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Abstract

Considering the energy crises and pollution problems today, investigations have concentrated on de-
creasing fuel consumption by using renewable alternative fuels and on lowering the concentration of toxic
components in combustion products. A simulative model for establishing the performance parameters of
spark ignition engines fueled with a range of fuels (gasoline, ethanol, or hydrogen) and their mixture is pre-
sented. The incidence of pre-ignition and its relative intensity as well as cyclic variations are also accounted
for. The 2-zone incorporates a procedure for deriving an estimate of the effective duration of combustion and
the associated mass burning rate for various operating conditions and fuels. A system of first-order ordinary
differential equations was obtained for the pressure, mass, volume, temperature of the burned and unburned
gases, heat transfer from the burned and unburned zone, mass flow into and out of crevices, and the com-
position of combustion products. The mathematical and simulation model has been developed, tested, and
verified against the experimental data to simulate a 4-stroke cycle of a spark ignition engine fueled with
gasoline, ethanol, or hydrogen as a single fuel or their mixture. The results obtained from the present study
have shown the capability of the model to predict satisfactorily the performance and emissions including the
incidence of pre-ignition at various engine-operating conditions. A good agreement was obtained between
the results of the present model and the experimental results.

Key words: Power generation, Pollution, ICE, Spark ignition engine model, Simulation model, Thermo-
dynamics, Hydrogen, Ethanol, Alternative fuel.

Introduction

Considering the energy crises and pollution problems
today, investigations have concentrated on decreas-
ing fuel consumption by using alternative fuels and
on lowering the concentration of toxic components
in combustion products. Hydrogen is considered an
ideal alternative fuel. The use of hydrogen as an au-
tomotive fuel, as a primary or supplementary fuel,
appears to promise a significant improvement in the
performance of a spark ignition engine. Besides be-
ing the cleanest burning chemical fuel, hydrogen can
be produced from water (using non-fossil energy)
and, conversely, on combustion forms water again
by closed cycle (Veziroglu et al. 1989; Veziroglu

and Barbir, 1991, 1992). A small amount of hydro-
gen mixed with gasoline and air produces a com-
bustible mixture, which can be burned in a conven-
tional spark ignition engine at an equivalence ratio
below the lean flammability limit of a gasoline/air
mixture. The resulting ultra-lean combustion pro-
duces a low flame temperature and leads directly to
lower heat transfer to the walls, higher engine effi-
ciency and lower exhaust of CO and NOx (Sher and
Hacohen, 1987; Al-Baghdadi, 2000, 2002).

Ethanol is a likely alternative automotive fuel in
that it has properties that would allow its use in
present engines with minor modifications. Alcohol
fuels can be made from renewable resources like lo-
cally grown crops and even waste products such as
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waste paper or grass and tree trimmings (Morris,
1992). As a fuel for spark-ignition engines, ethanol
has some advantages over gasoline, such as better
anti-knock characteristics and reduction of CO and
UHC emissions. Ethanol fuel has a high heat of
vaporization; therefore, it reduces the peak tem-
perature inside the cylinder and hence reduces the
NOx emissions and increases the engine power (Wei-
Dong et al., 2002; Al-Hasan, 2003; Bang-Quan et al.,
2003).

One of the major areas of development in the in-
ternal combustion engine is the development of com-
puter simulations of various types of engines. Their
economic value is in the reduction in time and costs
for the development of new engines and their tech-
nical value is in the identification of areas that re-
quire specific attention as the design study evolves.
Computer simulations of internal combustion engine
cycles are desirable because of the aid they provide
in design studies, in predicting trends, in serving as
diagnostic tools, in giving more data than are nor-
mally obtainable from experiments, and in helping
one to understand the complex processes that occur
in the combustion chamber. In the present work,
a quasi-dimensional model was developed to simu-
late a 4-stroke cycle of a spark ignition engine fueled
with various types of fuels, i.e. gasoline, hydrogen,
ethanol, and their mixture.

Modeling of The Spark Ignition Engine
(Power Cycle)

The combustion chamber was generally divided into
burned and unburned zones separated by a flame
front (Figure 1). The first law of thermodynamics,
equation of state and conservation of mass and vol-
ume were applied to the burned and unburned zones.
The pressure was assumed to be uniform through-
out the cylinder charge. A system of first-order ordi-
nary differential equations was obtained for the pres-
sure, mass, volume, temperature of the burned and
unburned zones, heat transfer from burned and un-
burned zone, and mass flow into and out of crevices.

