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Abstract— Simulation is a technique for practice and
learning that can be applied to many different disciplines. It
is a technique to replace and amplify real experiences with
guided ones. It has been widely applied in fields such
aviation and the military. In mechanical engineering, the
simulated environment may offer an additive benefit to the
traditional instruction, enhance performance, and possibly
also help reduce errors. The effects of varying the ignition
time, the equivalence and the compression ratio on the
distribution of pressure and temperature in the combustion
chamber during the compression and the combustion phases
are studied. Results are compared with the benchmark
results available in the literature, and they are in reasonable
agreement. Simulation can be the way to improve
performance, whilst protecting engine from unnecessary
risks.
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I. INTRODUCTION

Real experiences of the effects of varying functional or
geometric engine parameters on performance can be a very
complicated process and takes so much time.

There are several cases where theoretical methods,
which are based on a limited set of experimental data, are
preferred. From these considerations, the need for a simple,
fast and accurate simulation model of thermal engines is
evident. Therefore, this paper aims to use the benefits of
simulation.

Il. CRANK SLIDER MODEL

Piston motion sub-model is used to determine the
instantaneous position of the piston in the cylinder and the
volume of the combustion chamber as a function of the
crank angle.

The position of piston is derived from basic
trigonometry equations [5].

The volume of combustion chamber use a function
which depends on: the connecting rod length (a), the stroke
(s), bore (b), the crank angle, and the compression ratio (r).
The geometric parameters can be described by the crank
slider model which is represented in Fig.1

Fig. 1: Piston Cylinder and Geometries.

The equations of volume that relate to crank angle
is described as following equation

V(6)=V, {1+r7_1{1—cos(9)+§[1—(1—52sinz(6’))0‘1}‘ (1.1)

V. is clearance volume, r is compression ratio and
stroke

£ 2 xlength of connecting rod

I1l. BASIC THERMODYNAMIC DATA

The engine model is a quasi-dimensional two-zone
model which solves the basic differential equations for the
intake, compression, power and exhaust strokes. In this
model, the combustion chamber is divided into two zones by
the flame front, zone 1 contains unburned mixture and zone
2 contains burned mixture. This can be observed in Fig.2.
The flame front is assumed to travel by a speed called
turbulent flame speed which is a function of laminar flame
speed. The engine model uses Woschni correlation [4-6,8]
to estimate engine heat transfer. It is assumed that the flame
travels in a sphere like shape.

Burned gases
Spark plug
Spherique

flame front Flame zone

Unurned gases

Fig. 2: Schematic Representation of Cylinder Contents
during Combustion Period.

A. Burning Duration A6:

Increasing engine speed or introducing swirl increase the
levels of turbulence and the burning rate. It is well
established that the duration of combustion in crank angle
degrees only increases slowly with increasing engine speed
[2,7]. Fig.3 shows how intervals of burning characteristics
are the burning rate throughout the combustion process does
not increase linearly as engine speed.
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Fig. 3: Definition of the Angle of Development of The
flame A6y and angle of fast combustion A6, the
mass fraction burned as a function of crank angle.
The turbulent velocity was assumed proportional to the
average velocity of the piston S,. The angle of development
of the flame varies:

2
. 2
-\ h 3

— 3|
AG;=C(S,v) (SLJ
Where v is the kinematic viscosity (v =p/ p) and h
is height safety during ignition, S, the average speed of the
piston, S, the laminar flame speed, the average piston speed,
laminar flame speed C is a constant that depends on the

geometry of the engine.
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Where C’ is a constant that depends on the
geometry of the engine, b is the bore, the index i denotes the
value in the ignition. These expressions show a reasonable
agreement with experimental results

(1.2)

@ | 6y(degre) CO?TOE)ZSUW f(;j g%t(:/c()) n S at 0y (cm/s)
1 340 22 17 75
0.8 336 26 21 52
Table 1: Angle of Flame Development and Rapid Burning
Angle

However, the turbulence characteristics cannot be
defined easily because it depends on several parameters
such as the geometry and design of the intake manifold.
Therefore, the experimental results are used to estimate the
combustion duration (A0 ).

2
A0 =-16189 | +19.886( - |+39.951 (1.4)
1000 1000

for 1000< N <6000

B. Wiebe Function:

A functional form often used to represent the mass fraction
burned versus crank angle [5]. The Wiebe function is
defined as billow:

f(0)=1-exp {—a(aggo jmﬂ}

Where 6 is the crank angle, 6y, is the beginning of
the combustion, a and m are adjustable parameters that
determine the form of the curve, and 46 is the total

(21)

combustion time. Most use for the mass fraction burned
present curves are fitted witha=5and m =2 [1,5]

The mass fraction burned profiles as function of
crank angle in each individual cycle shown in Fig.4. It has a
characteristic S-Shape. The rate at which fuel-air mixture
burns increases from a low value intermediately following
the spark discharge to a maximum about half way through
the burning process and then decreases to a close to zero as
the combustion process ends.
100 —
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1000 RPM

Mass burn
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Fig. 4: Mass Fraction Burned Characteristic.

