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A B S T R A C T

In this study, a dual sequential spark ignition engine is separately tested either with gasoline or CNG at low and
high loads. In addition, numerical engine analyses are performed by constructing a 1-D engine model in Ricardo-
Wave software. Engine performance parameters in catalogue are generally given at full load conditions.
However, during engine lifetime, vehicle engines rarely run at full load (wide open throttle) while engines work
especially at the partial throttle openings.

Engine characteristics (engine performance and exhaust emissions) are strong functions of throttle opening
level. For this reason, determining engine characteristics at partial throttle openings at which engine mostly runs
provides valuable information. In this study, partial throttle openings of 25% and 75% defined as low and high
load conditions are examined for gasoline and CNG, as well.

For this aim, the Honda L13A4 i-DSI (intelligent dual sequential ignition) engine was tested and engine
characteristics were measured. This engine has unique features of dual sequential ignition with variable timing,
asymmetrical combustion chamber, and diagonally positioned spark-plugs.

Tests and numerical analyses were performed at specified low and high load conditions for gasoline and CNG
by varying the engine speed from 1500 rpm to 4000 rpm with an increment of 500 rpm without excepting
2800 rpm. Engine characteristics were determined for the investigated parameters.

Tests and 1-D model results are fairly matching each other. The average deviation between them is about
5.4%. Results show that the maximum torque for gasoline at 2800 rpm and 100% throttle opening reduced
12.6% and 26.3% for throttle openings of 75% and 25%, respectively. Compared to gasoline, CNG reduced the
torque 15.6% and 19.6% for throttle openings of 75% and 25%, respectively. In general, CNG usage decreases all
engine performance parameters (torque, power, volumetric efficiency, specific fuel consumption) and emissions
(CO2, HC), except NOx formation.

1. Introduction

Ongoing works on internal combustion engines have especially fo-
cused on alternative fuel usage, increased engine performance and ef-
ficiency, and reduced exhaust emissions. The works have been carried
out by using experimental and numerical methods. Numerical analyses
are performed with modelling software at various levels before testing
the design improvements. In parallel with the technological develop-
ment of engine test capabilities such as in-cylinder combustion visua-
lization, the capabilities of analysis software are also developing.

In addition, the number of CNG vehicles in the world has reached
about 23.0 million; China (5.0 million), Iran (4.0 million), Pakistan (3.0
million), Argentina (2.3 million), India (1.8 million), and Brazil (1.8
million) [1]. CNG usage in engines has many benefits like lower knock

tendency, higher compression ratio, uniform mixture formation, longer
lubrication oil life, mitigated greenhouse gas emissions, reduced cold
start problem and improved fuel economy [2]. CNG as an alternative
fuel is applied to the gasoline engines without knowing and optimizing
the engine conditions.

There are studies in the literature about measuring engine perfor-
mance and exhaust emissions under effective parameters. One of the
most important effective parameters is the throttle opening. Some
studies on the effects of throttle opening for gasoline and CNG are
summarized below.

At wide open throttle conditions, various engines have been tested
with either gasoline or CNG [3–8]. Some tests included the concomitant
injection of CNG [4,6,8]. Out of all these tests, the general observation
is that when the gasoline engine is operated with CNG at wide open
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throttle; reduction in knock trend, fuel consumption, exhaust emissions,
engine performance, volumetric efficiency are observed. When the
concomitant injection of CNG is applied into gasoline at wide open
throttle, it is reported that the thermal efficiency and the engine power
improves up to a level while the emission values become worse. In
addition to CNG, LPG and LNG are other alternative fuels worked on
[6,9].

Partial throttle openings have also been tested by some researchers
for gasoline and CNG fuel [10–12]. It is reported that, for CNG, the
engine power is decreased, the exhaust gas temperature is increased,
and the low emission values are obtained [10,11]. For CNG usage, at
partial loads, combustion characteristics greatly improved with early
and late injection at wide and partial throttle opening, respectively
[12]. The test results are unique to tested engines.

