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Abstract Experimental and theoretical investigations are
carried out to study and compare the effect of using two
gasoline blends, namely octane 91 and octane 95, on the per-
formance and exhaust emissions of amodern fuel injection SI
engine at different engine speeds and loads. Theoretical com-
bustionmodel is able to predict the engine performancewhen
compared to the experimental findings. Results show that
the engine performances of both fuels are comparable, with
marginal differences, under the tested operating conditions,
practically for engine speeds less than 3500 rpm. Higher
power and less specific fuel consumption are observed when
octane 91 fuel is used compared with octane 95 blend. Both
blends do not show a tendency of knock occurrence. In gen-
eral, both fuels show similar trends for CO, CO2 and NOx

concentrations in the exhaust, whereas the unburned hydro-
carbons are slightly higher when octane 91 fuel is used. In the
higher speed range between 3500 and 5000 rpm, a noticeable
decrease in CO2 concentration, an increase in specific fuel
consumption and CO concentration are observed.
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List of symbols
a, b, c Constants
A/F Air-to-fuel ratio
BDC Bottom dead center
BOC Beginning of combustion
BP Brake power
BSFC Brake specific fuel consumption
CR Compression ratio
D Bore
E Energy
g Gibbs free energy
ht Convective heat transfer coefficient
K1, K2, K3 Constants
KP Equilibrium constant
L Length
m Mass
N Engine rpm
n Number of moles
P Pressure (total/partial)
Q Heat transfer rate
R Crank radius
Ru Universal gas constant
Sθ Position of the piston depending on crank

angle
T Temperature
t Time
TDC Top dead center
ui, j Constants
UPIS Mean piston speed
V Volume
W Work
xi Mole fraction for each species in the gas

mixture inside the cylinder
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Subscripts
c Clearance
con Connecting rod
cy Cylinder
g Gas
o Ambient
ref Beginning of compression stroke
st Stroke

Greek symbols
ε Emissivity
�Ho Enthalpy of formation
γr Residual exhaust gas ratio = 0.04
ηv Volumetric efficiency
λ Equivalence ratio
θ Crank angle
ρ Mass density
σ Stefan–Boltzman constant

(5.67 × 10−11 kW/m2 K4)

1 Introduction

Internal combustion engines in eithermajor type of operating
mode, spark ignition or compression ignition, are expected
to continue to dominate as the major power source for auto-
motive propulsion for the short- to medium-term future. This
means that gasoline and diesel fuels from conventional fossil
hydrocarbon sources or their substitutes will continue to be
in demand. The octane number is one of the most important
parameters determining the fuel quality. It has a direct effect
on the engine performance and exhaust emissions at differ-
ent speed and load conditions [1–4]. The octane number of a
gasoline is a measure of its resistance to detonation (knock-
ing), an uncontrolled explosion of the combustible mixture
inside the engine cylinder. When knock occurs in operating
engines, it causes reduced efficiency, increased heat transfer
and, if it is severe, engine damage [1]. Octane requirement to
avoid knocking is related to the engine type and engine oper-
ating conditions. Research octane number (RON) and motor
octane number (MON) are measures of fuel anti-knocking
performance.American cars use an octane scale derived from
the average of both RON and MON, while in Saudi Arabia,
only the RON scale is used [5].

The effect of gasoline octane number on effective power
and fuel economy was investigated [6]. The engine required
was tested with 91-RON and 95-RON. Results showed that
the average fuel consumption using 95-RON is higher than
that of 91-RON. Moreover, it was seen in this study that
using higher-octane rating gasoline than engine requirement
did not augment effective power. Another study [7] clearly
reported that octane number plays an important role on con-

centrations of the exhaust emissions. Two different octane
gasoline fuels, with 91 and 93 octane numbers, were con-
ducted in a four-cylinder and four-stroke SI engine. The
results demonstrated that as the octane number was increased
from 91 to 93; CO concentration was boosted by 5%
approximately.