Burned
zone

R

Heat transfer
(from burned zone)

Heat transfer
(from unburned zone)

Flow into crevices
(from unburned zone)

Flow into crevices
(from burned zone)

Work done

Figure 1. Two-zone thermodynamic model of combus-
tion.

The mass burning rate was modeled by the fol-
lowing equation (Heywood, 1989):

dMb

dt
= Afl.ρ.ST (1)

The turbulent flame front speed (ST) was mod-
eled by the following equation (Heywood, 1989):

ST = SL.f.
(ρu/ρb)

[(ρu/ρb)− 1]Xmb + 1
(2)

where f is a turbulent flame factor, defined with the
following formula:

f = 1 + 0.0018× rpm (3)

The laminar flame front speed for mixtures of hy-
drocarbon and/or alcohol with hydrogen, air, and
residual gas was modeled by the following equation
(Yu et al., 1986):

SL = SLo .
(
Tu

To

)α
.
(
P
Po

)β
.
(
1− 2.06Xr0.77

)
+0.83× YH2

(4)

where YH2 is an indication of the relative amount of
hydrogen addition, which was defined by the follow-
ing formula:
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YH2 =


 [H ] + [H]

([H]/[Air])st

[F ] +
(
[Air]− [H]

([H]/[Air])st

)

 (5)

For pure hydrocarbon fuels or pure alcohol fuel, YH2

= 0

α = 2.18− 0.8 (φ− 1) (6)

β = −0.16 + 0.22 (φ− 1) (7)

SLo = B2 + B3 (φ−B1) (8)

Values of B1, B2 and B3 are given by Heywood
(1989) for several types of fuels.

For a pure hydrogen fuel, the following semi-
empirical formula suggested by Fagelson et al. (1978)
was used for turbulent flame front speed:

STH2 = 5000
(
0.1rpm.B.S.P

/
T 1.67
b

)0.4
.(

T 0.41
b .T 1.25

u

)
.

(
R

E

)

×


Xf.

(
1− φ.

(
1− R.T 2

b

E.(Tb−Tu)

))
φ




0.5

× exp
( −E
2.R.Tb

)
(9)

The liquid fuel (gasoline and ethanol) enters the air
stream through the liquid fuel discharge tube in the
carburetor body and is atomized and convected by
the air stream past the throttle plate and into the
intake manifold (Figure 2). Liquid fuel evaporation
starts within the carburetor and continues as fuel
droplets move with the air stream. Gas fuel (hydro-
gen) is mixed with the liquid fuel-air mixture before
the throttle valve to enter the intake manifold.
For single fuel, the following formula was used to

calculate the equivalence ratio:

φ =

(
[F ]
Air

)
Act.(

[F ]
[Air]

)
st.

(10)

For the blending of hydrocarbon and/or alcohol with
hydrogen fuel, the equivalence ratio was calculated
from the following formula:

φ =

(
[F ]

[Air]− [H]
([H]/Air)st.

)
(

[F ]
[Air]

)
st.

(11)

The flame front area (Afl) calculations were based
on the model of Annand (1970).

1- Pressure gauge.
2- Gas fuel flow meter.
3- Water flame trap.
4- Venturi throat.
5- Throttle plate.
6- Liquid fuel flow meter.
7- Liquid fuel tank.
8. Pressure equalizing.

Figure 2. Schematic of fuel supply to the engine.
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The instantaneous heat interaction between the
cylinder content (burned and unburned zones) and
its walls was calculated by using the following
semi-empirical expression for a 4-stroke engine (Al-
Baghdadi and Al-Janabi, 1999):

−dQht

dt
= A

[
0.26 kB

(
Up.B
µ

)0.7

(T − Tw)

+0.69σ
(
T 4 − T 4

w

)] (12)

The crevices are the volumes between the piston, pis-
ton rings and cylinder wall (Figure 1). Gases flow
into and out of these volumes during the engine op-
erating cycle as the cylinder pressure changes. The
instantaneous energy flows into the crevices were cal-
culated by using the following semi-empirical expres-
sion of Gatowski et al. (1985) for a spark ignition
engine:

dQcr

dθ
= (e+ R.T) .

dNcr

dθ
(13)

where dNcr > 0 when flow is out of the cylinder into
the crevice, dNcr < 0 when flow is from the crevice
to the cylinder, and (e+R.T) is evaluated at cylinder
conditions when dNcr > 0 and at crevice conditions
when dNcr < 0.