Engine characteristics in engine catalogues have been especially
determined at maximum torque and maximum power conditions. The
number of publications for partial engine loads is limited while the
engine mostly runs at partial load during its lifetime. This study covers
the determination of engine characteristics at partial loads for both
gasoline and CNG fuels by means of tests and numerical analyses. CNG
usage has been increasing everyday due to emission regulations.

This study focuses on determination of a specific engine character-
istics for CNG usage. Thus, when CNG as an alternative fuel is applied to
the gasoline engines, the engine characteristics are known. In addition,
as the importance of partial load operation is pointed out earlier, engine
characteristics are determined for the partial throttle openings for both
gasoline and CNG fuel. The partial throttle openings are selected as the
two mostly practiced values of 25%, which is the low load position, and
75%, which is the high load position. Furthermore, the tested engine,
which is the Honda L13A4 i-DSi engine, has unique features of dual
sequential ignition with variable timing, asymmetrical combustion
chamber, and diagonally positioned spark-plugs. In addition to engine
testing, the study also includes the 1-D engine model built in the
Ricardo-Wave software and numerical analyses of all tested conditions.

The tests and analyses were performed at specified low and high
load conditions for gasoline and CNG by varying the engine speed from
1500 rpm to 4000 rpm with an increment of 500 rpm without excepting
2800 rpm. Engine performance (torque, power, volumetric efficiency,
specific fuel consumption), emissions (CO2, HC, NOx), and the exhaust
gas temperature were determined. The results obtained from tests and
analyses were compared.

2. Engine test process

The engine used in the investigation is the Honda L13A4 i-DSI en-
gine which is a dual-spark ignition engine. The photograph and sche-
matic of the engine test rig is shown in Fig. 1. The test rig mainly
consists of four components; engine, eddy-current dynamometer,
emission measurement unit, and instrumentation-control unit. The en-
gine test rig is controlled by a computer.

The technical specifications of the Honda L13A4 i-DSI engine are
listed in Table 1. The engine is an engine with different features within
its class and has played an important role in the development of tech-
nologies such as VTEC and VVT [13,14]. The engine is originally de-
signed for gasoline. In the engine, there are two spark plugs located
diagonally in different zones on each cylinder. As presented in a tech-
nical review [14], the engine has four cylinders with an intake valve
and an exhaust valve in each cylinder. Engine’s intake port is designed
for high swirl ratio (1.10–1.36) and tumble ratio (1.30–1.58), thus,
turbulence at the compression time increases and the flame propagation
is fast. Fuel is injected into the intake port behind the intake valve, thus,
fuel-air mixture is fed into the cylinders. Unlike usual engines, the en-
gine has two spark plugs per cylinder. The dual spark plugs located
diagonally on each cylinder. One spark plug is closer to the intake valve
while the other is at the exhaust valve side. This feature enhances flame
formation and propagation into entire cylinder, and yields increased

combustion efficiency, decreased HC emission. The dual spark plugs
ignite at the same time at the idle state and above 4000 rpm. At other
engine speeds, the spark plugs ignite at different times. The ignition
time difference for spark plugs is determined by the electronic control
unit (ECU) of the engine between 2 and 5 CAD depending on the engine
speed. Another unique feature of the engine is that the combustion
chamber is such asymmetrically shaped that it produces more turbu-
lence/swirl/tumble resulting in more homogeneous air-fuel mixture
and better combustion. The engine has higher compression ratio arising
from both reduced angle between the intake and the exhaust valves,
complex shape of the combustion chamber and pent-roof head. The
combined effect of these design features is that the premixed flame
passes the exhaust valve and propagates into combustion chamber
without forming auto ignition [14].

