spark ignition engines.

The addition of coconut oil (Kapilan et.al, 2003), gasoline (Liu et.al, 2013), ethanol (Deng et.al, 2003),
dimethyle ether (Wang and Bian, 2005) and many other supplements to LPG were studied. Each one of these
supplements showed certain percentage of improvement. However, the idea of supplement fuel is not favorable
since it is sometimes accompanied with additional accessories and equipment for the additional fuel. Another
approach was the use of electronic fuel injection system (Li et.al, 2012), electronically-controlled LPG supplied
unit (Komota and Inoue, 2005), methods to control the injection and ignition timing (Tsuruya et.al, 2004),
closed-loop air/fuel ratio control with electronic engine management (Branner et.al, 1999), development of a
totally new engine based on LPG properties to improve its low temperature and idling stability (Takeda and
Matsubara, 1997), the use of fuel controllers to detect and control the air/fuel ratio in the intake and setting the
multistage adjustment ranges of air/fuel ratio for the theoretical value at idling (Asada and Okawa, 2002),
determination of the most suitable LPG formulation ratio i.e. propane to butane ratios) which was found to be in
the range of 40-85% (Barkhordarioon et.al, 2001), the use under carburetor conditions (Sun et.al, 2002), varying
the spark characteristics like energy and current/time profile (Abd-Alla et.al, 2003), the use of special
evaporators (Price et.al, 2004), the use of stratified exhaust gas recirculation and lean burn to control the
combustion process for improved combustion stability (Woo et.al, 004) and many other tested modifications
were also investigated. Each one aimed at introducing improvement in one direction or parameter.

To assist these experimental researches, several theoretical studies investigated the performance of LPG as fuel
for SI engines. (Bayraktar and Durgun, 2005) developed a quasi-dimensional spark ignition engine cycle model
to predict the cycle performance and exhaust emission emissions of an automotive engine using gasoline and
LPG fuels. (Yamin and Badran, 2002) developed a model to investigate the effect of heat loss on the engine
performance with the aim of improving the engine performance with LPG fuel. (Wang et.al, 2001) also
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developed another thermodynamic model to study the mechanism of combustion and emission of both fuels i.e.
gasoline and LPG. (Kim et.al, 1999) investigated the flame propagation characteristics, in a heavy-duty type
LPG lean burn spark ignition engine, using a simulation model.

Many simulation models are now available to be used for studying the behavior of LPG as spark ignition engine
fuel. Each one concentrates on certain phenomena. This is a brief review about the some of the research work
conducted on LPG-powered spark ignition engines. Further, (Bayrakter and Durgun, 2005) investigated
theoretically the effect of using LPG on the performance and emission of a 4-stroke, SI engine. He showed that
using LPG can significantly improve the emission of the engine when operated at conditions similar to those of
gasoline fuel.

Another line of attempt to improve the performance of propane-fueled SI engine was conducted by (Hackan and
Yamin, 2008) in which they investigated the effect of variable stroke configuration on engine performance.
Further, they (Yamin and Hackan, 2011) conducted second law analysis on propane-fueled engine.

This paper is an attempt to develop basic engine data relationships between the compression ratio, equivalence
ratio, spark plug location, valve dimensions, exhaust pollutants and thermal efficiency of a light duty Spark
Ignition Engine to optimize the engine for LPG properties. Then determine the potential for improving the
Thermal Efficiency of the engine using this fuel.

2. Propane as an S. 1. Engine Fuel

For any fuel to be considered as an alternative fuel, it has to fulfill certain criteria. The basic criterion for
selecting any alternative is:

1. Availability: the fuel has to be in abundant supply or, preferably, derived from renewable sources.
2. High specific energy content.

3. Easy transportation and storage.

4. Minimum environmental pollution and resource depletion.

5. Good safety and handling properties.

Propane has proved its superiority over gasoline in most of these criteria. It can be noticed from Table (1) that
with propane, the engine tends to operate at leaner mixtures making engine operation more economical. With
higher calorific value, lower density and lower boiling point, propane used in vapor form causes engine
operation and life to significantly improve with respect to gasoline.