The effect of using higher-octane gasoline than that of
engine requirement on the performance and exhaust emis-
sions was experimentally studied [8] with a carburetor test
engine. The engine that required 91-RONgasolinewas tested
using 95-RON and 91-RON. Results show that using octane
ratings higher than the requirement of an engine not only
decreases engine performance but also increases the concen-
trations of exhaust emissions such that 91 gasoline caused
5.7%COand3.4%HClower than95octanegasoline. There-
fore, using the correct gasoline required by the engine is
more advantageous thanusing a higher-octane gasoline under
all operating conditions. Although it has been explained
that using correct gasoline is the best for the engine, peo-
ple still prefer to use higher-octane gasoline. The effects of
using different blending ratio gasoline–ethanol blended fuels
on the pollution emission and the engine performance of a
spark ignition engine were investigated experimentally [9].
It was found that heating value of blended fuel decreases as
the ethanol content increases. They also showed that as the
ethanol contents increase, the octane number of the blended
fuels increases. They showed from the test that there is
slight increment in fuel consumption and output torque of
the engine when ethanol–gasoline blended fuel is used. A
comparison between two gasolines with octane 90 and 97 is
presented [10]. It was shown that the fuel with excessively
high octane number deteriorates the fuel consumption, espe-
cially at low or middle loads. High-octane number gasoline
suppresses the rate of combustion and increases the combus-
tion duration, resulting in the increase in fuel consumption
and THC concentrations. Isin and Uzunsoy [11] developed
a model to predict the exhaust emissions of a spark ignition
engine based on experimental data that were used to train the
model. Anetor et al. [12] carried out a computational study
to investigate the formation of nitrogen oxides from a spark
ignition engine at two temperatures 2600 and 1900 K that
represent typical operating conditions for the engines.

Improving spark ignition engines is a fundamental tar-
get due to knocking phenomenon, which is still in an early
stage of understanding. Several publications indicated that
inhomogeneities of the gas mixture may lead to this unde-
sired mode of combustion [13]. The fundamental idea of this
approach is a gas mixture that exhibits spatial differences of
ignition time as a consequence of inhomogeneity and permits
flame propagation due to local and sequentially proceeding
auto-ignition [14–21]. Pressure and acoustic measurements
can provide evidence whether the engine knocks or not. No
information is available yet as to where or why the engine
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knocks. In addition, the effect of changing the octane num-
ber of the fuel on the knock intensity for the same engine has
not been investigated significantly [22,23]. Previous inves-
tigations using a carburetor system mentioned that using
higher octane number of gasoline on the engine results in
a longer ignition delay and lower flame speed [24]. This can
cause diminishing effective power [25]. However, at a given
throttle position, engine power insignificantly changes with
octanenumber [26]. In addition, the additives used to increase
octane number also influence the emission concentrations.
For instance, the tetra alkyl lead in gasoline is an important
parameter influencing the contents of exhaust emissions [27].
The conventional carburetor spark ignition engines (SIEs)
received significant attention in previous studies for the effect
of the octane number on engine knocking and performance
characteristics. However, new trends of SI engines are to use
fuel injection and spray-guided direct fuel injection systems
to meet the future requirements that include lower fuel con-
sumption and reduced concentrations of pollutants.

Few years ago, a new octane 91 gasoline has been intro-
duced in Saudi Arabia with 30% lower prices compared with
octane 95. However, it is widely believed that the higher
octane rating makes the engine better in performance and
emission concentrations. In this study, the engine perfor-
mance and exhaust gas concentrations for both octane grades
are compared under local operating conditions. Knocking
tendency for both fuels is also compared. A modern spark
ignition engine (SIE) with fuel injection system is used for
testing as the majority of the cars in Saudi Arabia use similar
system. The aim of this work is to provide a solid conclu-
sion about using the two commercially available gasoline
grades 91 and 95 in Saudi Arabia regarding performance and
exhaust gas concentrations, with the same engine through
experimental and theoretical investigations with evaluation
of knock tendency. The outcome of this work will provide
valuable information for local car users and recommenda-
tions to the local car dealers and engine manufacturers.

2 Modeling the Thermodynamic Cycle

In this section, modeling of the thermodynamic cycle inside
the engine cylinder is presented to evaluate engine’s perfor-
mance parameters. The model is used to study the engine
performance under different operating conditions and fuel
types of different chemical compositions. The instantaneous
pressure, temperature and cylinder volume aswell as the con-
centration of different species are predicted. Other important
parameters such as the mean effective pressure, power, A/F
ratio and efficiency are calculated. The mixture of different
species in the cylinder is considered homogeneous and at
equilibrium. The gas mixture is treated as one-dimensional
flow, compressible fluid and time depended. The heat losses

Fig. 1 Crank–slider mechanism

from the cylinder are taken into account. The dissociation
of CO2 is considered during the combustion and expansion
processes. The conservation equations of mass and energy
for the working mixture inside the cylinder are adopted with
the kinematics of mechanical parts.