The eddy-current type dynamometer used in the engine test rig can
measure up to 100 kW of power and 500 Nm of torque, and generate
3000 Nm of braking torque. The system can operate in manual and
automatic modes. The test rig is equipped with necessary in-
strumentations, sensors, actuators, and data transmitters. In addition to
measurement instrumentation, there are many temperature and pres-
sure sensors for safe operation of the test rig. The control unit keeps the
engine speed constant for a prescribed throttle opening by adjusting the
dynamometer load. The test data is collected on a data acquisition card.
During the tests, the throttle opening and the engine speed are adjusted
to the desired values. Once the system stabilizes at steady conditions,
the measurements are recorded every 0.5 s for 5min. Thus, test data for
each point is evaluated by averaging 600 data that normalizes the in-
stant changes during the test.

The general properties of gasoline and CNG fuels used in this study
are given in Table 2.

Tests are carried out for gasoline and CNG over the speed range of
1500–4000 rpm with an increment of 500 rpm. The speed of 2800 rpm
is also tested for comparison purposes since this speed is given as the
maximum torque speed in the engine catalog. The partial throttle
openings are specified as 25% and 75% for low and high load condi-
tions, respectively.

The engine test is carried out by measuring physical parameters
(torque, power, fuel consumption, intake air flow rate, temperatures,
etc.) in a time interval of 0.5 s for 5min. Meantime, exhaust emissions
(CO, CO2, O2, HC, NOx and lambda) are also measured and recorded.
Thus, under low and high loading conditions, the effects of engine
speed on engine performance parameters and exhaust emissions have
been measured. Table 3 summarizes the all investigated parameters in
this study.

The test engine rig including the engine is also modeled in the
Ricardo-Wave software. In the 1-D engine model entire engine test
conditions are analyzed and results are presented. The 1-D engine
model is explained in the following section.

3. 1-D engine model

The tested commercial engine is also simulated by using the
Ricardo-Wave software. In the engine simulation model, a 1-D model is
built for the entire test rig including the Honda L13A4 i-DSI engine
from the beginning of the intake line to the end of the exhaust line. The
1-D engine model is plotted in Fig. 2.

At the beginning of the engine modelling phase, dimensions of re-
lated engine parts are measured with a CMM device. Then, each engine
components (pistons, cylinders, valves, ports, engine blocks, intake and
exhaust manifolds, fuel line, exhaust line and throttle) are separately
formed by defining their properties in Ricardo-Wave software. After
that, they are connected to each other by defining the relevant relations
and boundary conditions.

In the 1-D model, in order define port injection, injection timing and
ignition timing, a MATLAB code is written. This code is transferred to
signal processing and control elements in Ricardo-Wave software. As
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Fig. 1. Engine test rig photograph and schematic.

Table 1
Specifications of test engine.

Engine model Honda L13A4 i-DSI

Displacement, cc 1339
Bore, m 0.073
Stroke, m 0.080
Compression ratio 10.8:1
Number of cylinders 4
Max. torque, Nm 119 Nm at 2800 rpm
Max. power, kW 63 kW at 5700 rpm

Table 2
Properties of gasoline and CNG.

Properties Gasoline CNG

Carbon weight fraction (mass%) 87 75
Flammability limits (vol% in air) 1.3–7.1 5–15
Lower heating value (MJ/kg) 43.6 47.4
Molar mass (kg/mol) 110 16.04
Motor octane number 80–90 120
Spontaneous ignition temperature (K) 753–823 918
Stoichiometric air fuel ratio 14.60 16.79
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shown in Fig. 2, in the software, torque smart controller, AFR controller
and BMEP controller panels were built for this purpose.

In the model, iso-octane and methane were as gasoline and CNG
fuel. Multi-Component Wiebe model for combustion and Woschni

model for heat transfer were used. The 1-D model analysis was run for
engine test conditions. For each engine speed, the analysis was run for
300 engine cycles in order to ensure fully developed steady state con-
ditions before reading the data. The time step multiplier and the con-
vergence criterion were set to 0.1 and 0.001, respectively.

In the 1-D model, sensors, amplifiers and signal processors have
been installed in certain locations to read engine performance and ex-
haust emission data which are measured in the test rig.

As in the engine test procedure, same parameters of initial and
boundary conditions are defined in the 1-D engine model. In the engine
model, same test parameters are analyzed and same test outputs are
calculated as listed in Table 3.