In a conventional spark ignition engine the fuel
and air are mixed together in the intake system, in-
ducted 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 com-
pression stroke at the spark plug by an electric dis-
charge. Following inflammation, a turbulent flame
develops, propagates through this essentially pre-
mixed fuel, air, burned gas mixture until it reaches
the combustion chamber walls, and then extinguishes
to begin the expansion stroke until the exhaust valve
opening. Each of these processes is discussed below
to complete an engine power cycle simulation.

The compression process starts at the trapped
condition, and ends after the delay period process,
when the mixture is ignited by the spark plug. Using

a perfect mixing model for fresh charge and residuals
from the previous cycle derives the state of the gas
during this stage.
The gas pressure and temperature during the

compression stage are calculated using the following
equations:

dP

dθ
=

[
−

(
1 +

R

Cv

)
.P.
dV

dθ
− R

Cv
.
dQcr

dθ

+
R

Cv
.
dQht

dθ

]/
V

(14)

dT

dθ
= T.

(
1
P
.
dP

dθ
+
1
V
.
dV

dθ

)
(15)

The numerical method used for this purpose is the
Runge-Kutta method.
After spark occurrence, the delay period is calcu-

lated using the following equation:

DP =

[(
6.rpm
ST

)
. 3

√(
0.001V
π

)]
(16)

During this period, the mixture is considered un-
burned 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 the delay period. The
combustion process is said to have commenced, and
is divided into 2 stages. The first stage is ignition
and initiation of 2 zones in combustion space and
the second stage is flame front propagation.
After the combustion of the small nucleus of the

fuel-air mixture the combustion chamber is subdi-
vided into 2 zones, a burned zone, suffix (b), and an
unburned zone, suffix (u). The process is initiated in
3 steps based on the model of Benson et al. (1975).
The cylinder pressure and the temperature of

burned and unburned zones of the flame front propa-
gation stage were modeled using the following equa-
tions:

dTu
dθ

=
1

Nu.Cp,u
.
dQht,u

dθ
+

Vu
Nu.Cp,u

.
dP

dθ
− 1
Nu.Cp,u

.
dQcr,u

dθ
(17)
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dTb
dθ

== P
Nb.R

.
[
dV
dθ −

(
R.Tb

P − R.Tu

P .MWb

MWu

)
. dNb

dθ − Vu.R
P.Cp,u

. dPdθ

− R

P.Cp,u
.
dQht,u

dθ
+

R

P.Cp,u
.
dQcr,u

dθ
+
V

P
.
dP

dθ

] (18)

dP

dθ
=




[
pdVdθ .

(
1 + Cv,b

R

)
+

(
Cv,u

Cp,u
− Cv,b

Cp,u

)
.
dQht,u

dθ +
(
eb − eu.MWb

MWu

)
. dNb

dθ[
Cv,u

Cp,u
.Vu − Cv,b

Cp,u
.Vu +

Cv,b

R .V
]

−
(
Cv,b.

(
Tb − Tu.MWb

MWu

))
. dNb

dθ +
(
Cv,b

Cp,u
− Cv,u

Cp,u

)
.
dQcr,u

dθ + dQcr

dθ −
dQht

dθ

]
[
Cv,u

Cp,u
.Vu − Cv,b

Cp,u
.Vu +

Cv,b

R .V
]




(19)

Equations (17), (18) and (19) are solved by
the Runge-Kutta method to calculate the unburned
zone temperature, the burned zone temperature and
the cylinder pressure, respectively, during each time
step.

