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ABSTRACT

In recent years the combined effects of environmental legislation and
the energy saving demands have led to a major expansion of research and
development work in order to make better fuel combustion, and reduce
pollutants emission. Keeping this in mind a two zone quasi-dimensional
model that analyze the compression, combustion, expansion processes
has been developed for a single-cylinder four stroke spark ignition
engine. The model takes in to consideration mass and energy

conservation in the engine cylinder.

The model calculates instantaneous variation in gas thermodynamic
states, gases concentrations, cylinder pressure, burn temperature,

turbulent flame speed, and pollutants formation.

The pressure and the pollutants concentration are calculated at each
crank angle. Burnt gas temperature and flame speed are calculated at each
flame radius. It is found that the burnt gas temperature rises as well as the
cylinder pressure due to combustion. The maximum temperature and
pressure occur close to the time that the flame makes contact with the
cylinder wall. The value of this maximum pressure, temperature, flame
speed, and pollutants concentration affected by engine variables such as
compression ratio, equivalence ratio, spark timing, engine speed and

spark plug location.

- When the compression ratio is increased by 12.5%, the flame speed
increases by about 10.25%. The maximum pressure increases by about
8.5%, the maximum temperature increases by about 0.18% this causes

that the NOx and CO emission increased.



- When the equivalence ratio is increased by 10%, the flame speed
increases by about 5%, and flame speed reduces after ® =1.2. Maximum
burned gas temperature occurs at @ =1.1. CO emission also increased.

NOXx emission is maximum at @ =1 and then decreased.

- Spark timing affects the value and the location of the maximum
pressure. It is found that the cylinder maximum pressure, temperature,
NOx and CO emission decrease with the retarding the spark timing than
30°BTDC.

- The position of the spark plug has a strong effect on the pressure,
temperature field, flame speed, NOx and CO concentrations. Shifting the
spark plug from central position toward the wall reduces all studied

parameters.
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INTRODUCTION

1.1 General

About 90% of the world's energy comes from the combustion of
fossil fuels. Energy is needed for transport (land, sea, air), electricity
generation, heating, and industrial processes. For the foreseeable future
combustion will be the major source for the production of mechanical and
electrical energy. According to the world energy concile the energy
demand will increase by 65% until 2020 [1]. Against this back ground it is
of primordial interest to make economic use of the available resources
while at the same time minimizing the impact of pollution.

Combustion can be defined as a chemical reaction between a fuel and
an oxidizer involving significant release of energy as heat. Fuel is any

substance that release energy (e.g. C,H,). Oxidizer is any oxygen

containing substance (e.g. air) that reacts with fuel. The reaction occurs
usually in a small fraction of the available volume in the reaction zone.
This is known as the rapid mode of combustion. Reaction may produce
intermediates that chemiluminesce or particales that glow and give the
color of the flames. Combustion may also be occuring close to a catalytic
surface at low temperature; this is the slow mode of combustion. The most
common type is the rapid form of combustion, i.e rapid oxidation at high
temperature (>1500 K), and this is the type of combustion that occurs in
the internal combustion engine. In this type of engine the chemical energy

1



Introduction s

— %yr//)lmﬂ @/m
of the fuel is first converted to thermal energy by means of combustion or
oxidation. This thermal energy raises the temperature and pressure of the
gases within the engine, and the high-pressure gas then expands against the
mechanical mechanisms of the engine and produces work [2].

Combustion is important for its impact on several other engine
characteristics or requirements. The process by which the engine's
emissions within the cylinder are closely linked with the details of the
combustion process. The anti-knock and volatility requirements of the fuel
are dictated by the engine combustion process. Even the breathing of the
engine, and hence its power, are affected by what the designer must do to
achieve a good combustion process. It is not surprising, therefore, that
understanding the engine combustion process, and modeling that process
from a fundamental perspective, are such important topics for the engine
research. So analysis of in-cylinder temperature and pressure characteristics
during combustion has become an important research field so far, because

it must proceed to analyze combustion characteristics accurately [3].
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1.2 Physics of The Spark-Ignition Engine

Combustion Process

The spark discharge generates, on a sub-microsecond time scale, a

high temperature kernel of order one millimeter in diameter between the
spark plug electrodes. The size of the spark-generated kernal depends on
the breakdown energy that the ignition system delivers to the gas. The
extremely high discharge generated temperatures of order (60,000 K) result
in rapid heat conduction to the surrounding gas and the electrodes. The
chemical energy of the fuel-air mixture heated by the discharge is released.
An outward propagation flame kernel results, as shown in the schlieren
photographs of an engine ignition process in Figure(1.1), during the first
300 psec after spark onset.
This flame kernal growth is initially laminar like, at least at low to mid-
speed engine operating conditions. However, the electrical energy released
in the kernel and heat losses from the kernel to the spark plug make this
early flame development process non adiabatic. Also, when the flame
radius is less than or of order 1 mm, flame curvature effects on the growth
rate are significant.

The flame propagates outward in an approximately spherical manner
from its center under normal in cylinder flow conditions. As the flame
grows, the flame front contacts the combustion chamber walls and then,
locally, quenches. The walls obviously prevent continuing flame growth
where the enflamed region is in contact with the combustion chamber
walls[3].
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time after
spark onset

002 ms

006 ms

0.10 ms

019 ms

031 ms

Figure(1.1): Schlieren photographs of the spark discharge to flame

kernel transitions [3].
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The operating cycle of an internal combustion engine consists of intake,
compression, combustion, expansion, and exhaust process.

The processes of the engine cycle are illustrated in Figure (1.2).

Cycle Simulation
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Figure (1.2): Thermodynamic cycle processes.

This work focuses on the engine combustion process itself, which starts
with ignition by the spark discharge, followed by the development of a
small flame kernel which then grows into a turbulent flame and propagates
across the engine combustion chamber, finally extinguishing close to the
chamber walls. For much of its existence, this flame is growing as unsteady
turbulent flame, confined by the specific geometry of the combustion
chamber walls and piston crown, with the reactants (the fuel vapor, air, and
residual burned gases) essentially pre-mixed.

(6]
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The combustion process is an especially important part of the engine's
operating cycle. Combustion releases the chemical energy of the fuel (the
primary source of energy for the engine) in a relatively short time period
between the compression and expansion process, thereby producing the
high pressure, high temperature, and burned gases which expand within the
cylinder transferring work to the piston. A robust combustion process is
important for high quality engine operation. The combustion process must
be fast, that is occupy a small fraction of the total cycle time so that the
engine's energy conversion process is efficient, and highly repeatable so
that variations from one cycle to the next are small enough to be barely
noticeable. Therefore, the mathematical models is very signification to
study the in-cylinder temperature, pressure, pollutants and the flame speed
as functions of engine variables.

A computer program has been constructed and developed using a Quasi-
Dimensional Model with a set of semi-empirical equations to simulate the
combustion process in a reciprocating spark ignition engine which is fueled
with iso-octane fuel. Runge-Kutta methods are used to solve the differential

equations.
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1.3 Objective of the Present Work

The aim of the present work is:

1- Define more explicitly the effect of engine variables on predicted
pressure, temperature contours, flame speed contours, NOx and CO
concentrations in spark ignition engines.

2- Present a numerical method to analyze the combustion process in
premixed spark ignition engine.

The model is used to predict the following parameters;

Cylinder pressure.
Temperature contours.
Flame speed contours.

NOx and CO concentrations.

1.4 Layout of the Thesis

This thesis falls into six chapters. Chapter one is an introduction.
Chapter two is concerned with a brief literature review. Chapter three is
devoted to the theoretical analysis that leads with the estimation of power
cycle parameters. Chapter four deals with the computational procedure and
computer program which is developed to perform all the calculations based
on the theoretical analysis. Chapter five gives the presentation and
discussion of the results. Chapter six presents the conclusions drawn from

this work and introduces suggestions to develop this work in the future.
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LITERATURE REVIEW

2.1 Literature Review Related to Combustion

Process, In-cylinder Pressure and Temperature

Since the internal combustion engine is introduced, many researches
concerned with an accurate analysis of combustion phenomenon in-
cylinder have been conducted. Among these researches, a numerical study
of combustion characteristics variation and the effect of engine variables
and operating condition on the predicted pressure, temperature, and flame

speed are studied.