4. Results and discussion

In this study, engine performance and exhaust emission parameters
for low and high loads for gasoline and CNG were obtained with ex-
perimental and numerical methods and compared.

Table 3
Parameter list used in test and 1-D model.

# Parameters Unit Range

1 Speed rpm 1500, 2000, 2500, 2800, 3000, 3500, 4000
2 Throttle opening % 25, 75
3 Torque Nm
4 Power kW
5 Volumetric eff. %
6 Spec. fuel cons. g/kWh
7 CO2 %vol
8 HC ppmvol
9 NOx ppmvol
10 Exh. gas temp. K

Fig. 2. 1-D Engine model.
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The study was carried out for 25% and 75% throttle openings. The
engine speed for both fuels was changed from 1500 rpm to 4000 rpm
with an interval of 500 rpm. The maximum torque speed of 2800 rpm
was also considered.

After reaching the steady engine regime in the test rig, measure-
ments are taken every 0.5 s for 5min. For each test conditions, the total
of 600 measurements are taken. The average of 600 measurements
normalizes the instant changes during the test.

The engine performance parameters obtained from tests and ana-
lyses are listed below:

1) Torque
2) Power
3) Volumetric efficiency
4) Specific fuel consumption (SFC)

Similarly, the obtained emissions parameters are listed below:

1) CO2

2) HC
3) NOx

4) Exhaust gas temperature

The results of the engine test and the 1-D engine model for each
engine performance and emission parameter are given and compared in
the following section.

4.1. Engine performance parameters

Engine performance in terms of torque, power, volumetric effi-
ciency and specific fuel consumption; test and 1-D model results were
compared and evaluated.

The catalogue values of Honda L13A4 i-DSI engine for gasoline are
listed in Table 1. As seen, the maximum torque for gasoline at wide
open throttle is 119 Nm at 2800 rpm. In order to confirm the accuracy
of the numerical engine model, the 1-D model was run for this cata-
logue condition (2800 rpm, wide open throttle) and the torque was
calculated as 121.96 Nm which is 2.5% higher than the catalogue value.
This small difference is acceptable since all real losses are not em-
bedded into the 1-D model. In addition, the engine is also tested at the
catalogue conditions to validate the test rig. The measured torque is
115.7 Nm which is 3.3% less than the catalogue value. The deviation is
also small due to replication deviations of test conditions. Thus, these
results validate the test rig and the 1-D model.

Furthermore, in the engine catalogue, the maximum power for ga-
soline at wide open throttle is 63 kW at 5700 rpm. The 1-D model is also
run at these conditions and the maximum power is calculated as
69.9 kW which is 10.9% higher than the catalogue value. Again, a
considerable amount of data and time are needed to calibrate the 1-D
model with the test. Even though, the engine has not been tested at
these high speeds (∼5700 rpm) in terms of the stability of the test rig
and the safe operation of the engine. All these comparisons fairly va-
lidate the test rig and the 1-D engine model.

The engine at throttle openings of 25% and 75% are tested and
analyzed with gasoline and CNG over 1500–4000 rpm. The test-analysis
results are presented with respect to engine speed in a comparative
manner by evaluating the torque (Figs. 3–7), the power (Figs. 4–8), the
volumetric efficiency (Figs. 5–9), and the specific fuel consumption
(BSFC) (Figs. 6–10).

4.1.1. Torque
The torque is plotted in Figs. 3 and 7 for the test and the 1-D model,

respectively. For the 75% throttle opening, the torque has a wide bell-
shaped curve with a peak at about 2800 rpm for both fuels. Torque
decreases due to elevated physical losses after reaching its peak.

For the 25% throttle opening, the torque decreases with speed for

both fuels. The most important reason for this situation is the decrease
of air intake into the cylinder at low throttle opening with speed. The
clearance of 22.5° in the throttle does not allow sufficient air intake into
the cylinder and reduces air intake and torque.