Once the combustion is complete the variables
are organized to calculate for a single zone only. The
Runge-Kutta method is used. Throughout the ex-

pansion calculation a check is kept to see if NO is
frozen when the NO rate kinetic calculations are by-
passed.
Twelve species were considered in the calculation

of combustion product concentrations. The calcula-
tion starts from the equation of combustion of hy-
drocarbon, ethanol, hydrogen fuels and air, which is
represented by

ae [(1− Z) . (1− J )CnHm + Z (1− J)C2H5OH + JH2]+

ae

φ
[n (1− Z) (1− J) + 3Z (1− J) + ((m. (1− Z) (1− J) + 2J)/4)]

(
O2 +

78
21
N2 +

1
21
Ar

)
−→ XH2OH2O +XH2H2 +XOHOH +XHH +XN2N2 +XNONO +XNN

+XCO2CO2 +XCOCO +XO2O2 +XOO +XArAr

(20)

The composition was calculated in terms of molar
fractions of these species denoted by Xi. The equi-
librium distribution of these species can be fully de-
scribed by the following 7 reactions:

1
2
H2 ←→ H (21)

1
2
O2 ←→ O (22)

1
2
N2 ←→ N (23)

2H2O←→ 2H2 +O2 (24)

H2O←→ OH +
1
2
H2 (25)

CO2 +H2 ←→ H2O +CO (26)

H2O +
1
2
N2 ←→ H2 +NO (27)

The calculations were based on the equilibrium as-
sumption, except for NOx formation, where the ex-
tended Zeldovich mechanism was used.

N +NO↔ N2 +O
K1f = 3.1× 1010 exp

(−160
T

) (28)

N + O2 ↔ NO +O
K2f = 6.4× 106.T. exp

(−3125
T

) (29)
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N +OH ↔ NO +H
K3f = 4.2× 1010 (30)

where K1f , K2f , and K3f are the forward rate con-
stants, taken from the model of Benson et al. (1975).

Pre-ignition and knock in spark ignition engines
are acknowledged barriers to the further improve-
ment of efficiency, increased power and the use of a
wider range of fuels. Pre-ignition is caused mainly
by the auto-ignition of the fresh gas mixture of the
charge before the spark ignition time during the com-
pression stroke. This may lead to the incidence of
peak cylinder pressure before top dead center and/or
undesirable combustion. The onset of knock, which
is caused mainly by the auto-ignition of the unburned
mixture in the “end gas region” of the charge that
is at any moment yet to be burned, involves exceed-
ingly rapid rates of combustion of the fuel-air mix-
ture, increased heat transfer to the cylinder walls,
excessively high cylinder pressure and temperature
levels, and increased emissions. The pre-ignition and
knock lead to highly undesirable engine performance
and potential damage to engine components when
allowed to persist. Accordingly, it is critically im-
portant not only to avoid pre-ignition and knocking
but also to know the limiting conditions for their
incidence under any set of operating and designing
conditions. The common approach to modeling the
ignition delay is fitting an equation to the experi-
mental data (Douaud and Eyzat, 1978). For differ-
ent running conditions with pre-ignition and knock,
the pressure and temperature of the fresh gas until
pre-ignition or knock occurs are determined. The
auto-ignition model can be formulated as follows:

θAuto−ignition − θStart = X1P (θ)X2 exp
(
X3

Tu(θ)

)
(31)

where θAuto−ignition is auto-ignition occurrence
crank angle, θStart is the start of cycle, and X1, X2,
and X3 are experimental constants.

Optimization of the auto-ignition model with dif-
ferent engine operating conditions of fuel mixture,
compression ratio, equivalence ratio, and spark tim-
ing showed that the model could be simplified by
fixing the value of X1 at 0.757, the value of X2 at
0.896 and the value of X3 at 6471. Equation (31)
was then used with a quasi-1-dimensional thermody-
namic model (2-zone thermodynamic model) to pre-
dict the incidence of auto-ignition at various engine
operating conditions. With this model, it is possible
not only to investigate whether auto-ignition is ob-
served with changing fuel mixture, operating and/or

design parameters, but also to evaluate those param-
eters’ effects on the maximum possible auto-ignition
intensity.
The advantage of the hydrogen-supplemented

fuel is that it requires a smaller quantity of hydrogen,
which considerably reduces the problems connected
with hydrogen storage in the automobile. The im-
portant improvements in ethanol addition are to re-
duce the NOx and CO emission while increasing the
higher useful compression ratio and output power
of a hydrogen-supplemented fuel engine. The least
quantity of ethanol blended with gasoline and ex-
actly satisfying constant NOx emission when hy-
drogen is added was calculated by using the semi-
empirical expression of Al-Baghdadi, (2001) for safe
operation of a spark ignition engine:

Xethanol = 7× ln (Xhydrogen) + 11 (32)

The Computer Programme and Computa-
tional Procedure

The simulation of the power cycle of spark ignition
engine was programmed using Visual Basic language
(Figure 3). The computer program consists of a main
part and 5 subroutines. During the power cycle, the
program predicts the rate of mass burning, heat re-
lease rate, accumulated heat release, composition of
burned and unburned zones, temperature of burned
and unburned zones, cylinder pressure, heat loss by
radiation and convection, energy loss due to flow into
crevices, flame front speed, flame front radius, con-
centration of pollutants emitted, and engine perfor-
mance. The flow chart of the main program is shown
in Figure 4.

Experimental Work

Fuel properties of ethanol-gasoline blended fuels were
examined by the standard ASTM methods. Un-
leaded gasoline, the base fuel, with research octane
number equal to 95 (Table 1) was selected, and
mixed with different percentages of ethanol (99.9%
purity). From the results of the ASTM analysis,
some of the combustion-related properties have been
summarized in Table 1. The ”E” designates ethanol
and the number next to “E” designates the volume
percentage of ethanol. The E10 means that 10%
ethanol (99.9% purity) was blended with 90% pure
gasoline by volume.
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Figure 3. Visual interface of the SI simulation program.
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Figure 4a. Schematic flow chart of the cycle calculation computer program.
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Figure 4b. Schematic flow chart of the cycle calculation computer program.
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Figure 4c. Schematic flow chart of the cycle calculation computer program.
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Table 1. Properties of different ethanol-gasoline blended fuels.

Property item Gasoline E10 E20 E30 Test
method

Density
(kg/l @ 15.5 ◦C)

0.772 0.775 0.777 0.780 ASTM
D1298

RON 95 97.5 99.5 101 ASTM
D2699

RVP (kPa @ 37.8 ◦C) 53.4 59.6 58.3 56.8 ASTM
D323

Total Sulfur (wt%) 0.0074 0.0068 0.0059 0.0052 ASTM
D4292

Existent Gum
(mg/100 ml)

0.8 0.8 0.8 0.8 ASTM
D381

Corrosivity
(3 h @ 50 ◦C)

1a 1a 1a 1a ASTM
D130

Oxidation Stability Induction
Period

> 360 > 360 > 360 > 360 ASTM
D525

Distillation temperature (◦C):
IBP
10 vol.%
50 vol.%
90 vol.%
End point

35.5
54.5
94.4
167.3
197.0

37.8
50.8
71.1
166.4
197.5

36.7
52.8
70.3
163.0
198.6

39.5
54.8
72.4
159.3
198.3

ASTM
D86

Heating value (kJ/kg) 42604.8 39820.6 39004.2 36341.4

Carbon (wt.%) 86.6 86.7 87.6 86.0

Hydrogen (wt.%) 13.3 13.2 12.3 13.9

Residue (vol.%) 1.7 1.5 1.5 1.5

Color Light
green

Visual

A Ricardo E6/US single cylinder research engine
has been used in this research. The technical details
of the engine are given in Table 2. The engine power
has been measured using an electrical dynamome-
ter. The exhaust gas was analyzed for CO by a non-
dispersive infrared analyzer, NDIR, and for NOx by
chemluminescent analyzer, CUSSONS equipment. A
high-pressure transducer, type AVL-SQP, was used
to record the cylinder head pressure. The transducer

signal has been amplified by a CUSSONS-PIEZO
channel amplifier, and then stored and presented on
the display of a CRT Kikusui-COS5020-ST oscillo-
scope. A pick-up for an angle maker has been in-
stalled and its signal is also presented on the oscil-
loscope display. The incidence of auto-ignition was
established directly from the observation of the cylin-
der pressure variation with time while using a flush-
mounted pressure transducer.
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Table 2. The technical details of the engine.