Table 1. Properties of L.P.G and gasoline (Karim and Wierzba, 1984).

Characteristic Propane Gasoline
Boiling Point (°C) -43 30-225
Molecular Mass (kg/Kmol) 44.09 114.2
Density of liquid at 15 °C (kg/l) 0.508 0.73-0.78
Octane Number Research 111 96-98
Measured 97 85-87
Autoignition temperature (K) 740 501-744
Quenching gap in NTP air (mm) 1.78 2.0
Maximum burning velocity in NTP air (cm/sec) 37-40 37-45
Flammability Limits in air (% vol) : Upper 9.5 7.6
Lower 2.1 1.3

Referring to the Table (1) above, it is noticed that Propane boils at temperatures far below those of gasoline. This
means that it enters the inlet manifold in gaseous form, hence, when subjected to some of the exhaust heat, it
causes little displacement to the incoming air hence reduced the mass of air that enters the engine cylinder.

This results in loss in thermal efficiency of the engine. Because of this loss of volumetric efficiency mainly due
to high inlet temperature, engines tends to produce (3 - 5 %) lesser power than that of gasoline.

It was shown Heywood, 1989) that by offsetting the heat in the inlet manifold; a gain up to (8 %) in volumetric
efficiency with respect to that of gasoline was achieved accompanied by an increase in engine power output
levels to an equal bar with that of gasoline.
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From the engine performance parameters point of view; operation with propane reduces the brake specific fuel
consumption (BSFC), however, since engines powered with Propane can work with higher compression ratios as
a result of the higher Octane Number.

3. Brief Description of the Model and Validation

This program used is based on the theory developed by (Heywood, 1989; Benson, 1982; Blizard and Keck, 1974;
Checkel and Dale, 1986), and is an extension of the work by (Yamin et.al, 2003 and Gupta et.al, 1995). This has
been largely modified to cover a wide range of engines with the gas exchange process and turbulent combustion
model included. A brief description of the model is shown in Appendix (A). The engine modeled and used for
validation is the E6/T Ricardo Variable Compression Engine. Brief technical data of the engine is shown in Table

Q).

Table 2. Engine design and operating conditions.

Engine speed Variable
Cylinder Bore 7.62 cm
Stroke 11.1125 cm
Connecting Rod Length 23.335cm
Displacement Volume 506 cm?
Compression Ratio Variable
Intake Valve Diameter 3.50 cm
Exhaust Valve Diameter 3.005 cm
Ignition Timing Variable

The results of the mathematical model were then verified against the experimental data of the engine as supplied
by the manufacturer as shown in Figures (1-A & 1-B). The figure shows that the results predicted by the
mathematical model are very close within (5 %) to the experimental results. This verifies that the model
developed can be used to a great degree of accuracy.
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4. Results and Discussion

The efficiency of an engine defines the fraction of heat of combustion that ends up in useful mechanical power
output. Present day S. I. Engines operate at efficiencies ranging between 10 to 30 % depending primarily on air
fuel ratio, compression ratio, engine speed, ignition timing and engine load condition. In addition to these
operating variables, many other design features influence efficiency such as spark plug location, engine size,
valve size, number of rings, number of cylinders. For a well-designed engine, operating variables greatly
influence the engine efficiency. Further, the design and operating parameters also influence the concentration of
pollutants emitted by the engine.

The parameters studied have been varied as follows:

1. Equivalence Ratio (A) has been varied from 0.7 to 1.2.

2. The Compression Ratio (CR) has been varied from 7.0 to 11.0.

3. The Spark Plug Location (XSP) has been varied from 0.08 to 0.5.
4.  Engine Speed (RPM) has been varied from 1000 to 3000 RPM.

5. Spark timing within £20° from MBT.

6. Valve diameter from 3.0-5.0 cm and valve lift from 0.5-1.5 cm.

7. The throttle conditions were set to wide-open throttle (WOT).

In the following section the effect of engine speed, compression ratio, equivalence ratio, spark plug location,
spark timing and valve area, heat losses, flame speed and combustion duration on the, thermal efficiency have
been discussed using propane as a fuel in S. 1. Engines.