Alkidas A. C. [1980] studied the heat transfer characteristics of a
spark ignition engine. Transient heat flux measurements were obtained at
four position on the cylinder head of a four stroke single cylinder spark
ignition engine. Tests were performed for both fired and motored operation
of the engine. The primary engine operational variable was engine speed.
The results showed that the heat flux varies considerably with position of
measurement. At fired conditions, the initial high rate of the increase of
heat flux at each position of measurement correlated with calculated arrival
time of the flame at that position. The peak heat flux was found to increase

with the increased engine speed.
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Mohammed M. [1980] studied experimentally the laminar burning
velocity of propane air mixtures. The laminar burning velocity has been
measured in the pressure range (0.4 - 40 atm) and temperature range (298 —
750 K) for equivalence ratios (0.8 - 1.5). The measurements were made in a
constant volume spherical combustion bomb, which could be heated, to
500 K. A thermodynamic analysis was used to calculate the laminar
burning velocity from a pressure time history of the combustion process.
The measured values were correlated using both power law and

experimental expressions.

Mohammed M. and Keck J.C. [1982] studied the burning velocities
of mixtures of air with methanol, iso-octane, and indolene at high pressure
and temperature using the constant volume bomb method for fuel air
equivalence ratios (0.8 - 1.5) over the pressure and temperature ranges (0.4-
50 atm) and (298 — 700 K). The effect of adding combustion products to
stoichiometric iso-octane air mixture was also studied for diluents mass
fractions(0 - 0.2). Over the range studied, the results fit within +10%

accuracy compared with the result predicted by the following equation;
_ Tuvu (Pyseq
Sy —SUO(TO) '(Po) (1-2.18) (2.1)

Where; S, flame speed at reference condition depends on fuel type
and equivalence ratio.
u« and g constants depend only on equivalence ratio.

The results agree well with those previously reported.

Stephan G. Poulos and Johan B. Heywood [1983] examined the
way in which combustion chamber geometry affects combustion in Sl
engines using a one dimensional cycle simulation. Calculation were

performed to investigate the followings:
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1. The sensitivity of geometric effects on combustion to engine
operating conditions.
2. The differences in burn duration between ten chamber geometries
and spark plug locations.
3. The relative merits of improved chamber design and amplified
turbulence as means to reduce burn duration.
Two methods are commonly used to increase the burning rate. The first
involves generation of more turbulent charge motion via the use of intake
flow restrictions or combustion chambers with large squish regions. The
second approach to increasing burn rate is to increase the frontal area of the
flame as it propagates in to the unburned charge. To achieve faster burning
by this method requires a combustion chamber designed to minimize

contact between the flame and the chamber walls.

Elia C. Bedran and Gian P. Beretta [1986] presented a general
analytical treatment of the energy and entropy balance equations in an open
control volume by a method that can be applied to any level of modeling
(zero-dimensional, quasi-dimensional, and multi-dimensional) of any
internal combustion engine (homogeneous-charge, stratified charge, direct-
injection, diesel, ...). The method involves no major assumptions and is,
therefore, compatible with any detailed model for physical effects such as
(liquid fuel atomization and vaporization, heat transfer within the
combustion chamber and through its walls, mass transfer (convective and
diffusive) within the combustion chamber, ...). The result is in the form of
differential equations for the instantaneous mass fraction of burnt gas
mixture and for the entropy generation by irreversibility within the chosen
control volume, in terms of the pressure and volume histories and

appropriately define mean variables.
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Naitoh K. [1990] performed three-dimensional computation to
describe the details of the intake, compression, and expansion processes in
a homogeneous-charge, spark-ignition engine. Emphasis is placed on the
behavior of small vortices crushed by the piston during the compression
process and the flame propagation influenced by these vortices. The
Navier-stokes equations are solved without using any explicit turbulence
models. As to the chemical reaction, a one step reaction model of octane,
which obeys the Arrhenius Kinetics Law, is incorporated in the
computations. The numerical results display that, after ignition sets in, the
propagating flame is wrinkled with the curvatures over the grid size. It is
qualitatively demonstrated that the propagation speed of this wrinkled
flame is higher than that of the smooth flame which would be seen in the
flow field when the intake and compression strokes are not taken into

account.

Ishii K. and Kono M. [1990] simulated numerically the formation
process of flame kernels produced by short duration sparks in a
stoichiometric propane-air mixture by using the model which considers
heat release by chemical reaction.

Simulation is done with emphasis on physical effects such as gas
movement near spark gaps and heat transfer from the flame kernel to spark
electrode surfaces. To estimate the effect of heat release, formation process
of hot gas kernels in air is also simulated. Simulation is made with the
partial differential equations for two dimensional cylindrical coordinates.
To simplify the model, several assumptions are made:

1. The flame kernel is symmetric with respect to the z and r axes.

2. Natural convection and heat transfer by radiation are neglected.

3. Chemical species are assumed to be propane, oxygen, nitrogen, and

combustion product, and an irreversible overall reaction.

10
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4. Heat transfer from the flame kernel to the spark electrode surface,
whose temperature is 300 K, is considered.
5. Prandtl number and Lewis number are unity.
The calculated minimum ignition energy agrees qualitatively with the
experimental one for various spark gap width, spark electrode diameter and
spark duration. The calculated results show that the flame kernel
configuration is governed by the gas flow pattern is affected by the spark

electrodes diameter, spark gap width and spark duration.

Connolly F.T. and Yagle A.E. [1993] investigated a new model
relating cylinder combustion pressure to crank shaft angular velocity in an
internal combustion engine. Primarily the fluctuations in velocity were
near the cylinder firing frequency. There are three aspects to this model.
First by changing the independent variable from time to crank shaft angle, a
nonlinear differential equation becomes a linear first-order equation.
Second, a new stochastic model for combustion pressure uses the sum of a
deterministic wave from and a raised-cosine window amplitude modulated
by a Bernoulli — Gaussian random sequence, parametrizing the pressure by
the sample modulating sequence. This results in a state equation for the
square of angular velocity sample every combustion, with the modulating
sequence as input. Third, the inverse problem of reconstructing pressure
from noisy angular velocity measurement was formulated as state-space
deconvolution problem, and solved by using a Kalman-filter-based
deconvolution algorithm. Results show that the parameterized pressure can
be deconvolved at low to moderate noise level, and combustion misfires

detected all in a real time.

Yacoub Y.M. and Bata R.M. [1998] developed a multi zone quasi-
dimensional model that illustrates the intake, compression, combustion,
expansion, and exhaust processes for a single cylinder four-stroke spark

11
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ignition engine. The model takes into consideration mass and energy
conservation in the engine cylinder, intake and exhaust plenums, crank case
plenum. The model calculates instantaneous variations in gas
thermodynamic states, gas properties, heat release rates, in cylinder
turbulence, piston ring motion, nitric oxide, and carbon monoxide
formation. The cycle simulation accounts for the induced gas velocities due
to flame propagation in the turbulence model, which is applied separately
to each gas zone. This allows for the natural evolution of the averaged
mean and turbulent velocities in burned and unburned gas regions. The
present model predictions of thermal efficiency, indicated mean effective
pressure, peak values of gas pressure, ignition delay, concentration of nitric
oxide, carbon monoxide, and carbon dioxide are proven to be in a

agreement with experimental data.

Jaekeun P., and Jaewon H. [2000] introduced a new experimental
method to predict the temperature of the combustion chamber during the
combustion period
by measuring the breakdown voltage between spark plug electrodes.

This research is based on the principle that breakdown voltage is mainly
effected by temperature and pressure at the same material and width of
electrode. A constant volume bomb is used in order to confirm the theory
and correlate the breakdown voltage measurement system.
The major factors that effects the breakdown voltage are:

1. gap width.

2. gas nature.

3. gas pressure.

4. gas temperature.
In order to extract the temperature profile from breakdown voltage;

Pashen's equation is used;

12
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Vo, = Apd +B,/pd (2.2)
P 293
P =0 G5 273 (2:3)

Where; Vo, breakdown voltage.
p  density which is depend on pressure and temperature.
d width between electrode.
A and B coefficients depend on electrode material and shape and
they decided experimentally.
The temperature profile can be done by measuring the pressure and
breakdown voltage in the following equation;

0.334.A>d%.P

T p—
(~0.538.Bv/d +4/0.289B2d +1.156 AdVo, )’

(2.4)

The result was compared with the two-zone model of heat release rate. The
result show that, the maximum temperature increase as the load increase
and the results from breakdown voltage method coincide with the results

from two-zone model.