From the kinematics of the crank–slider mechanism
shown in Fig. 1, the instantaneous piston displacement is
calculated as follows:

Sθ = [Lcon + R] −
[
R · cos θ +

√
L2
con − (R · sin θ)2

]
(1)

The instantaneous cylinder volume is calculated as follows:

V = Vθ + Vc (2)

where

Vθ = π

4
D2 · Sθ

and

Vc = Vst
(CR − 1)

=
π
4 D

2 · Lst

(CR − 1)
, Lst = 2R

While the working fluid inside the cylinder is considered
as a perfect gas, equation of state can be written as follows,

PV = nRUT (3)

The time-dependent differential conservation equation of
energy representing the compression, combustion and expan-
sion process is written as:

dQ

dt
− p

dV

dt
= dE

dt
(4)

In the absence of any gas leakage between piston and cylinder
walls, the mass of the working fluid is considered constant
during the compression, combustion and expansion process.
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Therefore, during these processes the following equation is
considered.

mreactants = mproducts (5)

The single-zone model is employed. The equations of
chemical reaction at equilibrium, fraction of fuel burnt/total
fuel injected per cycle per cylinder and fuel burning rate are
considered.

For nondissociation combustion of hydrocarbon fuel, gen-
eral forms of the chemical reactions are written for complete
combustion, with excess air and with insufficient air, respec-
tively, as:

CnHm + λX th(O2 + 3.76N2) → aCO2 + bH2O + dO2

+ 3.76λXN2

CnHm + λX th(O2 + 3.76N2) → a1CO2 + b1H2O

+ d1O2 + 3.76λXN2

CnHm + λX th(O2 + 3.76N2) → a2CO2 + b2H2O

+ d2CO + 3.76λXN2

(6)

where n andm are the number of carbon and hydrogen atoms
in fuel, respectively,

and

λ = (A/F)actual

(A/F)stoichiometric

If the fuel contains oxygen, then the number of oxygen
atoms in the fuel is included in the above balance equations.
During the combustion process, part of the fresh mixture is
burned and converted into products in an exothermic reaction.
The combustion proceeds until all the amount of the fresh
charge is burned completely.Watsonmodel [28] is employed
to calculate the fuel burning rate while considering disso-
ciation. It suggests combining a premixed burning function
and a diffusion burning function with a phase proportionality
factor. Combustion duration is an arbitrary period in which
combustion must be completed. A value of 125 crank angle
degrees is considered for combustion period in the current
model. The actual point at which combustion ceases has lit-
tle significance since the rate decays exponentially to almost
zero before combustion truly stops.

Due to the high temperature and pressure inside the
cylinder during the combustion and expansion processes, dis-
sociation takes place. The dissociation of carbon dioxide to
carbon monoxide and oxygen is considered. The rate of for-
mation of carbon dioxide is equal to the rate of formation of
carbon monoxide and oxygen. The stoichiometric reaction
for this case under equilibrium condition is:

CO + 1

2
O2 ⇔ CO2 (7)

The concentrations of CO2, CO and O2 are obtained from
the following equation:

KP = PCO2

PCO
√
PO2

(8)

where PCO2 , PCO and PO2 are the partial pressures of CO2,
CO and O2, respectively.

The equilibrium constant KP is determined from Gibbs
function [29] for the considered reactants as follows:

ln KP =
∑ (

ni · g(T )

RU · T
)
R

−
∑ (

ni · g(T )

RU · T
)
P

− �HO

RU · T (9)

and

gi (T )

RU .T
= ui,1 (1 − ln T ) −

j=5∑
j=2

ui, j
j − 1

.T j−1 − ui,6 (10)

Heat loss from combustion gases through the cylinderwall
to the coolant strongly influences the thermodynamics of the
engine cycle. This heat loss is an important part of the energy
balance, which influences gas temperature and pressure, pis-
ton work, engine performance, and concentrations of emitted
gases.

Heat losses from the working fluid are mainly due to con-
vection from the gases and radiation from flame front to the
cylinder wall. The heat flux is then calculated from the fol-
lowing general equation.

q = Qloss

A
= h

(
Tg − Tw

) + ε · σ
(
T 4
g − T 4

w

)
(11)

where h is the convective heat transfer coefficient, ε is the
emissivity, and σ is the Stefan–Boltzmann constant. Con-
sidering the cylinder wall uncovered by the piston as the
heat transfer surface, the area of heat transfer is written as
Ah.t = π.D.(Sθ + Lc), where S is the piston displacement
from TDC and Lc is the clearance length.