4.1 Effect of Spark Timing and Equivalence Ratio on Thermal Efficiency

Figure (2) shows the effect of the spark timing on the engine’s thermal efficiency for different equivalence ratios.
As seen from the graph that, at lean mixtures up to A = 0.9 the spark timing has to be advanced to achieve the
best efficiency.

This is to allow for the slow combustion to be completed within TDC. At mixtures within stoichiometric, excess
advancing and retarding beyond certain angle leads to reduction in thermal efficiency because spark retardation
causes the combustion to be completed late in the power stroke.

Hence large quantity of fuel energy wasted with the exhaust gases, and excess advancing means early
completion of combustion during which piston may still be moving towards the TDC causing power loss and
allowing more time for the combustion products to lose heat to the surroundings.

On the other hand, excessive spark advance increases the knocking tendency (for all compression ratios) as
shown in Figure (3). Hence in this study, the spark timing chosen for further study is 5° -10° retarded from MBT
to suppress knocking. This angle is referred to as MBT in the next sections.

4.2 Effect of Compression Ratio and Spark Plug Location

Before starting to discuss the effect of these two factors, it would be proper to define a term used in describing
the spark plug position i.e. ‘XSP’. Spark plug position represents the ratio between the spark plug locations from
the nearest wall to the cylinder diameter.

Figure (4) presents the effect of the compression ratio and spark plug location on the thermal efficiency. It is
clearly seen that increasing the compression ratio increases the thermal efficiency due to increased expansion
ratio and hence the work done during expansion is also increased causing improved thermal efficiency.

Further, increasing the compression ratio reduces the temperature of the exhaust gases causing lesser amounts of
heat to be discharged with the exhaust. Moreover, shifting the spark from the edge to the center also improves
the thermal efficiency as the flame speed is increased and hence combustion duration is reduced leading to lesser
heat loss to the surroundings.

On the other hand, increasing both compression ratio and XSP increases the tendency to knock as shown in
Figure (5) and emissions level (similar results were shown by (Tsuruya et.al, 2004 and Branner et.al, 1999)),
therefore, increasing either of the factors has to be done with greater care.
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Figure 2. Effect of spark timing on thermal efficiency at different equivalence ratio
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Figure 3. Effect of spark timing on the knocking tendency of the engine at different compression ratio

From the above discussion, XSP = 0.395 has been chosen for the next study as it represents the best
compromising position from knocking, power, fuel and emission point of view. Further, because most of the
present day automobiles are designed with compression ratio (CR) = 9.0, the next analysis shall be done with CR
=9.0.

4.3 Effect of engine speed and equivalence ratio (A)

Figure (6) shows the effect of engine RPM and equivalence ratio (A) on thermal efficiency. It is clearly seen that
leaning the mixture increases the thermal efficiency because of the lesser dissociation and heat losses due to
lower combustion temperature. As the fuel is enriched within stoichiometric, the dissociation and heat losses are
increased leading to lower thermal efficiency.

At rich mixtures, the poor combustion is the main reason for the reduced thermal efficiency. Further seen that, as
the engine RPM is increased the time available for the combustion to be completed is reduced causing lower
thermal efficiency.
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The advantage that LPG may run better with leaner mixtures with reduced greenhouse gases and hydrocarbons
suggests that the present day carburetion systems has to work within this ratio (A = 0.85 - 1.0) for good results.

4.4 Effect of Inlet Valve Diameter and Lift

Figure (7) shows the effect of inlet valve diameter and lift on the thermal efficiency. It can clearly been seen
from the figure that increasing the valve area has a favorable effect on thermal efficiency. This is because of the
availability of more fuel and oxygen to burn it at larger valve area, which means that more of the fuel heat
energy is converted into useful work.