Since the presented model is predictive, it must
evaluate the burn rate of the in-cylinder mixture. The burn
rate is completely affected by flame speed of fuel [3].
Laminar flame speed of mixture must be calculated then it is
used to calculate the turbulent flame speed.

C. Laminar Flame Speed:

There is various laminar flame speed measurement methods
for different fuels[8-13]. The applied methods in this paper
will be discussed as following.

Burning velocity of methanol, propane and
gasoline can be calculated from Metghalchi and Keck
formulation [11]. Their correlation is defined as following.

« s
— Tu P 0.77
U =U, [Toj (Pj (1+2.06x7)

0

Where; Tq =291K and P,=1(atm) are the reference
temperature and pressure and u_p, « and g are function of

equivalence ratio for a given fuel and X, is unburned gas

diluents fraction. For isooctane, these constants can be
represented as follows:
a = 2.18+0.8(¢—1)

B, =-0.16+0.22(¢-1)
U =B, +B, (¢:0.8—¢m)(m/s)
Where ¢ is the equivalence ratio at which ug is

maximum with respect to value B,,. Value of ¢m, Bn and By
are listed in TABLE II.

Fuel dm | Bm(m/s) | B, (m/s)
Gasoline | 1.21 | 0.305 -0.549
TABLE 2: Value of ¢, B, AND B,

(3.1)

D. Turbulent Flame Speed:

Many methods for describing and calculating the turbulent
flame speed have been developed by many researches.
According to Ali. M [5] his model of turbulent flame speed
is as follows:

u, =u'+y,
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Where
U'=U"pe (1—0.5

0—360) 4.1)
U'pe = 0-75UP
6 is the crank angle (360 at TDC of compression)

E. Heat Transfer:

The heat release 0Q over the crank angle change 486 is:
Q_g d 51)
de dé

Then take the derivative of the heat release

function f(0) with respect to crank angle, being from (2.1)

Overall heat input can be determined by using
heating value of fuel and amount of mass drawn into

cylinder [7].

IVC

HV [ m(6)do
Qin — IVO

5.2
1+ mair, stoich ( )

Values of final mass fraction burned usually are in
the range 93% to 98% due to the fact that not all of the
fuel is burned.

In spark ignition engines, the primary heat
transfer mechanism from the cylinder gases to the wall
is convection, with only 5% from radiation [14]. Using a
Newtonian model, the heat loss to the wall is given by:

Qloss = hA(Tg _Tw) (53)

F. Cylinder Pressure Model:

This model is derived from the first law of thermodynamics.
The pressure is derived as a function of crank angle [5].

dj_k—l(@_q j_kpd_v

do v \do ™) "vdo (6.1)
g_v can be determined from (1.1) by taking
0

derivative with respect to the crank angle 6. The Wiebe

function for the burn fraction is used for 3&
0

The profiles of pressure and temperature are plotted
for various tests.

The tests use a model which represents a simple
one-cylinder four-stroke engine. The geometry and the
engine operating parameters are specified in Table 1. The
Wiebe combustion model is used in all tests with parameters
which fit many experimental data (a= 5 and m=3).

The wvaried engine operating parameters are
presented in Table 2. All engine operating parameters are
fixed in the first test, computed results are compared to
reference results of KinYip Chan [4].The burning initiation
time is varied in Test 2, equivalence ratio is varied in Test 3,
and compression ratio is varied in Test 4.

Item Specification
Bore, mm 100
Stroke, mm 80
engine speed, rpm 2000
Intake pressure, bar 1
Intake temperature, K 350
Connecting road length, mm 160

Fuel gasoline
Combustion model Wiebe model
Combustion duration, deg 60
Heat transfer model Woschni model
Wall temperature, K 420
Compression ratio 10
Ignition timing, degree -35

Table 3: The Engine Specifications

IV. COMPARISON WITH REFERENCE RESULTS

Fundamental thermodynamic properties of the combustion
product are in agreement with published results of KinYip
Chan [4].

The pressure profiles during the compression and
combustion strokes are presented in Fig. 5.

The pressure increases when the piston moves up to
compress the air and fuel mixture.

Ignition starts at —35 degrees before TDC when the
combustion model starts to estimate the heat generated
during combustion.

The energy generated in the combustion process
pushes piston down, volume increases and pressure drops.
The pressure profile, has as lightly delay in the maximum
pressure point (this shift is about 2 degrees), and the
maximum pressure level is about 6% higher compared to
references results.

7 T
— Computed results
6 Reference results
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Fig. 5: Comparison of Pressure Profiles with Results
Obtained By Kimyip Chan

The results, presented in Fig. 6, show the
distributions of temperatures during compression and
combustion strokes. Ignition starts at —35 degrees before
TDC, when the combustion model starts to work in the
burned zone. Ignition duration is 60 degrees, and work of
combustion model is finished at 25 degrees after the TDC.

The results, presented in Fig. 6, show distributions
of temperature averaged over burned and unburned zones.
The temperature profiles out of combustion interval, which
is fixed at 60 degrees, are very close. Calculations have a
visible delay in the occurrence of peak of averaged
temperature and the maximum level of temperature which
are about 5 degrees and 5%, respectively.