Wand and Berry [30] stated that “Radiative heat transfer
in IC engines can be divided into two parts: the nonluminous
gas radiation and the luminous solid-particle (soot) radiation.
In spark ignition (SI) engines, the radiation contributed by
the soot particles can be neglected.” In SI engines, Radia-
tion from high temperature gases and the flame region to the
combustion chamberwall is insignificant comparedwith con-
vective heat transfer [1]. The correlation of the heat transfer
coefficient was suggested by Woschni [31], which is con-
sidered the most commonly used semiempirical correlation
based on experimental results.
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q = Qloss

A
= ht

(
Tg − Tw

)
(12)

The convective heat transfer coefficient, ht , requires an aver-
age wall temperature and uses the dimensionless analysis to
obtain the coefficient of heat transfer as [30–32]:

ht = K1.P0.8

D0.2.T 0.53

[
K2 ·Upis + K3.

V · Tref
Pref · Tref .(P − Pm)

]0.8

(13)
Pm
Pref

=
(
Vref
V

)n

, n = 1.32 (14)

Upis = 2 · Lst · N
60

m/s (15)

where Tref , Pref and Vref are temperature, pressure and vol-
ume at the beginning of the compression stroke. K1, K2 and
K3 are constants.

The possible effects of surface scales or deposits on either
side of the cylinder wall are not considered, and the heat
losses through leaks at the valve seats or at the gap between
the liner and the piston are neglected.

The cylinder air capacity depends on the density of air at
the end of intake stroke. The volumetric efficiency can be
expressed mathematically as follows.

ηv = mair, acual

mair, theor
(16)

While the actual mass of air flow rate is a measured quantity,
the theoretical mass of air flow rate can be calculated as
follows:

mair, theortically = ρair · Vst · Z · N
i · 60 kg/s (17)

where Z is the number of cylinders, i is a constant which

equals to 2, and air density ρair = P1
Rair · T1

The compression stroke is considered to begin at BDC.
The initial air temperature at the beginning of compression
stroke is calculated as:

Ti = TO + �Tw + γr · Tr
1 + γr

(18)

TO: Ambient air temperature = 300oK.
γr : Residual exhaust gas ratio = 0.04.
�Tw : Temperature increase due to the heat transferred from
cylinder wall.
Tr : Residual gas temperature.
The number ofmoles inside the cylinder is given by the equa-
tion of state as follows:

nt = Pcy · Vcy
Ru · Tcy (19)

The total number of moles is kept constant during the com-
pression stroke at which no chemical reaction is considered.
The instantaneous cylinder volume is calculated from previ-
ously mentioned crank slider mechanism. The temperature
and pressure inside the cylinder are obtained from both the
energy equation and the equation of state. These equations
are solved numerically using a finite difference technique and
applied to two consecutive finite points. The energy equation
for closed system is written as:

E2(T2) − E1(T1) + P1 + P2
2

· (V2 − V 1) − Qloss = 0.0

(20)

with

E1(T1) = nt ·
k∑

i=1

Xi · Ru

([∑5

J=1
ai · T J

1

]
− T1

)

+ nt

k∑
i=1

Xi · EO(0)

E2(T2) = nt ·
z∑

i=1

Xi · Ru

([∑5

J=1
ai · T J

2

]
− T2

)

+ nt

z∑
i=1

Xi · EO(0)

where: ai : Polynomial coefficients for enthalpy of different
species [33]
X i : Mole fraction for each species in the gas mixture inside
the cylinder.
Eo : Internal energy or enthalpy at zero absolute temperature.