4.5 Effect of Combustion Duration

Figure (8) clearly shows that lengthening the combustion duration causes the thermal efficiency to drop because
of the increased heat losses as the products of combustion would have more time to lose parts of its heat to the
walls. Further, lengthening the duration of combustion would mean that the combustion would be completed late
in the power stroke, which means that part of the heat liberated from the combustion of the fuel would be
discharged along with the exhaust gases. On the other hand, shortening the combustion duration beyond certain
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time (5-7 mS) also leads to drop in engine efficiency due to non-availability of the time for the fuel to be fully
burned, hence, more of the fuel is wasted with the exhaust unburned.
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Now after discussing the effect of some design parameters on the engine’s thermal efficiency, let us discuss
the effect of thermal efficiency on some of the performance and emission parameters.

4.6 Effect on Fuel Consumption

The effect of thermal efficiency on fuel consumption is well established and documented in the literature.
Figure (9) shows that the fuel consumption (represented by the brake specific fuel consumption) decreases
as the thermal efficiency increases. This is in agreement with the results established in the literature.
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Figure 9. Effect of thermal efficiency on brake specific fuel consumption
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Figure 10. Effect of thermal efficiency on engine’s brake horse power

4.7 Effect on Engine Power

As shown in Figure (10), increasing the thermal efficiency causes the engine power (represented by the
brake horse power) to increase up to certain extent beyond that further increase causes power drop. This is
expected to be due to the effect of dissociation and more heat losses as the cylinder temperature is
increased.

4.8 Effect on Carbon Monoxide (CO) Level

Figure (11) shows that increasing the thermal efficiency decreases the level of CO. This is because of the
better combustion of the fresh mixture and reduced amounts of fuel unburned.

4.9 Effect on Nitric Oxide (NO) Level

Figure (12) on the other hand shows an increase in the concentration of NO as the thermal efficiency is
increased. This is because of the higher cylinder temperature, hence greater concentration of NO inside the
cylinder. This, however, seizes as the thermal efficiency is increased beyond certain value. This is thought
to be caused by the increased dissociation losses as the cylinder temperature is increased.
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Based on the above discussion, it becomes clear that the engine’s fuel conversion efficiency has to be
increased to achieve better performance with propane. The best way to achieve this is to optimize the
engine design to suit the properties of propane. The result of the current attempt to optimize the engine
design for propane in terms of its effect on thermal efficiency is shown in Figure (13).

This figure clearly shows the improvement of thermal efficiency in case of propane (shown in dark markers)
with respect to those for gasoline (shown in empty markers). This improvement is clearer at higher speeds
because of the increased in valve area that led to improve volumetric efficiency.
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5. Conclusion

1. A simulation program was developed to predict the performance of S.I. Engines using LPG (mainly
propane) as fuel.

2. The effect of engine design and operating parameters on engine’s brake thermal efficiency has been
studied.

3. Increasing compression ratio, need for near central spark locations, larger valve areas and the run at leaner
air-fuel equivalence ratios is shown to have a favorable effect on thermal efficiency.

4.  Engine optimization for better thermal efficiency has been discussed.
The optimized engine showed increase in thermal efficiency compared to that for gasoline.

6.  The presently developed computer model can be used to further optimize the engine for other parameters to
achieve the best possible performance expected from propane.
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APPENDIX (A)
Brief Description of the Model.

The combustion chamber was generally divided into burned and unburned zones separated by a flame front
(figure A-1). The first law of thermodynamic, equation of state and conservation of mass and volume were
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applied to the burned and unburned zones. The pressure was assumed to be uniform throughout the cylinder
charge. A system of first order ordinary differential equations were obtained for the pressure, mass, volume,
temperature of the burned and unburned zones, heat transfer from burned and unburned zone, and mass flow into
and out of crevices.

Heat mransfer
frorm bumt zone)

Heat transfer

(From unbirnt zme:u

Florw intn erevices
{from vmbhurnt zone}

Flow into creviees
{from burnk zone)

Work dome

Figure (A-1). Two zone thermodynamic model for combustion

Compression

The following assumptions have been made during the calculations of compression stroke: (1) The mixing
between fresh charge and residual gases is perfect, (2) No chemical reaction occurs during compression.