The catalogue torque value is 119 Nm at 2800 rpm for 100% throttle
opening for gasoline. The torque is measured as 103.98 Nm and
87.69 Nm for throttle openings of 75% and 25%, respectively. The
torque has reduced 12.6% and 26.3% for throttle openings of 75% and
25%, respectively.

For CNG at this speed of 2800 rpm, the torque is measured as 87.69
Nm and 68.64 Nm for throttle openings of 75% and 25%, respectively.
Compared to gasoline, CNG reduced the torque 15.6% and 19.6% for
throttle openings of 75% and 25%, respectively. The torque for gasoline
at low and high loads is higher than CNG.

During gasoline vaporization, it absorbs heat from the surrounding
and the temperature inside the cylinder reduces. Thus, more air intake
occurs due to density reduction. The fact that the density of CNG in the
gas phase is lower than air. Since the low density CNG occupies more

Fig. 3. Torque from test.

Fig. 4. Power from test.
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places, less air is taken into the cylinder. These different features for
gasoline and CNG yields higher volumetric efficiency and, thus, the
torque for gasoline.

Meanwhile, in the 1-D model, the torque at 2800 rpm is calculated
as 112.79 Nm and 91.15 Nm for gasoline and CNG, respectively. When
these values are compared with test data, there is 8.5% and 3.9% dif-
ference for gasoline and CNG, respectively. These deviations are ac-
ceptable. The torque values obtained from the tests are smaller than the
1-D model result. This is due to many physical losses (heat loss from the
engine block, intake/exhaust line losses, all mechanical frictional
losses, combustion efficiency, fuel content, cylinder surface tempera-
ture, combustion chamber temperature, etc.) that cannot be included in
the model.

4.1.2. Power
The power variation with the speed for gasoline and CNG use at

25% and 75% of the throttle opening are plotted in Figs. 4 and 8.

First of all, in general, the test and 1-D model results are in good
agreement.

By increasing the engine speed, more air and fuel are taken into the
cylinder on time basis, and the increased amount of fuel increases the
power.

The power increases approximately linearly with speed at different
slopes for 75% and 25% throttle openings. As explained above, the
power obtained from the tests is somewhat smaller than the 1-D engine
model, since all the losses occurring during the test cannot be measured
and included in the model.

In the tests, the average linear increase rate with the engine speed is
calculated as 10.96W/rpm at 75% throttle opening and 6.26W/rpm at
25% throttle opening for gasoline. Similarly, for CNG, it is calculated as
9.42W/rpm at 75% throttle opening and 5.39W/rpm at 25% throttle
opening.

It is also important to note that, for 25% throttle opening, the power
increment rate drops after 3000 rpm for both fuels.

Fig. 5. Volumetric efficiency from test.

Fig. 6. Specific fuel consumption from test.

Fig. 7. Torque from model.

Fig. 8. Power from model.
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4.1.3. Volumetric efficiency
Volumetric efficiency curves are given in Fig. 5 for tests and Fig. 9

for 1-D model. The volumetric efficiency curves have similar shape with
torque curves. Torque in internal combustion engines is a strong
function of the volumetric efficiency and the mean effective pressure.
The volumetric efficiency for gasoline is overall 10% higher than the
CNG.

Because of the vaporization cooling effect of the gasoline in the
cylinder and the gas phase of CNG, the volumetric efficiency for the
gasoline is higher than CNG. Volumetric efficiency for both fuels
reaches a maximum of 85% at 2800 rpm at high load.

4.1.4. Specific fuel consumption (SFC)
The variations of the SFC with speed are shown in Figs. 6 and 10.

The lowest SFC is achieved around the maximum torque. The SFC
variation with speed has a concave curve. In the literature, the lowest
SFC for spark ignition engines is reported as 270 g/kWh for WOT [15].
The test engine’s SFC is measured as 302 g/kWh which is lower than the

standard spark ignition engine because the test engine has double spark
plug per cylinder and sequential ignition.