3 Experimental Setup

The engine used is an Armfield self-contained integrated
four- cylinder, 1.0-l, water-cooled and normally aspirated
laboratory engine test bed, as shown in Fig. 2. It is connected
to a variable load eddy current, air-cooled dynamometer
which acts as a brake, allowing direct measurement of engine
torque. The engine is based on a 1-l four-cylinder automotive
engine used inVolkswagenPolo carwith 67.1mmbore diam-
eter and 70.6mm stroke. The engine nominal power is 37kW
at 5000 rpm, and nominal torque is 86Nm at 3400 rpm. The
engine frame houses fuel tanks, battery, electrical enclosures
and other accessories. The system is equipped with sensors
for engine speed, torque, air flow, cooling water temperature
(inlet and outlet of heat exchanger), cooling water flow and
exhaust gas lambda sensor. The eddy current dynamometer
provides a variable load on the engine, allowing the char-
acteristic power and torque curves to be produced in the
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Fig. 2 Photograph of engine
and dynamometer test bed

laboratory. The whole system is designed to be linked to a
personal computer equipped with special software such that
throttle and brake load are controlled by the computer. This
provides real-time monitoring of the various sensors, with
a wide range of data logging and graphical display options.
Each experiment was repeated at least three times to ensure
repeatability of the results. The uncertainties in the reported
performance parameters are estimated to be 5%.

4 Results and Discussion

Table 1 shows the composition and properties of octane 91
and octane 95 gasoline fuels tested in the engine. The com-
position of the gasoline 91 and 95 was determined using a
gas chromatographic PONA analyzer. These values are used
also as input for the mathematical model.

Table 1 Composition and properties of octane 91 and 95 gasoline
blends

Octane 91 Octane 95 Unit

Carbon 83.98 84.11 wt%

Hydrogen 13.65 13.19 wt%

Oxygen 2.37 2.70 wt%

Density (15◦C) 0.7277 0.7406 g/cm3

Vapor pressure (37.78◦C) 62.0 68.5 kPa

Average molecular weight 88.00 89.45

Heating value 43932 43304 kJ/kg

CHO composition C6.2H12.0O0.1 C6.2H11.6O0.1

4.1 Results of Mathematical Model

The following figures show and compare the model results
for octane 91 and octane 95 gasoline blends in terms of
performance parameters, namely brake power, specific fuel
consumption and A/F ratio. Figure 3 shows that octane 91
fuel results in slightly higher power compared with octane
95 fuel. This is linked to the higher heating value of 91 as
shown in Table 1. It is worth to mention that this result is
also verified experimentally as shown in the next section of
detailed experimental results. Figure 4 shows the comparison
of model results at the some throttle openings (25, 50, 75%
and WOT) and speed range for specific fuel consumption. It
shows that there are insignificant differences between octane
91 and octane 95 gasoline. Moreover, as the throttle opening
increases, the differences in sfc between the two fuel blends
diminish.

4.2 Validation of the Mathematical Model

In order to validate the mathematical model, a set of runs
was carried out at conditions similar to the experimental
ones. The experimental values for equivalence ratio, the vol-
umetric efficiency and the exhaust gas temperature are used
as input to the model for each corresponding engine speed
and throttle opening. The output brake power (BP), the spe-
cific fuel consumption (BSFC) and air-to-fuel ratio (A/F)
are presented for comparison and validation. For demonstra-
tion, some selected cases are presented in Fig. 5 that shows
the comparisons between the model predictions against the
experimentally measured values for gasoline 95 at 50 and
100% throttle openings, under a variable speed test. In gen-
eral, the mathematical model shows very close results to
experimental findings as shown in the figure. The model
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Fig. 3 Comparison between both fuels for power output model results

Fig. 4 Comparison between both fuels for specific fuel consumption model results
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Fig. 5 Comparisons between experimental and model results for gasoline octane 95

prediction for the output power is considered excellent for
the tested range of engine speeds. Similar trend was found
for the calculated and measured air-to-fuel ratio. The model
results for SFC showed good agreement with experimental
values except for speeds 4000 rpm where noticeable differ-
ences between calculated and measured values are clear. In
general, the mathematical model is able to predict the engine
performance very well and can be used to perform a compre-
hensive study on the engine variables.

4.3 Detailed Experimental Results

Before running the experiments, enough amounts of com-
mercial gasolines octane 91 and octane 95 were secured
from a normal road fuel station to avoid discrepancies in fuel
properties that may differ from batch to batch. Engine per-
formance and concentrations of exhaust gases are measured
at different engine speeds and loads for comparisons. The
investigation range for engine speed is from 1500 to 5000
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Fig. 6 Comparison between octane 95 and octane 91 fuels—power
output

rpm. The lowest stable speed for the engine was found to be
1500 rpm. The tested throttle openings are 25, 50, 75 and
100% (wide open throttle, WOT). Cooling water flow rate
is kept constant for all tests. The engine control unit auto-
matically adjusts the air-to-fuel ratio. Fuel consumption is
calculated from the injection system and the injection mode.
Air flow rate into the engine is measured using an orifice
meter and a differential pressure transducer at the air suction
pipe.