Catania A. E. [2001] developed a refined two zone heat release
model to use combustion diagnostic for determining the actual burning rate
in spark-ignition engines. The convective surface-averaged heat flux is
determined by a quasi-steady application of Newton's law, regarding the
heat transfer coefficient as a function of the instantaneous flow properties
as well as of geometric and operating engine variables. The thermodynamic
properties of both reactants and products were evaluated from JANAF
tables with a multiple species equilibrium composition calculation
performed for the burned zone.

A CAD procedure was introduced in order to estimate the burned and
unburned zone heat transfer wall areas for assigned geometric features of

the flame front, whereas the burned and unburned gas volumes are often

13
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used as weighting factors of their related heat fluxes in the global heat
transfer calculation. Furthermore, the energy conservation equation was
applied to the unburned gas zone instead of the isentropic relation that is
commonly used for evaluating the temperature of the unburned gas. A
refinement was also included for the calibration procedure of the
cumulative mass fraction burned or of the fuel energy released, at the
flame propagation process. This model appeared to be an accurate tool of

combustion diagnostic for spark ignition engine.

Holger P., and Ralph W. [2001] investigated numerical calculations
performed in a 6-cylinder 2.81 Sl-engine running at wide open throttle. The
numerical calculations were performed using the finite volume CFD code.
The mesh generation process, including the description of the piston and
the valve motion, was automated using ICE. Combustion in the present
study was treated with the one-equation Weller flamelet model. The mass
fractions of the combustion products were assumed to follow the local and
instantaneous thermodynamic equilibrium values. Eleven species were
considered: O,, CO,,H,O,N,,H, O, N, H,, OH, CO, and NO. Isooctane
was used as fuel. The calculated cylinder pressure and mass fraction burned
are compared with the experimental results, and indicated a good
agreement for equivalence ratios between 0.9 and 1.3 and engine speeds up
to 3000 rpm.

Inyong C. [2001] studied experimentally the unburned end-gas
tempera- tures in a combustion chamber of a conventional 4-cylinder
spark-ignition engine by using the broadband CARS temperature
measurement technique. The measured CARS temperatures were compared
with adiabatic core temperatures calculated from measured pressures.
CARS temperatures measured at the cylinder pressure of 1400 kPa and

above were higher than adiabatic core temperatures. The temperature

14
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elevation due to the pre-flame reaction correlated better with the CARS
temperature than with the cylinder pressure. The temperature elevation
showed a very good correlation with the unburned gas temperature without

regard to the research octane number of fuel.

Razavi M. R. [2002] studied the effect of spark plug position on the
combustion process in spark ignition engine by using the developed quasi-
dimensional cycle simulation (using two-zone burning model). The purpose
of this work is to model the geometric interaction between the propagation
flame and the general cylindrical combustion chamber. Eight different
cases were recognized. Appropriate equations to calculate the flame

area( A;), the burned and the unburned volume (v, and Vv,) and the heat

transfer areas related to the burned and unburned regions were derived and
presented for each case. The result show that the combustion chamber
geometry and the position of spark plug have a strong effect on the burning

time duration.

Zhichao T. ,and Rolf D. [2003] developed a multi-dimensional
model to predict the combustion process in a direct injection spark ignition
engine. An equation to calculate ignition kernel growth rate is derived in
this study. The kernel growth rate is highly influenced by the spark
discharge energy in the early stage of the ignition process. After the kernel
becomes bigger, the effects of flow turbulence on the kernel growth rate
become apparent. The kernel flame surface positions are marked by
Lagrangian Maker particles to make the model suitable to 3-D engine
simulations. Even when the ignition kernel size is smaller than the
computational grid size, the kernel growth can still be tracked well. Thus,
the use of fine numerical mesh to predict the ignition process is not needed.

The diffusion combustion behind the premixed flame branches is modeled

15
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by using a modified characteristic time scale model. In practical engine
calculations, the size of the computational cells is of the same order as the
thickness of the turbulent flame brush. So in this study the detailed
turbulent flame brush structure can be ignored. The results agree well with

available experimental cylinder pressure data.

Tastschl R., and Bogensperger M. [2005] presented a CFD analysis
of spark ignition engine combustion. Flame initiation is modeled based
upon a spark-ignition model accounting for the local thermochemistry,
velocity and turbulence conditions at the spark location. The flame
propagation characteristics in terms of turbulent flame speed was governed
by the local thermodynamic conditions and mixture composition as well as
the local turbulence intensity. The spatial evolution of the flame, however,
Is a result of the superimposed effects of turbulent flame propagation, the
volumetric expansion of the hot combustion products behind the flame
front and the convective effects of the in-cylinder flow field. In addition,
the in-cylinder flow field during combustion is altered by the combustion
process itself, but also by its interaction with the combustion chamber and
piston bowl geometry. In the flame contour plot, each contour presented the
flame front position at a certain crank angle. The result shows how the
spark location and the spark timing influence the flame contours and
knock-onset characteristics. The initial and boundary condition of this

model were taken from 1D cycle simulation results.

16
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FEngine Pollutants Emission

During the course of the past six decades, the internal combustion
engine has been under ever tighter scrutiny, regarding its role as a major
source of air pollution. The emissions for spark ignition engine can be
approached either by exploratory testing or indirectly by using a
mathematical model to predict low-emission modifications. Experimental
investigations, however valuable in themselves, yield only qualitative
conclusions about pollutant formation mechanisms. It is cost effective in
the long term to generate a mathematical model which embodies the key
combustion mechanisms well enough to guide the development and the

design of engines.

Benson R.S. [1975] presented a model including intake and exhaust
systems for a single cylinder four-stroke cycle spark ignition engine. The
power cycle simulation requires only one empirical factor to correct for
turbulent speed of the flame front in order to complete the cycle calculation
including NO. Calculations are presented and compared well with the
previous work.

The model combines a full power cycle simulation with the prediction
of NO emission with a comprehensive gas dynamic model for the cylinder
and ducts allowing for chemical reactions in the exhaust pipe. Calculations
are presented comparing the predicted NO with test results from a single
cylinder engine. It is shown that good agreement is obtained between the
predicted and measured NO over an equivalence range (0.8-1.1) when the
flame speed is corrected at the equivalence (0.9) corresponding to the peak
NO.

Mayo J. [1975] studied the effect of engine design parameters on

combustion rate in spark ignition engines, by calculation, showed that the
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fast combustion rates tend to produce low NOx levels. Their analysis has
been partially confirmed by actual engine data on a highly turbulent fast
burn engine. Thus, an experimental program was conducted to develop
quantitative data on the effect of some of the engine design features that are
known to have a significant influence on combustion rate. The effect of
five engine design factors on combustion rate was determined. Burn time
measured on 17 different engine configurations, each configuration
containing different design levels of the five design factors. Burn time
measurement was made on a carbureted highly turbulent bowl-in piston
fast burn engine with a centrally located spark plug. Significant reduction
in burn time was achieved by application of the design factors. The effect

of emissions was also examined.

Way R.J.B [1977] studied two alternative methods for the calculation

of gas composition. These are:

1. Complete chemical equilibrium.

2. Combination of chemical rate equations for some slower reactions
with partial equilibrium for faster reaction. Some calculated results
are given in the form of comparisons between the two methods,
showing the changes in gas composition caused by a temperature
rise and fall with a constant rate of change of temperature.
Equations are also given for thermodynamic properties of
individual species, which may be used together with the appropriate
gas composition to obtain properties of the gas mixture. Methods of
gas composition in engines are presented as means to the
calculation of both thermodynamic properties and exhaust
emissions. The equilibrium calculation based on empirical

equations is given for thermodynamic properties of individual
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gases, overall gas properties may be obtained which are sufficiently
accurate over a wide temperature range.

The result presented shows that the deviations from equilibrium for
the C-H-O and N-O systems occur at sharply different temperatures so that
under all conditions that lead to significant changes in Nitric Oxide

concentrations the C-H-O reactions are so fast as to approach equilibrium.