The SFC for CNG use is lower (260.5 g/kWh) than gasoline. Since
CNG has higher H/C ratio, less CNG fuel mass is needed for the same
power output. At low load, the SFC is low.

In addition, the SFC variation at 75% throttle opening has a wide
concave shape which is like the known shape for WOT. However, at
25% throttle opening, the SFC makes rapid drop and rise while it makes
its minimum at 2800 rpm as in the 75% throttle opening. The reason for
rapid change of SFC at the low load conditions is that the engine has
unstable working conditions due to less air intake.

4.2. Exhaust emission parameters

As exhaust emission parameters, the values of CO2, HC, NOx and
exhaust gas temperature are determined and plotted in Figs. 11–14 for
the tests and in Figs. 15–18 for the 1-D model, respectively. As in the
engine performance comparison, the test and 1-D model results fairly

Fig. 9. Volumetric efficiency from model.

Fig. 10. Specific fuel consumption from model.

Fig. 11. CO2 emission from test.

Fig. 12. HC emission from test.
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match for emissions as well.

4.2.1. CO2 emission
As seen in Figs. 11 and 15, CO2 is generally decreasing with speed.

At high speeds, the amount of air taken into the cylinder is reduced due
to the shortening of the engine cycle times. In addition, the combustion
efficiency decreases, and the incomplete combustion products in-
creases. As a result, while CO ratio increases, CO2 ratio decreases. In
spark-ignition engines, in order to avoid incomplete combustion pro-
duct at partial load conditions, the lambda value is kept at the stoi-
chiometric value as much as possible. At low loads, less air intake into
the cylinder and lower combustion efficiency are the reasons of lower
CO2 formation. Less CO2 formation is observed for CNG since CNG has
lower C/H ratio than gasoline. Less air is in the cylinder at lower loads
and lower combustion efficiency is the result of lower CO2 formation
than at higher load condition. Since C/H ratio of CNG fuel is lower than
that of gasoline, lower CO2 formation is observed in CNG use.

4.2.2. HC emission
The main reasons for HC formation in spark-ignition engines are:

fuel vapor, blowing gases formed in combustion chamber, lubricating
oil layer on piston-cylinder contact surface, some areas in which flame
cannot reach in combustion chamber, the high-level aromatics and
olefins in fuels, etc. At partial load conditions, rich mixture due to in-
sufficient air suction also increases HC formation. In the tested engine,
features of two diagonal-positioned spark plugs in each cylinder and
sequential ignition ensure that the amount of unburned fuel in the cy-
linder is at a very low level. When the engine is idle and above
4000 rpm, the spark plugs are igniting at the same time. At other engine
speeds, the engine control unit changes the sequential ignition differ-
ence in the range of 2–5 CAD according to the engine speed, thereby
increasing the combustion efficiency and reducing the HC emission. HC
formation is plotted in Figs. 12 and 16 for both 75% and 25% throttle
openings and both fuels.

In general, HC has been reported in the literature as being
3000 ppmvol for typical spark ignition engines [16]. For the tested

Fig. 13. NOx emission from test.

Fig. 14. Exhaust gas temperature from test.

Fig. 15. CO2 emission from model.

Fig. 16. HC emission from model.
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engine, the HC emission remains at very low levels due to the engine
combustion chamber design and sequential ignition feature. HC for-
mation is in the range of 450–100 ppmvol for gasoline while it is very
low for CNG such as 50–20 ppmvol. HC formation is decreasing with
speed for both gasoline and CNG.

HC formation is also dependent on fuel chemical compositions.
Fossil fuels are composed of sub-carbon-hydrogen species such as
heptane, benzene, olefin, aromatic. It is inevitable that the HC forma-
tion for gasoline is higher than that of CNG since gasoline contains more
subspecies and more complex structure. In addition, during gasoline
vaporization, some fuel is trapped in certain areas within the combus-
tion chamber. This yields more HC formation for gasoline.