Figure 6 shows the measured brake power at variable
speeds for different throttle openings. It shows that using
octane 91 fuel results in slightly higher power than using
octane 95, especially for speeds higher than 3000 rpm. The
differences are more consistent at higher throttle openings
that correspond to higher load conditions. The increase in
power with octane 91 fuel can be attributed to the higher
hydrogen content in the fuel and its slightly higher heat-
ing value as shown in Table 1. Power normally increases
with engine speed and throttle opening to fulfill the needs of
engine loads.

The comparison in terms of brake specific fuel consump-
tion (bsfc) is depicted in Fig. 7 for selected throttle openings.
The figure shows insignificant variation in bsfc between both
fuels with engine speed for the tested throttle settings. It may
be noticed that slightly less fuel consumption for the engine
operating with octane 91 compared with octane 95 is due to
the slightly higher power of octane 91 fuel compared with
octane 95 as shown in Fig. 6. It is noticed that bsfc is less
at higher throttle openings indicating that engine economi-
cal range of operation is close to WOT. Part loads increase
the sfc value compared with wide open throttle where opti-

Fig. 7 Comparison between octane 95 and octane 91 fuels—bsfc

Fig. 8 Comparison between octane 95 and octane 91 fuels—exhaust
gas temperature

mum fuel quantity versus load is achieved [34]. Changing
the fuel type has an insignificant effect on the exhaust gas
temperature as shown in Fig. 8 for both fuels at differ-
ent speeds and loads. This insignificant variation indicates
that the temperature inside the cylinder during combustion
cycle is relatively the same for both fuels. Consequently, the
maximum temperature inside the cylinder is not affected sig-
nificantly by changing the fuel octane number from 91 to 95.
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Fig. 9 Variation in exhaust CO concentrations with engine speed at
different loads for both fuels

Consequently, the NOx concentrations are expected to be
comparable when burning both fuels inside the engine.

4.4 Exhaust Emissions

Exhaust gas concentrations are measured during variable
speed tests at different throttle openings. A gas analyzer
(Applus+ AutoLogic exhaust gas analyzer, 5 gas version)
is used to analyze engine exhaust at different operating con-
ditions. The device measures HC, CO, CO2, O2, NOx and
air-to-fuel ratio. The probe is inserted in the engine exhaust
tail pipe at a specified location for all tests. The engine oper-
ating conditions are set, and after becoming stable, samples
are continuously recorded over a time period of at least one
minute. Figure 9 shows a comparison ofCOconcentrations in
the exhaust for both fuels. There are insignificant differences
between CO concentrations for both fuels at different speeds
and loads. Generally speaking, increasing the engine speed
increases theCOconcentrations for both fuels because higher
speeds correspond to shorter time allocated for the combus-
tion process leading to incomplete combustion. Higher loads
would also require more fuel to be burned and accordingly
result in higher CO concentrations in the exhaust.

Variations in exhaust CO2 concentrations with variable
speed tests and different loads are shown in Fig. 10. Gaso-
line 91 produces more CO2 concentrations at 25 and 50%
throttle. Increasing the throttle opening while operating at
moderate speeds results in similar exhaust CO2 concentra-
tions for both fuels. Increasing speed from 2000 to 4000 rpm
has no effect onCO2 concentrations for all loads.Above 4000

(a)

(b)

Fig. 10 Variation in exhaust CO2 concentrations with engine speed at
different loads for both fuels

rpm, the exhaust CO2 concentrations rapidly decrease for all
loads that would be due to shorter time for complete com-
bustion that produces more CO and would not have enough
time for oxidizing CO to CO2. This result can also be linked
to the increased amount of fuel injected to the engine com-
bustion chamber to cope with the increased engine load. It
is interesting to note that the percentage of CO witnessed an
increase in load from 25% to WOT and CO2 experiences an
opposing trend, so that as the load increases, CO2 decreases
due to less conversion of CO to CO2.