The main factor affecting the pressure and
temperature distributions in the cylinder is the calculation of
the generated heat during combustion. Other factor may
affect pressure and temperature profiles are the inlet and
exhaust pipe dimensions, but these factors are not
considered in calculations.
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Fig. 6: Comparison of Averaged Temperature Profiles with
Results Obtained By Kimyip Chan.

V. EFFECT OF A SPARK ADVANCE VARIATION

Varied parameter Value
Ignition timing, deg | -60, -50, -10, 0
Table 4: Varied Operating Parameter

Ignition timing is one of the most important parameters in
engine control.

In this test, different ignition timings are examined
in terms of distributions of pressure and temperature. The
geometric parameters and operating parameters of engine
are shown in Table 3.
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Fig. 7: Profiles of Pressure for Different Ignition Timing of
=60 (A), =50 (B), =10 (C), And 0 (D) Degrees.

The predicted pressure distributions are presented
in Fig.7.

The results obtained are very similar in early
ignition timing. For the late ignition timing, the discrepancy
of computed results is more significant in terms of
occurrence of peak pressure.

The profiles of averaged temperature are shown in Fig. 8.
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Fig. 8: Profiles of Temperature for Different Ignition Timing
Of-60 (A), —50 (B), —10 (C), And 0 (D) Degrees.

These differences are caused by different
assumptions on energy transfer in intake manifold and
intake and exhaust valves.

The discrepancy of the distribution of predicted
temperature is related to the location of peak of temperature.
Before the ignition the temperature profiles are very similar.
The location of peak temperature changes proportionally to
the ignition time variation. The sharp temperature
decreasing taking place during the expansion stroke is also
proportionally on the ignition time variation.

There is a more rapid increase in temperature when
ignition started earlier. This result leads to a higher
temperature when combustion finished even though the
duration of burn is the same.

The results presented show that if the start of heart
release begins too late, it occurs in an expending volume,
resulting in lower combustion pressure and lower network.
If the start of heat release begins too early during the
compression stroke, the negative compression work
increases, since the piston is doing work against the
expanding combustion gases. Delay of the initiation of
combustion leads to the pressure peak occurring later during
the expansion stroke. The pressure rise at 60 = -10° is
almost double that at 60 = 10°.As the start of heat release is
changed from 60 = -10° to 60 = 10°,the work input and the
mean effective pressure decrease.

VI. EFFECT OF VARYING COMPRESSION RATIO

Compression ratio is defined as the ratio of the maximum to
the minimum cylinder volume. The compression ratio
determines the peak pressure and the peak temperature in
the cycle.

Engine heads and blocks have a design of a
maximum stress, which should not be exceeded, limiting the
compression ratio. Compression ratio is difficult to control
due to fixed geometry of cylinder. In practice, compression
ratio can be varied by changing the piston head surface
shape.

Pressure (Mpa)
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Fig. 9: Profiles of Pressure for Compression Ratios of 7(A),
9(B), 11(C), and 13(D)

The efficiency of the engine and formation of
pollutants are strong functions of the compression ratio. The
compression ratio is limited by the material strength and
engine knock.

The position of maximum level of pressures lightly
depends on the compression ratio.
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The results are presented in Fig.9. The pressure
increases as compression ratio increases, and the data
obtained are in agreement with theory.

In calculations, the temperature slightly increases
as the compression ratio increases as this is presented in Fig.
10, the highest temperature is observed at the compression
ratio of 7.
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Fig. 10: Profiles of Temperature for Compression Ratios of
7(A), 9(B), 11(C), and 13(D)

VII. EFFECT OF VARYING EQUIVALENCE RATIO

The profiles of pressure are presented in Fig. 11 for different
air to fuel ratios. The maximum predict pressure level when
the air to fuel ratio is stoichiometric
9
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Fig. 11: Profiles of Pressure for Equivalence Ratio of 0.
8(A), 1(B), and 1. 2(C)

The comparison of the pressure profiles show that
the shape of profiles are very similar, but the maximum
pressure level is slightly different. The location of pressure
peak takes place at the same crank angle.
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Fig. 12: Profiles of Temperature for Equivalence Ratio of 0.
8(A), 1(B), and 1. 2(C)

The impact of equivalence ratio on temperature
profiles is similar to pressure as this is presented in Fig. 11.
The maximum temperature occurs when the air to fuel ratio
is stoichiometric.

VIIl. CONCLUSIONS AND RECOMMENDATIONS

One-cylinder engine model has been designed similar
engine operating parameters have been specified

The engine geometry is fixed in the tests
performed. The main sub-models affecting the results
computed are Woschni heat transfer model and Wiebe heat
release model.

Compression, and combustion processes in one-
cylinder engine have been simulated..

Coparison between the computed results and reference data
show a reasonable agreement.

Engine operating conditions, such as various
ignition timings, various equivalence ratios, and various
compression ratios have been considered in the tests, and the
results obtained have been discussed.

Future work will focus on comparison of the results
computed with real test bench, implementation of the
control algorithms of valve timing, ignition timing, and
injection timing to control the performance of engine.
update the needed parameters while engines run with
alternative fuel.
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