4.2.3. NOx emission and exhaust gas temperature
The NOx formation for all investigated cases linearly increases with

speed as plotted in Figs. 13 and 17 for the test and the 1-D model,
respectively. The NOx amount depends on the amount of air taken into
the cylinder and on the temperature inside the cylinder. The main

source of NOx is N2 and O2 in the air. Therefore, as the amount of air
intake increases, the amount of the substance that can form NOx in-
creases in the cylinder. NOx formation for CNG is higher than gasoline
since the CNG has the tendency to work at poor mixtures due to its high
H/C ratio. When approaching complete combustion, the fuel's energy is
used more and the temperature in the combustion chamber will in-
crease and the NOx formation will increase if oxygen remains in the
combustion chamber. The temperature inside the cylinder increases
with the engine speed, and the NOx formation increases because more
fuel is sent into the cylinder and more combustion occurs.

The exhaust gas temperature graphs shown in Figs. 14 and 18
support the NOx rise with the engine speed.

Uncertainty analyses as a function of speed are also carried out for
the related measurements in the test rig. The uncertainty is calculated
in the range of 0.95–1.75%, 0.75–1.95%, 1.40–3.55% for power, vo-
lumetric efficiency, and SFC, respectively.

5. Conclusion

A specific engine at partial loads (75% and 25% throttle openings) is
tested and analyzed with gasoline and CNG over a speed range of
1500–4000 rpm.

The test rig and the 1-D model built in Ricardo-Wave software are
validated with the engine catalogue values. The engine performance
parameters (torque, power, volumetric efficiency and specific fuel
consumption) and exhaust emission parameters (CO2, HC, NOx and
exhaust gas temperature) were measured on the engine test rig and in
the 1-D engine model.

A specific engine, the Honda L13A4 i-DSI engine with dual se-
quential ignition is used in the study.

The important results for low and high loads for gasoline and CNG
use are listed below.

At high load (75% throttle openings), for both the gasoline and the
CNG, the torque with the engine speed increases up to 2800 rpm and
decreases. The torque variation forms a bell-shaped curve that makes a
peak at about 2800 rpm. At low load (25% throttle openings), for both
fuels, the torque decreases with speed due to insufficient air intake into
the cylinder.

For gasoline, the torque is higher than CNG due to higher volu-
metric efficiency. During gasoline vaporization, the local cooling causes
more air intake that increase volumetric efficiency.

The catalogue torque value is 119 Nm at 2800 rpm for 100% throttle
opening for gasoline. The torque is measured as 103.98 Nm and 87.69
Nm for throttle openings of 75% and 25%, respectively. The torque has
reduced 12.6% and 26.3% for throttle openings of 75% and 25%, re-
spectively.

For CNG at this speed of 2800 rpm, the torque is measured as 87.69
Nm and 68.64 Nm for throttle openings of 75% and 25%, respectively.
Compared to gasoline, CNG reduced the torque 15.6% and 19.6% for
throttle openings of 75% and 25%, respectively.

Engine power, in general, is increasing with the speed for both fuels.
The power for gasoline for 75% WOT is 15–18% higher than CNG over
the speed range while it is 17–21% higher for 25% WOT. It is also
important to note that, for 25% throttle opening, the power increment
rate drops after 3000 rpm for both fuels.

The torque curves have similar shape with the volumetric effi-
ciencies since they affect each other. The volumetric efficiency for ga-
soline is overall 10% higher than the CNG.

The specific fuel consumption for CNG is lower than gasoline. At
low load, the specific fuel consumption is low.

CO2 formation for both fuels is decreasing with speed. Because C/H
ratio of CNG is lower than gasoline, less CO2 is observed at high and low
loads. It is also determined that higher CO2 formation occurs for the
high load due to decreasing air intake and combustion irregularities.

HC formation for both fuels is decreasing with speed. For high load,
the amount of HC increases due to the need for more fuel.

Fig. 17. NOx emission from model.

Fig. 18. Exhaust gas temperature from model.
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The exhaust gas temperature and NOx increase with speed. It is
determined that NOx formation for CNG, which has high H/C ratio, is
higher than gasoline.
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