A similar behavior was observed for HC concentrations
in the exhaust gases as shown in Fig. 11.There are insignifi-
cant differences between exhaust HC concentrations for both
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Fig. 11 Variation in exhaust HC concentrations with engine speed at
different loads for both fuels

fuels at different speeds, practically above 50% throttle. An
increase in HC corresponding to octane 91 fuel does exist at
lower loads (25 and 50%) that can be attributed to the slightly
higher hydrogen content in the 91 octane fuel as indicated in
Table 1. A decrease in hydrocarbon emissions is monitored
as the speed increases due to better mixing of fuel and air
in the combustion chamber. Figure 12 shows samples of the
variation in exhaust NOx concentrations for variable speed
test at different throttle settings. The figure shows that run-
ning the engine at WOT results in low NOx emissions. In
general, both fuels are producing similar rates of NOx con-
centrations under the same engine operating conditions. This

Fig. 12 Variation in exhaust NOx concentrations with engine speed at
different loads for both fuels

is expected since the temperature of the exhaust is the same
for both fuels as shown in Fig. 8. However, it can be noticed
that octane 91 fuel produces slightly more NOx at low throt-
tle settings and octane 95 produces slightly higher NOx at
high throttle settings.

5 Knock Tendency

Knock is one of the ways used to indicate the combustion
abnormalities. “Knock is defined as the noise transmitted
through the engine when spontaneous ignition of fuel gas
mixture or residual gases are located at the end of the combus-
tion chamber ahead of the propagating flame” [1]. It results in
a sudden release of chemical energy that increases local pres-
sure tremendously and leads to propagation of the pressure
waves across the combustion chamber. Although it is more
severe in WOT conditions, characteristics can be monitored
at lower loads. Pressure variation during combustion cycle
can be used to identify the knock tendency. High fluctuations
or spikes in pressure reading (or graph) are an indication of
knock in the engine.

Both fuels used in this study, octane 91 and octane 95,
are high-rated fuels. They already have anti-knock additives
since they are both commercially used. Burning both fuels
under similar operating conditions for the same engine pro-
vides a good comparison for their tendency to knock. One
of the engine’s four cylinders is equipped with a piezo-
electric pressure sensor (Kistler, spark plug Type 6117B,
integrated with miniaturized piezoelectric high temperature,
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Fig. 13 P–V diagrams for
gasoline octane 91 and 95 at
50% throttling and 2000 rpm

cylinder pressure sensor with frequency up to 100 kHz)
to measure pressure variation in crank angle over several
combustion cycles. The output signal was transmitted from
the pressure transducer to the data acquisition system, and
the results were recorded. A sample of this data is shown
in Fig. 13 at 50% throttling and 2000 rpm for demonstra-
tion to show the P–V diagram for a number of consecutive
cycles. More cycle to cycle variations are clearly shown in
Fig. 13a for octane 91 fuel, whereas the pressure readings
are more consistent in Fig. 13b for octane 95 fuel. This
difference in pressure variation is a typical variation from
cycle to cycle (and from cylinder to cylinder as well). The
variation may be interpreted for smoother combustion of
octane 95 but it does not indicate knock occurrences since

abnormal spikes of pressure during the combustion cycle are
absent.

6 Conclusions

Experimental and theoretical studies are performed to inves-
tigate the effect of using the two commercially available
gasoline types octane 91 and 95, used in the local market
of Saudi Arabia with a modern fuel injection spark ignition
engine. Although the theoretical model is relatively sim-
ple, comparison between the model results and experiment
findings for the engine performance showed a very good
agreement. The effects of changing major independent para-
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meters, namely engine speed and engine load, on the engine
performance and exhaust gas concentrations were measured.
In general, results showed similar performance trends for
both fuels under different operating conditions. The differ-
ence of 4 points in octane number between the two fuels did
not show a significant change in the performance or pollutant
concentrations in the exhaust gases. However, using octane
91 gasoline resulted in slight improvement in terms of power
output and lower specific fuel consumption compared with
octane 95 gasoline. This can be attributed to higher heating
value of octane 91 fuel. Insignificantly higher CO2 and HC
concentrations were observed when using octane 91 fuel in
contrast to octane 95 at moderate speeds and loads. Both
fuels showed similar trends for exhaust CO and NOx con-
centrations. Experiments showed that cycle to cycle pressure
variations were more pronounced for 91 octane fuel. How-
ever, it is important to state that using either octane 91 or
octane 95 fuels did not show a tendency of knock occurrence
in the measured cycle P–V diagram. Therefore, smoother
drivability may be expected when octane 95 is used. Results
of this study are believed to be useful for local car users,
dealers and manufacturers to know that similar performance
characteristics are expected when either fuel grade is used.
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