Type:
Cycle:
Number of Cylinder:
Cylinder Bore:
Stroke:
Connecting Rod Length:
Compression Ratio:
Engine Speed:
Ignition Timing:
Intake valve
Diameter:
Opens:
Closes:
Exhaust valve
Diameter:
Opens:
Closes:

Ricardo E6/US, spark ignition engine
Four stroke
1
76.2 mm
110.0 mm
241.3 mm
variable
variable
variable

35 mm
9◦ BTDC
36◦ ABDC

30 mm
42◦ BTDC
7◦ ABDC

Results

In hydrogen-fuelled spark ignition engine applica-
tions, the onset of pre-ignition or knock remains one
of the prime limitations that needs to be studied so
as to avoid its incidence and achieve superior perfor-
mance. With the present model, it is possible not
only to investigate whether pre-ignition or knock is
observed with changing operating and design param-
eters, but also to evaluate their effects on the max-
imum possible auto-ignition intensity. In Figure 5,
the average pre-ignition for 100 consecutive cycles is
observed at 10◦ crank angle BTDC when the com-
pression ratio is increased to 10.6. The pre-ignition
occurrence crank angle prediction of the model at
10.7◦ crank angle timing is very accurate with a de-
viation of 0.7◦ crank angle. In Figure 6, the average
pre-ignition for 100 consecutive cycles is observed at
6◦ crank angle BTDC when spark-timing is retarded
5◦ from the optimum spark timing (8◦ BTDC). The
pre-ignition occurrence crank angle prediction of the
model at 6.5◦ crank angle timing is very accurate; it
is only a 0.5◦ crank angle deviation from the mea-
sured data.

As can be seen from Figures 5 and 6, the pre-
dicted pressure crank angle diagram coincides with
the measured diagram; both the values and trends of
the calculated pressures are in good agreement with
the measured pressures. The error in maximum pres-
sures is less than 4% for both cases and the deviation
in pre-ignition occurrence crank angle is less than 1◦

crank angle.

Figures 7-9 show the measurements and predic-
tions of the effect of hydrogen blending, (0%-12%
by mass), and/or ethanol blending (0%-30% by vol-
ume), on the power and emission of the engine.
The hydrogen-ethanol-gasoline fueled engine oper-
ates with a stoichiometric mixture, optimum spark
timing for best torque, 1500 rpm and a 7.5 compres-
sion ratio. Each parameter studied is made dimen-
sionless by relating it to its value when the engine
is fueled with a pure gasoline at 7.5 compression ra-
tio, 1500 rpm, stoichiometric mixture and optimum
spark timing for best torque. The figures show that
the results predicted by the mathematical model are
very close (within 2%) to the experimental results.
This verifies that the model developed can be used
to a great degree of accuracy.
Figure 7 shows the effect of hydrogen and ethanol

blending on the engine power. It is shown that en-
gine power increases as the percentage of hydrogen
blending is increased due to the high rate of mass
burning of hydrogen. When the percentage of blend-
ing is more than 2%, the power decreases due to
a reduction in mixture density and engine volumet-
ric efficiency. The engine power increases with the
increase in ethanol percentage volume ratio in the
gasoline up to 30% ethanol; at this percentage the
maximum brake power has been obtained due to the
increase in mixture density and engine volumetric
efficiency. During the tests, it is observed that the
ethanol percentage exceeds 30%, the carburetor is
not capable of evaporating all fuel supplied to the
engine, and part of it enters the chamber without
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combustion. This causes a reduction in the brake
power and thermal efficiency as the ethanol percent-
age increases about 30%. Figure 8 shows the effect
of hydrogen and ethanol blending on the specific fuel
consumption (sfc). The sfc decreases as the percent-
age of hydrogen blending is increased until 6%. Then
the decreases in sfc seem to be marginal throughout
the percentage range. The sfc is slightly increased as
the volume percentage of ethanol is increased in the
mixture. This is due to the lower heating value of
ethanol compared with gasoline. Figure 9 shows the

effect of hydrogen and ethanol blending on CO emis-
sion. CO concentration decreases as the percentage
of hydrogen and/or ethanol addition increases. This
is due to the reduction in carbon atoms concentra-
tion in the blended fuel and the high molecular diffu-
sivity of hydrogen, which improve the mixing process
and hence combustion efficiency. Figure 10 shows
the effect of hydrogen and ethanol blending on NOx
emission. NOx concentration increases as the hydro-
gen mass ratio increases. This is due to the higher

(a) (b)

Figure 5. (a) Cylinder pressure with crank angles photograph and (b) model prediction indicating pre-ignition combustion
(compression ratio = 10.6, equivalence ratio = 0.96, engine speed = 25 rev/s, Tin = 313 K, Pin = 1 bar, spark
timing = 8◦ BTDC).