In a conventional spark ignition engine the fuel and air are mixed together in the intake system, inducted through
the intake valve into the cylinder, where mixing with residual gas takes place, and then compressed. Under
normal operating conditions, combustion is initiated towards the end of the compression stroke at the spark plug
by an electric discharge. Following inflammation, a turbulent flame develops, propagates through this essentially
premixed fuel, air, burned gas mixture until it reaches the combustion chamber walls, and then extinguishes to
begin expansion stroke until the exhaust valve opening. Each of these processes is discussed below to complete
engine power cycle simulation. The compression process starts at the trapped condition, and ends after delay
period process, when the mixture is ignited by the spark plug. The state of the gas during this stage is derived by
using a perfect mixing model for fresh charge and residuals from the previous cycle.

The calculation procedure starts with the trapped mass of fuel, air and residuals. The pressures and temperatures
in this stroke are then calculated using the first law of thermodynamics equations and the equation of state:

b_[R(s0) vkl
do C_\do do CV

v (2)
My 5 [LLVQLPJ

do ulv do p do (3)
aw _dv

a0 Pdo &)

This continues till the nominal spark time, when combustion period is said to commence. The heat transfer rate
from the gas to wall is calculated using Annand’s equation (Yamin et.al, 1999 and Annand, 1963) for convective

heat transfer:
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ak
Lo A® P, 1)
’ )

C
where Kg= p"
0.7

The variables are continuously updated during calculation using the general formula:

dx
Xn+1:Xn+£Ae (6)

where “x” is the variable. The numerical procedure used for this purpose is the Runge-Kutta method.
Ignition

The numerical method used for this purpose is the Runge-Kutta method. After spark occurrence, the delay period
is calculated using the following equation (Gupta et.al, 1995);

1

360*N 0.0015*V§
(Ammy:[ 0 ](n )

t

(7
During this period the mixture is considered to be unburned and the compression process is continued. The
process continues for as many time intervals as necessary until the total angle from the nominal spark timing is
greater than delay period. The combustion process is said to have commenced, and is divided into two stages.
The first stage is ignition and initiation of two zones in combustion space and the second stage is flame front
propagation.

After the combustion of the small nucleus of fuel-air mixture the combustion chamber is subdivided into two
zones, a burned zone, suffix (b), and an unburned zone, suffix (u).
Species Formation

It is assumed that only 12 species are present in the combustion products both inside the cylinder as well as the
exhaust. These are: H,O, H,, OH, H, N», NO, CO,, CO, O,, O and A. The governing equations for the
mechanism of NO formation are (based on Lavoie’s proposed model ((Winterbone, 2015)

() N+NO & N, +0 Ky = 3.1%10'0 % E-160D) m3/kmols N

(2) N+0; & NO+O0 Kp = 6.4%10°* T * EG12D pid/kmols

3) N+OH <& NO+H Kz = 4.2%10" m’/kmols

(4 H+NO & N,+OH Ky = 3.0%1010 * EC5350D m’/kmols > ®)
(5) O+N:0O & N>+0:  Kps=3.2%10"7 * EF1800D m’/kmols

(6) O+ N,O < NO+ NO Kis = K5

(7) N2O+M & No+O0+M Ky =101 % EB%00D m’/kmols Y,

In these equations the rate constants (Kg) are all in m*/kmols. M is a third body which may be involved in
the reactions, but is assumed to be unchanged by the reactions. “M” can be assumed to be N,. These
equations can be applied to the zone containing “burned” products, which exists after the passage of the
flame through the unburned mixture. It will be assumed that H and OH, and O and O; are in equilibrium
with each other; these values can be calculated by the methods described in (Annand, 1974).

These values can be used to give the rate of formation of (NO) as :

1 d 2 Ry Re
—.—[INOLV]=2.(1-a%) +
R R
v ool 1+ 6
R2+R3 R4+R5+R7 (9)
2
Where _R1+a(R2+R3) and 7/_R4+R5+oz R6+R7
(aR1+R2+R3) (R4+R5+R6+R7)
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The detailed method is given in reference (Winterbone, 2015).
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