Westbrook C. K. and Pitz W. J. [1988] studied experimentally the
inevitability of engine-out NOx emissions from spark ignition and diesel
engines. Combustion experiments were carried out for fuels including
natural gas, propane and indolne. This study clearly indicates that a limiting
temperature exists for sustaining viable combustion for both lean-burn
spark and diesel engine configurations presently used in heavy-duty
applications. At the pressures typical of both spark ignition and diesel
engines(50 — 100 bars), the limiting temperature is of the order of 1900K.
Above this temperature, NOx production is significant, while below this
limit, significant emissions of unburned hydrocarbons are the result. This
limiting temperature for combustion viability leads directly to a limit in the

potential for NOx reductions in-cylinder.

Ivan A., and Antonio B. [1998] presented a simulation of steady
state engine performance and emissions in spark ignition engines.
The modeling approach is based on a one dimension simulation of the
unsteady gas flow in intake and exhaust ducts and a turbulent combustion
model. In order to accurately predict exhaust emissions, these models were
coupled with a quasi-dimensional, multi-zone model developed for the
estimation of the in cylinder thermal distribution, and a NO model based on

the zeldovich mechanism. The accuracy of the developed model structure
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operating conditions.
The results were extremely satisfactory and a good agreement between
measured and predicted indicated torque and NO emissions in a wide

engine operating range has been found.

Gupta H. N., and Jehad Y. [2003] developed analytical model to
study the effect of various operating parameters on the combustion duration
as well as the effect of combustion duration on the engine performance and
emission characteristics to get a better understanding of the interaction
between these parameters.

This model was verified for gasoline-fueled engines and then verified it for
the case of propane fueled engines. This was the first part of this study. For
this part certain thermodynamic properties and coefficients of internal
energies of the reaction for propane fuel were introduced

The second part of the study was carried out by first finding the Maximum
Brake Torque angle for each engine speed. This is done to eliminate the
effect of ignition angle. Furthermore, the compression ratio was chosen to
be equal to 9. The combustion duration was then varied by varying the
equivalence ratio of the mixture and the effect of some engine design
parameters on combustion duration (in milliseconds) was studied. The

model was tested and verified against experimental data of several engines.
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2.3 Summary

The spark ignition engine combustion process is an extremely
complicated combination phenomena. There is an extensive experimental
and modeling literature on engine combustion as shown in the previous
literature. But due to the complexity of the combustion process, such
researches are always in complete to a significant extent. These models
often must incorporate correlations of experimental data, and that the field
of combustion modeling is continually developing. In the present work a
mathematical model to analyze the combustion process which predict the
cylinder pressure, temperature field, flame speed, and pollutants
concentration as function of engine variables. This work increases the
understanding of the interactions between the processes and/or the

variables involved.
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THEORETICAL ANALYSIS

o Introduction

The spark-ignition engine combustion process is extremely
complicated combination phenomena. It involves an arc discharge, the fuel
oxidation chemistry, heat losses in a complex geometry, and the role of
turbulence over a wide range of length and time scale.

A mathematical model has been developed in the present work, to
study the engine combustion process which predicts the in-cylinder
pressure, temperature, flame speed, NOx, and CO concentrations as

function of engine variables.

3.2 The Mathematical Model

Mathematical models of spark ignition engine cycle calculation can be
classified as zero-dimensional, quasi-dimensional, or multi-dimensional,
depending on how critical processes such as combustion are related to the
in cylinder flow field [26].

Zero dimensional models are based on the equations of thermodynamics,
which do not involve any flow-field details, and are primarily of value in
analyzing the energy conservation aspects of internal combustion engines.
The cylinder charge is assumed to be homogenous in both temperature and
composition. This model can be used as a predictive or a diagnostic tool
depending on whether the pressure or the mass burning rate is specified as
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a function of the crank shaft angle. Frequently a Wiebes function is used to
specify the mass fraction of burnt gases as a function of the crank angle

[27]

00 .\ .
Xy =1-exp[-1,(— = )] (3.1)
b

Where; X, mass fraction of the burned mixture.

¢  crank angle[degree].

6,, Start of combustion angle.
A6, crank angle interval from start to completion of combustion
[degree].

I, and 1, adjustable parameters.

Multi-dimensional models are based on the solution of the Navier-
Stokes equation, and directly related in cylinder processes to the details of
the in-cylinder flow.

These models have been used more to develop critical engine

processes rather than to predict the engine's operating characteristics.

Quasi-dimensional models Figure(3.1) were developed to bridge the
gap between the zero and multi-dimensional models. Quasi-dimensional

models are fast execution models, which can be used extensively by
automotive industry in order to develop engine design and filling and
emptying operation very fast [3]. It introduces a spatial dependence into
processes such as combustion and heat transfer in an explicit
phenomological manner, rather than deriving that spatial dependence from

the solution of the full set of conservation equations.
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Figure(3.1): Schematic diagram of the combustion chamber

u.. unburned zone, b.. burned zone, W.. work, and Q.. heat.

In this work the spark ignition cycle is treated as a sequence of four
continues process: intake, compression, combustion, expansion. The
combustion process is simulated as a two zone quasi-dimensional model.
The combustion chamber is divided into two volumes: the unburned
zone(sub index u) composed by air, fuel and residuals and burnt zone(sub
index b) composed by combustion products. The energy equation for each
zone is applied to an open system. The Woshni correlation[28] is used to
calculate the rate of heat transfer from the engine. The numerical method
for solving the differential equations in this work is Runge-Kutta of fourth

order.

3.3 The State of the Cylinder Content
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Mixture requirements and preparation are usually discussed in terms
of equivalence ratio @ (actual fuel-air ratio / stoichiometric fuel-air ratio),

which is calculated as follows [2];

()

[Air]
s

The composition of the working fluid for spark ignition engine during

(3.2)

intake and compression strokes consists of air, fuel, and residual gases (see
Appendix A).

3.4 Geomelrical Properties of Reciprocating Engine

The basic geometry of a reciprocating internal-combustion engine is
shown in Figure (3.2). The Figure includes cylinder, piston, crank shaft,
and connecting rod, and most geometric and kinematics' properties of the
engine can be derived from this simple schematics.

Compression ratio CR;

_ maximumcylinder volume _ V. +V,

minimumcylinder volume V.

CR

(3.3)

Where; V. is the displaced or swept volume and V. is the clearance
volume,

The angle o, defined as shown in Figure (3.2), is called the crank angle.
The total cylinder volume at any crank angle position & is given by

Ferguson [29] as;

V(0)=V, {chl Z‘VC }[é +1+cos(6)- J[(éjzsinz(e)ﬂ (3.4)
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Figure (3.2): Geometry of cylinder, piston, connecting rod,
and crankshaft [29].

The area must be known as a function of time. The formula suggested by
J.B. Heywood [2] is used in the present work;

4V
+ Arieag + 77.B.Pyp +—C

A=A (3.5)

Piston

And

Psp = ( + % (1-cos(8))- J[ﬂz + LTZ .(cos2 (6- 1))} (3.6)

Where; A total area of the combustion chamber [m?].

A piston surface area [m?].

Piston
Aues  Cylinder head surface area [m?].
Ve clearance volume [m?3].

Detailed specification of engine test are given in the Appendix (B).
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An important characteristic speed is the mean piston speed U

Up =2L.rps (3.7)

Where rps is the rotational speed of the crankshaft (rev/sec).

3.3 Thermodynamic Properties of Mixtures

When large numbers of computations are being made or high
accuracy is required, engine process calculations are carried out on a
computer. Relationships which model the composition and thermodynamic
properties of gas mixtures have been developed for computer use. The most
complete models are based on polynomial curve fitting to the
thermodynamic data for each species in the mixture and the assumptions
that the unburned mixture is frozen in composition and the burned mixture
is in equilibrium. The different thermodynamic properties of gas mixture

are calculated as follows;

3.95.1 Enthalpy, Internal Energy and Specific Heats
The specific enthalpy is [30];

h=h, +h(T) [kJ/Kmol] (3.8)
The internal energy is;

e=e, +¢e(T) [kJ/Kmol] (3.9)
&(T)=h(T)-Ryu T [kJ/Kmol] (3.10)
h.=e, (3.11)

Where; e and h, are the specific internal energy and specific enthalpy at
the absolute zero, respectively. Hence: -
The specific enthalpy h(T) and the internal energy e(T) for gas i is given

by Benson [30] as;

h(T)=R,{ _%ui,jTj ) [kJ/Kmol] (3.12)

27



— %%(¢fe/4 Tyt e T 101 Call Analysis s
&,(T)= Ry .[[qui, T jj—T} [kJ/Kmol] (3.13)
J=1

The coefficients U, ;are given in Appendix(C) with the following subscripts
for the species.

species :H,O H, OH H N, NO N CO, CO O, O ARGON CHn,
subscript(i):1 2 3 45 6 78 9 10 11 12 13

The total internal energy E is given by the following equation;

E=E(T)+E, [KJ] (3.14)
Where,

E(T)= 5N, &(T) (3.15)
E.(T)=5N; e.), (3.16)

N; is the total number of moles of gases i.