(a) (b)

Figure 6. (a) Cylinder pressure with crank angles photograph and (b) model prediction indicating pre-ignition combustion
(compression ratio = 10, equivalence ratio = 0.96, engine speed = 25 rev/s, Tin = 313 K, Pin = 1 bar, spark
timing = 3◦ BTDC).
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peak temperature and pressure in addition to the re-
duction in the time required dissociating NO to N2

and O2. NOx concentrations decrease as the percent-
age of alcohol addition increases. This is probably a
result of the higher heat of vaporization of alcohol,
which reduces the peak temperature inside the cylin-
der.

Figure 7. Measurements (symbols) and predictions (solid
line) of the effect of hydrogen and/or ethanol
blending on the engine power.

Figure 8. Measurements (symbols) and predictions (solid
line) of the effect of hydrogen and/or ethanol
blending on the specific fuel consumption.

Figure 9. Measurements (symbols) and predictions (solid
line) of the effect of hydrogen and/or ethanol
blending on the CO emission of the engine.

Figure 10. Measurements (symbols) and predictions
(solid line) of the effect of hydrogen and/or
ethanol blending on the NOx emission of the
engine.

Examples of the results of the program computa-
tion, of a Ricardo E6/US spark ignition engine op-
erated with a stoichiometric mixture and optimum
spark timing for best torque with 7.5 compression
ratio and 1500 rpm, are shown in Figures 11-14.
Figure 11 shows the pressure crank angle dia-

gram for 2% mass of hydrogen and 98% mass of
liquid fuel (70% gasoline and 30% ethanol by vol-
ume), and the corresponding burned and unburned
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gas temperature. Figure 12 shows the crank angle di-
agram of fuel energy, inefficiency effect, crevice flow
effect, heat transfer effect and heat release rate. Fig-
ure 13 shows the crank angle diagram of flame front
speed and flame front radius. The concentration of
the combustion product with the crank angle degrees
is shown in Figure 14.

Details of the calculation (Figures 11-14) show
trends that have been reported by other researchers.
This gives confidence in the modeling. The trend
of pressure and temperature histories (Figure 11)
agrees with a number of published results (Benson
et al., 1975; Fagelson et al., 1978; Desoky and El-
Emam, 1985; Sher and Hacohen, 1989; North, 1992).

The trend of fuel energy, inefficiency effect, crevice
flow effect, heat transfer effect, and heat release rate
with crank angle (Figure 12) agree with studies by
Gatowski et al. (1985), Benson et al. (1975), and
Al-Baghdadi and Al-Janabi (2000). The increase in
flame radius with angle and the variation in flame
speed with angle (Figure 13) agree with test results
reported by Benson et al. (1975) and with the work
by Al-Baghdadi and Al-Janabi (1999). The pre-
diction of maximum NO and its relationship with
the time for freezing (Figure 14) agree well with
the works by Fagelson et al. (1978), Benson et al.
(1975), and Sher and Hacohen (1989).

Figure 11. Variation in cylinder pressure, unburned and burned temperature with crank angle.
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Figure 12. Heat release analysis showing the effects of heat transfer, crevices, and combustion inefficiency.

Figure 13. Variation in flame front speed and flame front radius with crank angle.
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Figure 14. Variation in concentration of combustion products with crank angle.

Conclusion

A mathematical and simulation model has been de-
veloped to simulate a 4-stroke cycle of a spark igni-
tion engine fueled with hydrocarbon, hydrogen and
ethanol singly or in a blend. The program written
from this simulation model can be used to assist in
the design of a spark ignition engine for alterna-
tive fuels as well as to study many problems such
as pre-ignition, knock, pollutant emissions, catalytic
devices, exhaust gas re-circulating valves, effects of
misfire and maldistribution of the fuel-air mixture.