Hence, the total internal energy for a gas mixture of n species is;

E-R_ 5N, .{(Jisui T jj+@—T} [kJ] (3.17)
i=1 =1 Rmol
The other important properties are the specific heats, and are calculated as
follows;
c, (T)= dZ(TT) [KI/Kmol K] (3.18)
Thus
1 dE
Cy (T)_M'ﬁ [kJ/Kmol.K] (3.19)

Where; {wm =3 N, } total number of moles of the mixture.

By differentiating equation (3.17) with respect to temperature T at constant
volume and combining with equation (3.19), the following equation

obtained;

Cy (T) =Ry .iin(N—‘)Kjf ju ;T ”J—l} (3.20)
j=1

i—1 Wm
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The specific heat at constant pressure is defined as;
Cp(T)=Cy(T)+Ry [kJ/Kmol.K] (3.21)

3.3.2 Fouilibrium Constant

The Equilibrium Constant K, for any chemical reaction is given by Benson

and White house [31]

—AGT
InKp =222 (3.22)

Where; GT gibbs free energy of formation at temperature T and a unit

pressure p [kJ] hence;

InKP{z(ng (T)+R gTj _Z(ng (T)+R gTj } (3.23)

mol mol mol mol

Where; vi  stoichiometric coefficient of gas i [Kmol].

g,(T) specific gibbs free energy function at temperature T[kJ/Kmol].

g.(T) specific gibbs free energy function at absolute zero[kJ/Kmol].

The term [&TT)J Is given by Benson [31] as;

mol -

9;(T)
R .T

mol

L1ty

5U;
-1

U, ~(InT)- § (3.24)

i

The coefficients U, ; are given in the Appendix (C) with the following
subscripts for the species;

Species: H,O H, OH H N, NO N CO, CO 0O, O Argon
Subscript (i): 1 2 3 456 7 8 9 10 11 12

The equilibrium constant Kp for the following stoichiometric reaction;

V,.A+v,.Bv,.C+vy.D (3.25)
IS expressed as;
XVC.X vd
K. = e ™M d .Pvc+vd—va—vb 326
(25 (3.26)

Where; v  stoichiometric coefficient [Kmol].
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X; molar fraction.

Theoretical Analysis —

P  total pressure in atmospheres divided by reference pressure.

Equations (3.23) and (3.26) are used to determine the mole fraction X, for

each species.

3.6 Heat Transfer Model

Heat transfer term represents heat transfer across the system
boundary. Heat transfer between the cylinder gases and the cylinder walls
takes place during the whole engine cycle. During intake and early
compression, heat is transferred from the cylinder walls to the gases, and
during combustion and expansion, heat is transferred from the gases to the
cylinder walls.

In internal combustion engines, throughout each cycle, the heat transfer
takes place under conditions of varying cylinder pressure, unburnt and
burnt gas temperature, and local gas velocities. The local gas velocities
vary more or less rapidly depending on intake passage design, mean piston
speed and combustion chamber configuration. In addition, the surface area
of the combustion chamber varies through out the cycle.

Heat transfer affects engine performance, efficiency, and emissions. For a
given mass of fuel within the cylinder, higher heat transfer to the
combustion chamber walls will reduce the average combustion gas
temperature and pressure, and reduce the work transfer to the piston.
Changes in gas temperature due to the heat transfer impact on pollutants
formation processes, both within the engine cylinders and in the exhaust
system. So the balance is very necessary between heat transfer rate and
limitation of the combustion chamber wall material. Therefore, the engine
heat transfer is of an obvious importance to the engine designer[2].

The heat transfer rate is expressed as;
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tht — dQConvection + dQRadiation (327)

dt dt dt
The magnitude of the rate of energy transfer by convection, which occurs
in a direction perpendicular to the surface fluid interface, is obtained from

Newton's law of cooling;

dQCo(;];:/ection — hC .A_<Tg _TW) (328)

Where; T, average gas temperature [K].

g9

T, average wall temperature [K].

A surface area for heat transfer equation (3.5) [m?].

he heat transfer coefficient [W/m2.K].

The most important task is to accurately predict the magnitude of the

convection heat transfer coefficient (h.). Since this quantity is a composite

of both microscopic and macroscopic phenomena, many factors must be
taken into consideration. For many flow geometries, Nu, is given by the
relation;

Nu = C.(Re)".(Pn)" (3.29)
The correlation used to calculate the instantaneous spatially averaged heat
transfer is based on the form proposed by Woshni [28], which essentially is

a Nusselt-Reynolds number of the form;

Nu =0.035 Re?® (3.30)
Where; Nu= he B is the Nusselt number. (3.31)
pwB .
Re=2""is the Reynolds number. (3.32)
U

Assumingk o« T,z oc T,andP = pRT, the above correlation can be rewritten;

he =3.26B702 p~0% 08 [W/m? K] (3.33)

During the compression stroke, Woschni [28] argued that the average
gas velocity should be proportional to the mean piston speed. During

combustion and expansion he attempted to account directly velocities for
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the gas induced by the change in density that results from combustion.
Thus, he assumed that the characteristic gas speed to be;

We {Clu 4G, {\\//disp J( P(0)- Pmotor(e)]_-rcyl } [m/s] (3.34)

cyl I:)cyl

Where; P(9)  cylinder pressure [bar].
P..or(@) motoring pressure [bar].
C, and C, are model constant, which are specified as:
For the gas exchange period: C,=6.18; c, =0
For the compression period: c, =2.28; C¢,=0
For the combustion and expansion period: C,=6.18; C,=3.24e-3

The instantaneous radiant heat flux is expressed as:

dQRg(;iation _ 8.5.A.(Tg4 _Tvc) (335)

Due to the difficulties of calculation of shape factor and shortage of time,
the heat transfer area in equation(3.60) is the same as for convection.

For the radiation term J.B. Heywood [2] assume that the emissivity of gases
are equal to the emissivty of carbon dioxide and water vapor only. The

emission of these two gases are calculated as follows;

Eoo, =0.711-(Pg, - L, )Y'° I(T, 1100)"2 (3.36)

&n,0 =0.707 -(Po - Ly )" /(T /200)"? (3.37)

& =¢€co, T €H,0 ~€co, €H,0 (3.38)
4.V

L =09-= " (3.39)

Where; L, isthe radiation bath length [m].

3.7 The Power Cycle
3.7.d Compression Model
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The following assumption have been made during the calculation of
compression stroke:

1. The mixing between fresh charge and residual gases is perfect.

2. No chemical reaction occurs during compression.

The calculation procedure starts with the trapped mass of fuel, air and
residuals, and ends after delay period process, when the mixture is ignited
by the spark plug.

The pressure and temperature in this process are then calculated using step
by step method to solve the first law of thermodynamics equation and the
equation of state.

The first law of thermodynamic for an open system is;

dQu _%E LW e yisec] (3.40)
dt dt dt

Where; dQ,, Heat transfer to the cylinder wall [kJ], and it's

computed from heat transfer model section (3.6).

dE  Change of internal energy in the system [kJ], and its

computed from internal energy section (3.5.1).

dw  Work transfer from the system [kJ].

dv
_p v 3.41
aw =P. (3.41)

And from definition of internal energy and specific heat;

dE dT
— =N ¢V (T)— 3.42
" (M (3.42)

A combination of equations (3.40), (3.41), and (3.42) after rearrangement

gives;

dQy, dT dw

—=ht _NC(T)—+P— 3.43
dt Co(T) at (3.43)

By differentiating the state equation(PV =N.R,,T) with respect to the

time, the following equation is obtained to calculate the change in
temperature during the time step;
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dT
T g {l.d—‘ﬂl.d_v} (3.44)
dt

By combination equation (3.43) with (3.44) the following equation is
obtained to calculate the change in pressure during the time step;

d—lei—(l+ Rmo J.P.d—v+ Rmo .%}/V (3.49)
dt C.(T)) dt C,(T) dt

Equations (3.44) and (3.45) are solved by Runge-Kutta method to calculate

the cylinder temperature and pressure respectively during each time step.

Y, =Y, +%[kl +2k, +2ky + Kk, ] (3.46)
dy

—=f(Y t

™ (Y,t)

k1 = f(Yi ’t)

k At

k At
ky = F(Y; + =2 t, + —
3 ( 2 i 2)

|

Where Y is any variable of equations as before.

3.7.2 Combustion Model

Flame geometry analysis is coupled with heat transfer and mass
burning rate analysis to obtain a substantial additional insight into the
behavior of spark ignition engine flame and the position of the front of the
turbulent flame front.

The enflamed zone under normal flame conditions, is close to circle; only
in the presence of very high swirl. Thus, the surface which defines the
leading edge of the turbulent flame is a portion of the surface of a sphere.

The flame is initiated at the spark plug, the volume within the chamber
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behind this flame front is defined as the enflamed volume (v, ), and the
spherical surface area of radius (r, ) is defined as flame front area (A;).

Appendix (D) show the geometric interactions of the combustion chamber.

3.7.2.1 Ignition Model

In the present work, the ignition model used the same approach as
Zhichao[18], the ignition kernel is assumed to be spherical during the initial
ignition process. When the kernel grows, the particles move outwards
radially from the spark plug electrodes. The ignition particle's speed, i.e.,
the kernel growth rate, is influenced by the flow turbulence and air-fuel
mixture stoichiometry.

A thermodynamic system of an ignition kernel is used to analyze the flame
kernel growth rate. The following assumptions are made in the
calculations:

1. The calculation starts at 1us after the breakdown period. The ignition
kernel is assumed to be spherical. Its radius is assumed to be 0.5mm at this
time.

2. The ignition kernel flame is very thin and separates the burned and
unburned gas.

3. The ignition kernel surface is located just in front of the flame, and thus,
there is no heat transfer between the kernel and unburned gas.

4. The pressure is uniform inside the kernel and outside the kernel.

5. The temperature inside the kernel is uniform.

The ignition kernel mass-burning rate M, which is also the increase in the

flame kernel mass, is written as;

= pu-Ac St (3.47)

Where; p, unburned gas density [kg/m?3].
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A, flame kernel surface area [m?].
S;  turbulent speed [m/s].

In addition, using M, =p,V, , the mass-burning rate can be rewritten as;

dM, _ d(p Vi) dv

K4V, .

dt dt P - at = Pu-AxSt (3.48)

dt
Where; p, gas density [kg/m3].

V,  kernel volume [m?3].

Utilizing the ideal gas law(P = p.RT);

1 dp _1dP 1 dT (3.49)
pe dt Pdt T, dt '
The following equation is obtained;

av _
dt

Pu 1 dT, 1 dP
HAS AV (= — - — 3.50
Py A Sy + k(Tk at P dt ( )

Normalizing the volume increase to the flame kernel surface area A,, the

change in flame kernel radius can be obtained as;

Ve LT 1 dP (3.51)

an _ Ay g , ,
AT, dt Pt

d  p
Zhichao[18], assumes that during the ignition process, the pressure increase
due to the combustion is negligible, and the temperature inside the kernel is
spatially uniform and equal to the adiabatic flame temperature of the fuel-
air mixture.

With these two assumptions, the kernel growth rate is simplified as;

dn, _p
“k _Fug 52
it o T (3.52)

This flame kernel growth is initially laminar like, at least at low to mid-

speed engine operating conditions][3].

3.7.2.2 Flame Propagation Model
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In spark ignition engines, the premixed flame, where the chemical

Theoretical Analysis —

reactions take place, is relatively thin. This thin flame separates the
unburned and burnt gas. In quasi-dimensional model, Figure(3.1) the
cylinder charge is assumed to be composed of ideal gases, frozen in the un
burnt gas region and in chemical equilibrium, (except for NO emission), in
the burnt gas region. The first law of thermodynamic, equation of state and
conservation of mass and volume are applied to the burnt and un burnt
regions. The pressure is assumed to be uniform throughout the cylinder
charge and a system of first order ordinary differential equations are
obtained for the pressure, mass, volume, temperature of the burnt and un
burnt gases, heat transfer from burnt and un burnt zones.

This model attempt to predict the burning rate as a function of turbulent

flame speed (S;) and instantaneous flame area ( A;). This approach allows

the calculated burn rates to respond to cylinder geometry and flows.
The mass burning rate is predicted by the following formula [3];

M,
dt

Where;

=A; - pu-S; (3.53)

M, mass of burnt gases [kg].
t  time [sec].
But M, =p,V, (3.54)

The mass-burning rate can be rewritten as;
dM, _d(ppVp) dvy, Ry, dpy

= py-A¢ St (3.55)

dt at T Pt

Where; p, burnt gas density [kg/m?3].
vV, enflamed volume [m?3].

Utilizing the ideal gas law(P = p.RT);

1 dpy 1 dP_ 1 dTy (3.56)
p, dt Pdt T, dt

The following equation is obtained,;
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avy :&.Af Sq +Vb(i.di_l_d_P (3.57)
dt p, T, dt P dt

Normalizing the volume increase to the flame front area, the change in

flame radius can be obtained as;

dr
O _Pug VoL dly 1dP (3.58)
dt  p, A T, dt P dt

The first law of thermodynamic for an open system is:

dQy _9E  dw
dt  dt dt

Where; dQ,, total heat transfer rate to the cylinder wall [kJ].

[kJ/sec] (3.59)

dE  change of internal energy in the system [kJ].

dw  work transfer from the system [kJ].

dQ, _dQ, _ dQ, (3.60)
dt dt dt

B hg (Ty ~To )+ A oy (T, —To) (3.61)
e R e oeg(ly =1y -
dthu = A, e, (T, =Ty) (362)

The total internal energy of cylinder contents is;

dE
_GE, | dE, (3.63)
dt dt dt
B _, delTo) o dN (3.64)
ot dt it
G, g (T,),, oN, 369

dt ot " dt
And from definition of specific heat at constant volume;

_ de(T)
Cy(T) ==~ (3.66)
Now:;
o, __d, (3.67)
dt dt '
Mg, TN gy TN (3.68)
dt dt
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Where ; Mw, molecular weight of un burnt mixture [kg/Kmol].
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Mw, molecular weight of burnt mixture [kg/Kmol].

Thus equation (3.63) becomes after rearrangement;

dE
dt

” +N, Gy (Ty)—> ot +N CVU(T) (3.69)

(eb(Tb) ey(T,). Mwb]dNb T,

The work transfer from the system is;
dw dv

== _p== .
dt dt (3.70)
av _dv,  dv, (3.71)
dt dt dt '
The differentiation of the equation of state with respect to time gives;
dv, RN, dT, \ Rua T, dN v, dP (3.72)
d P d P dt P dt '
0V _ RuorNo Ty Ry Ty N, Vy dP (3.73)
dt P dt P dt P dt
(vb V, Mw, )dNb Ruot:Ny ATy | Rigi Ny dT, Vo dpP (3.74)
dt N, N, Mw,  dt P dt P dt P dt '
Applying the first law of thermodynamic for unburned zone;
dQ, _dE, 4V, (3.75)
dt dt dt
The combination of equations (3.65), (3.72), and (3.75) gives;
dT, 1 dQ, . Vi dP (3.76)

dt N, Cpy(T,) dt ' N,Cpy(T,) dt

A combination of equations (3.72), and (3.76) after rearrangement gives;

mol

ﬂ_ P d_V_ RmoI'Tb_RmoI'Tu MWb dNb _VU'Rmol d_P_ Rmol dQu V dP
dt  NyR,. | dt P P d¢ PCp, dt PCp, dt TP

(3.77)
Finally a combination of equations (3.67), (3.67), and (3.77) after

rearrangement gives;
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mol u u

C C C
— Pdiv 1+ Vb + Vu  ~Vb dQu +| e, —e, MWb _CVb Tb _Tu MWb dNb . tht
dpP dt R Ch, CPR,) dt Mw, Mw, )| dt dt

|

o {cvum Dy, Gne(®)y, +cvbﬂb).v}
CPu(Tu ) CPu(Tu ) Rmol

(3.78)
Equations (3.76), (3.77), and (3.78) are solved by Runge-Kutta method to
calculate the unburned zone temperature, the burned zone temperature, and

the cylinder pressure respectively during each time step.