Many other parameters can be studied using this
simulation model, such as the effect of combustion
duration for each fuel on the performance and emis-
sion of the engine, the optimal amount of fuel sup-
plement, and high useful compression ratio for each
fuel.
The main results obtained from the present study

are as follows:

1. Hydrogen can be used as a supplementary fuel
in modern spark ignition engines without ma-
jor changes, and it can help save a considerable
part of the available oil and save our environ-
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ment from toxic pollutants.

2. Ethanol can be used as a supplementary fuel up
to 30% of gasoline in modern spark ignition en-
gines without major changes, and it improves
the output power and reduces the NOx emis-
sions of a hydrogen supplemented fuel engine.

3. The hydrogen added improves the combustion
process, especially in the later combustion pe-
riod, reduces the ignition delay, speeds up the
flame front propagation, reduces the combus-
tion duration, and retards the spark timing.

4. The blending of ethanol reduces the CO and
NOx emissions and peak temperature.

5. The concentration of CO is reduced, and the
concentration of NOx is increased due to hy-
drogen blending.

6. The engine power is increased until a hydrogen-
fuel mass ratio of 2% and ethanol-fuel ratio of
30%.

7. The blending of ethanol or hydrogen increases
the heat release rate.

8. The exhaust temperature is reduced, as is the
crevices flow energy due to the blending of hy-
drogen or ethanol fuel.

9. The blending of hydrogen reduces the specific
fuel consumption, while ethanol blending in-
creases the specific fuel consumption.

10. The addition of ethanol to gasoline fuel ini-
tially increases the Reid vapor pressure of the
blended fuels to a maximum at 10% ethanol
addition, and then decreases, indicating an
increase in evaporative emissions for ethanol-
gasoline blended fuels.

11. The addition of ethanol to gasoline fuel en-
hances the octane number of the blended fuels.
An addition of 15% by volume of ethanol to
gasoline produces the same effect as the addi-
tion of 0.6 g/l of lead or 15% by volumeMTBE.

12. The auto-ignition-free operational region
tends to narrow significantly with increasing
hydrogen-fuel mass ratio, compression ratio,
intake pressure and/or intake temperature,
and the retarding possibility in spark timing
in the operational region was within about 2◦

to 3◦ crank angle from the optimum spark

timing at near the stoichiometric equivalence
ratio. This represents a practical limitation to
the improvement of the power and efficiency of
hydrogen engines. The auto-ignition-free oper-
ational region tends to widen with the addition
of ethanol fuel due to a reduction in the peak
temperature through the power cycle.

Nomenclature

A area (m2)
ae moles of fuel corresponding to one mole of

productions (kmole)
B cylinder bore (m)
Cp specific heat at constant pressure

(kJ/kmole.K)
Cv specific heat at constant volume

(kJ/kmole.K)
DP delay period (degree)
e specific internal energy (kJ/kmole)
E hydrogen activation energy = 83740

J.mole/K
f turbulent flame factor (-)
J mole ratio of hydrogen fuel addition (-)
k thermal conductivity (W/m.K)
m number of atomic hydrogen in hydrocar-

bon fuel (atom)
M mass of gas mixture (kg)
MW molecular weight of gas mixture

(kg/kmole)
n number of atomic carbon in hydrocarbon

fuel (atom)
N number of mole (kmole)
P pressure (bar)
Q energy (kJ)
R universal gas constant = 8.314 J.mole/K
rpm engine speed (rpm)
S stroke (m)
SL laminar flame front speed (m/s)
ST turbulent flame front speed (m/s)
t Time (sec)
T temperature (K)
UP mean piston speed (m/s)
V cylinder volume (m3)
X mole fraction (-)
Xf mole fraction of fresh mixture (-)
Xm mass fraction (-)
Xr mole fraction of residual gas (-)
Xethanol ethanol volume ratio (-)
Xhydrogen hydrogen mass ratio (-)
YH2 amount of hydrogen addition
Z mole ratio of ethanol fuel addition (-)
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Subscript

Act. actual
b burned zone
cr crevices
fl flame front
ht heat transfer
o reference condition
st. stoichiometric
u unburned zone
w cylinder wall

Greek symbols

µ kinematic gas viscosity (kg/m.K)
φ equivalence ratio (-)
ρ density of gas mixture (kg

/
m3)

σ Stefan-Boltzman constant = 5.67e-8
(W

/
m2K4)

θ crank angle (degree)
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