3.7.3 Fxpansion Model

Once combustion process is complete the cylinder is considered as a
single zone with a uniform temperature and pressure.
The number of moles for each species is calculated during each time step.
The calculation stop at exhaust valve opening. This completes the power
cycle.
The first law of thermodynamics for an open system is;

dQy _dE  dw (3.79)
dt dt  dt

Where ; dQ, heat transfer rate to the cylinder wall [kJ], and it

is computed from heat transfer section (3.6).
dE change of internal energy in the system [kJ], and it is
calculated from internal energy model section (3.5.1).
dw work transfer from the system [kJ].

The work done is;

dw dv

- —_p==

o ot (3.80)
And from the definition of internal energy and specific heat;

dE dT

—=NC,(T)—

o v(T) m (3.81)
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A combination of equations (3.79), (3.80) and (3.81) after rearrange-ment

gives;
dQy _ dr, pdv )
" _N.(:V(T).dt+POIt (3.82)

By differentiating the state equation, (PV =N.R,, T ) with respect to time

and after rearrangement, the following equation is obtained to calculate the
change in temperature during the time step;

dT
=T.[1 .dP 1 dV} (3.83)
dt P dt V dt

Combining equations (3.82), and ( 3.83) gives following equation which is

to calculate the change in pressure during the time step;

d_PHM_jpd_VR_d&} (3.84)
dt Cy(T)) "dt Cy(T) dt

Equations (3.83), and (3.84) are solved by Runge-Kutta method to calculate

the cylinder temperature and pressure respectively during each time step.

3.8 Flame Speed Model

The laminar flame speed is defined as the velocity, relative and normal to
the flame front, with which the unburned gas moves into the front and is
converted into products under laminar flow conditions.

The laminar flame speed increase monotonically with temperature,
decreases monotonically with pressure, and peaks for equivalence ratios
slightly rich of stoichiometric. The most commonly used relationships for
laminar flame speed are those derived from spherical combustion bomb

measurements by Metgalchi and Keck [6];

S =S (32 (=) (3.85)

Where; S, laminar flame speed [m/s].

S,.. laminar flame speed at reference condition[m/s].
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T, unburned gas temperature [K].
P pressure inside the cylinder [atm].
T.andP, temperature and pressure at reference condition.
The temperature and pressure exponents » and g are independent of fuel

types within the estimated experiments and can be represented by the

expression;

1=2.18-0.8(®-1) (3.86)
And

B=-016+022(®-1) (3.87)

The reference laminar flame speed S, . are a weak function of fuel type and
can be fit by a second-order polynomial of the form;

Si. =B + B (@ -@)? (3.88)
BB, and @, are constants for a given fuel, and their values are given in

table (3.1) for several types for fuel [6].

Fuels @, Pnlcm/s] B,[em/s]
Methanol 1.11 36.92 -140.51
Propane 1.08 34.44 -138.05
Isooctane 1.13 26.32 -84.72
RMFD-303 1.13 27.58 -78.34

Table (3.1): Constant values for S,

An important factor in the laminar flame speed correlation is the
burned gas fraction in the unburned mixture( the residual gas ).The effect is

accounted for using the following formula;
SL)ResiduaIEff. =5.(1-2.06 XR* ) [m/s] (3.89)

Where; XR is the mole fraction of residual gas.
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In a combustion chamber there are two phenomena that increase the
laminar flame speed, namely the turbulence produced due to rapid
expansion of the burnt gas, and the turbulence of the combustion chamber .

Therefore the turbulent flame speed is described as [2];

- (py ! Py)
Sr =S 1 [(Pu/Pb)—l]Xb+1) } (3.90)
Xy = [1+(p, ! py ).(yi—l)]-l (3.91)
b
. =V, IV (3.92)

Where; ¢ ratio of unburned to burned gas density .
Ph

v, burned volume.
ff  turbelization factor which is taken proportional to the
engine speed RPM [30];
ff =1+0.0018.RPM (3.93)
For typical engine operating condition, the ratio of the unburned gas

density to the burned gas density is about 4 as shown in Heywood [2].
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3.9 Products of combustion

Theoretical Analysis —

There are two methods to determine the composition of combustion
products internal combustion engines [22].
The first one is a complete chemical equilibrium, and the second is a
combination of chemical rate equations for some slower reactions, (CO and
NO), with partial equilibrium for faster reactions. Both methods are used in

this work as shown in the next section.

3.9.1 Fquilibrium Thermodynamic Reactants

The calculation starts from the equation of combustion of the Hydrocarbon
fuel and Air which is represented by;

€ 78 1

XonOH + Xy H + X, Ny + X o NO + Xy N + X5,CO, + X o CO

+ X 0,0, + X0+ X5 Ar (3.94)
The species (H.O, H, , OH, H, N2, NO, N, CO, , CO, CO,, O, , O, Ar).
are considered to be present in the product in the cylinder and in the
exhaust gases.

The composition is calculated in terms of molar fraction of these species
denoted by X:

The equation assumes that one mole of the total products is generated from

e moles of fuel plus %times the stoichiometric quantity of air. The

equilibrium distribution of these species can be fully described by the

following seven reactions [20];
(1)%H2 < H (3.95)

(2)%02 -0 (3.96)
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(3)%N2 <N (3.97)
(49)H,0 < 2H, +0, (3.98)
(5)H,0 <> OH +%H2 (3.99)
(6)CO, + H, <> H,0+CO (3.100)
(7)H20+%N2<—>H2+NO (3.101)

The equilibrium constants for these reactions are ;

(1)KP1=\/))<(LH2.\/B (3.102)
(2)Kp, = \/%ﬁ (3.103)
(3)KP3:\/§LN2.JE (3.104)
(4)Kp, :%.\/ﬁ (3.105)
(5)Kpe =b_xﬁﬁ (3.106)
(6)Kpg = b)'(i;o (3.107)
(7)Ker =b_xﬁﬁ (3.108)
Where b :XH—HZO (3.109)
)

The equilibrium constants K, for these reactions are calculated by the
method described in section (3.5.2).

There are 13 unknowns in equation (3.94), namely 12 mole fractions X; and
the total number of moles of fuel . seven equations are available (3.104 —
3.108), therefore, six more equations are needed for the solution .

One of these is;

45



m— %%(/,éfmﬂ Tyt e T 101 Call Analysis s

> X, = (3.110)

The reminder are the atomic balance for Argon, carbon, Hydrogen,
Oxygen, and Nitrogen .

Let the number of atoms of Ar, C, H, O, and N corresponding to 1 mole of
fuel by VE, WE, XE, LE , and ZE respectively, and noting that () moles
of fuel corresponds to 1 mole of products.

Therefore the atomic balance can be made as follows;

Argon : XAr =e.VE (3.111)
Carbon : X, + X o, =€ WE (3.112)
Hydrogen : 2X ,,o +2X,,, + X + X, =€.XE (3.113)
Oxygen : X 1,0 + Xou + Xpo +2X s + Xgo +2X0, + XO =€.LE (3.114)
Nitrogen : 2XN, + XNO + XN =<.ZE (3.115)

The values of VE, WE, XE, YE and ZE are known from fuel-air reaction
equation (3.94).

The following relationships are obtained:

LE - E(Zn ﬂj (3.116)
@ 2

WE =n (3.117)

XE=m (3.118)

zE- L8 (3.119)

21

ve-11el (3.120)

221

Values of € and b are calculated as follows [31].

The first estimate of the parameters (e) and (b) is made by using the
following expressions, where @ is the equivalence ratio, P is the pressure
in atmospheres and T is the temperature in Kelvin,

For ® <1.0;
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- L3 (3.121)
[0.25XE +2.363(2WE + 0.5XE)/ ®]exp(0.13.T /1000)

And for ® > 1.0,

- 13 (3.122)
[WE + 0.5XE +1.863(2WE +0.5XE)/ @] exp(0.13.T /1000)

For temperature T< 3000 K

b = exp(-9.0—0.5Log(P) +30000/T) (3.123)
And for temperature T > 3000 K
b = exp(10.3—(3.1-0.17Log(P)) + T /1000) (3.124)

Adjust b for the following case :

BX =2.0-9.0Log(@) (3.125)
If BX > 3.5;

BE = exp(exp(3.5) + 0.25Log(P)) (3.126)
If BX<3.5;

BE = exp(exp(2.0 —9.0Log(®) + 0.25Log(P)) (3.127)
If b > BE, then use;

b =BE (3.128)

To evaluate the order 12 mole fractions , the following procedure is used.
Using equation (3.102), (3.106), (3.109), and (3.113) the mole fraction of
hydrogen is obtained;

- 12
(K2 5Kn) J(Kb Kj b
(\/B' +\/B + - +\/E +4(2b+2).e XE

X, = A5iD) (3.129)

From equation (3.109) the mole fraction of water vapor is obtained,;
X0 =b.Xp, (3.130)
And from equation (3.106) the mole fraction of hydroxyl is obtained,

KP5|b. XH2

Xon = 75 (3.131)
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From equation (3.102) the mole fraction of atomic hydrogen is obtained;

K py /X
X, = % (3.132)
By using equations (3.107) and (3.112) the mole fraction of carbon dioxide
IS obtained;
X ooy = o (3.133)

Kes 19
b

From equations (3.112) the mole fraction of carbon monoxide is obtained;
Xco =€ WE =X ¢o, (3.134)

Using equation (3.104), (3.108) and (3.115) the mole fraction of nitrogen is

obtained;

_ 5 12
(Km Kpgj J(K Kpgj

— L b+—= |+ | = b+—=| +8..ZE

Xy, = JP P ‘f P (3.135)

From equation (3.104) the mole fraction of atomic nitrogen is obtained;

Kpz X,

X = 3.136

N \/B ( )
And from equation (3.108) the mole fraction of nitric oxide is obtained;

Kpz b Xy,

X = 3.137

NO \/B ( )
And from equation (3.105) the mole fraction of oxygen is obtained;

2

Xo, = % (3.138)

From equation (3.103) the mole fraction of atomic oxygen is obtained:;

Kpy /X
xoz% (3.139)

Finally from equation (3.111) the mole fraction of argon is obtained,
X, =€ VE (3.140)
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These values are now tested in equations (3.110), and (3.114), neither of
which has so far been used. If they do not balance within a stipulated
accuracy the calculations are repeated with new value of € adjusted by an

iterative technique.

LEffect of Rate Kinetics on the Concentration of CO &
VO

Carbon monoxide and nitric oxides are produced in the bulk of the reacting
gases and involve high reaction temperatures. CARBON MONOXIDE is
one result of incomplete combustion of hydrocarbon fuel. Under fuel rich
conditions (®>1), concentration increase rapidly with increasing
equivalence ration.

The principal CO oxidation reaction in hydrocarbon-air flame is [2];
CO+0OH «>CO, +H (3.141)

Heywood [2], showed that the rate constant for this reactions is;

K, =6.76*10" exp(lirﬁj [cm®/ g.mol ] (3.142)
Thus;

1 d([CO]ven) B
Vo it = K,[CO].[OH]-K,[CO,][H] (3.143)

Where v,, is the enflamed volume using;

_ [CO]

“ = Tco]. (3.144)
€O, (3.145)
[CO, ],
_ [OH]
A= Ton1 (3.146)
p, - LoH] (3.147)

- [OH],
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o, =01 (3.148)
[H].
Therefore;
1 d([CO]ven) B
Ven' dt _(ae'ﬂe 6e'ae)Rf (3149)

Where; R, one—way equilibrium rate.

After many experiments, the formation of CO inside the cylinder is
assumed to be at equilibrium condition up to the park value. After that, the
concentration of CO is assumed to lie between the peak equilibrium and the
current equilibrium. This is because, at low temperature during the
expansion process, the actual chemical reaction rates for the formation of
CO lag behind the equilibrium value are leading to a higher value than
obtained at the equilibrium.

Since the actual value of CO lies between the peak and exhaust
equilibrium values, a multiplication factor called “COFAC” is introduced
to obtain a more realistic value at the exhaust. Gupta [25] used the
following relation to calculate the concentration of CO;

Xeo = XCOeq + COFAC'(XCO max XCOeq) (3150)
Where; X, corrected concentration of CO.
Xcoeg CONcentration of CO at equilibrium.

X maximum value of CO concentration at equilibrium condition.

max

COEAC scale factor for CO formation.
The value of COFAC is adjusted with experimental results its about 0.6 as
shown in Gupta [25].

The formation of NITRIC OXIDE [NOx], in an engine combustion
chamber is a non-equilibrium process. In the present study, the kinetic
model for NOx formation is based on the theory developed by Lavoie et. al.

[33]. In this model, only the processes occurring in the burned gas behind
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the reaction zone are considered, and it is assumed that the rate of the
energy producing reactions in a flame are sufficiently fast so that the
burned gases are close to thermodynamic equilibrium. Therefore,
equilibrium concentrations may be assumed for all the species involved
except for the No. Lavoie et. al. [33] have shown that on the time scale of
interest, only the following three kinetic reactions are important (The

extended Zeldovich mechanism).

N+NO <« N,+0 K, =3.1*10" exp(__ll_m} [m®/Kmol.S] (3.151)

N+0,<>NO+0O K, =6.4*10°*T *exp(ﬁj [m*/Kmol.S]  (3.152)

N+OH «<>NO+H K, =4.2*%10" [m®/ Kmol.S] (3.153)
Where; K, denotes the forward rate constant for the ith reaction.

Let K;, the backward rate constant for the ith reaction and R, the “One-

way”’ equilibrium rate for the ith reaction then;

Xno = % (3.154)
B, = [[[\'T']] (3.155)

From equation (3.151) the net rate is;

— K,;[N][NO]. + K,b[N,][0] = —a\, -By [N]..[NO]. K, + K,b[N,][O], (3.156)
But

K, f[N],[NO], = K,b[N,1.[0], =R, (3.157)
So that the net rate becomes:

K,f[N] [NO], +K,b[N,]1[0] = -aBy-R +R, (3.158)
Using the similar term for equations (3.152), and (3.153), involving NO,

then:

1 d([NO]ven)
ven' at =—ayo (ByR + R, + Ry + R + B (R, +Ry) (3159)
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Also using equations (3.151), (3.152), and (3.153) the following

relationship is obtained,;

1 d([N]Ven
Vo ([ d]t ):—,BNO(aNORl+R2+R3)+Rl+aNO(R2+R3) (3.160)

Lavoie [33] found that a finite time is required for the reactions to reach
their equilibrium values; this is called Relaxation time, the relaxation times
are several orders of magnitude for the formation of atomic Nitrogen than
those of NO, and hence it can be assumed that [N] values are at steady
state, which means that the right hand sides of equation (3.160) can be set
to equal zero, therefore;
_Rit+ay (R, +Ry)

P R +R, +R, (3.161)
Substituting for By in equation (3.159), gives;

1 d([NO]Ven) _20-a) R, (3.162)
Ven' dt "N A+ ay (R I(R, +R,))) '

Which is the final rate equation for [NO].
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COMPUTER PROGRAM

A1 Introduction
In this chapter, an iterative Quick-Basic computer programs is

developed to calculate pressure, temperature , flame speed, NOx and CO
concentrations. These calculations are based on the theoretical analysis

presented in chapter three.

4.2 Input Dala

The input data required for running the programs are as follows: -
-Number of cylinders

-Cylinder bore.

-Cylinder stroke.

-Compression ratio.

-Connecting rod length.

-Crank radius.

-Reference temperature (298.15 K).
-Reference pressure (1.01325 bar).
-Air-fuel ratio.

-Engine speed.

-Crank angle steps.

-Angle of advance.

-Cylinder wall temperature.
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-Fuel identification:

e Polynomial coefficient of properties of fuel.

Percentage carbon content in fuel.

Percentage hydrogen content in fuel.

Fuel heating value.

Fuel molecular weight.

4.3 Programs Quiput

- Pressure versus crank angle.
-Temperature contours.
-Flame speed contours.

-NOx and CO concentrations.

A.A Main Program

This part of the programme controls the reading of the input data, the
call of the different subroutines to perform the calculations and the writing
and or plotting of the output from the programme.

As mentioned earlier this programme is based on the Quasi-Dimensional
model developed in Chapter 3. It used the first law of thermodynamics,
equation of state and conservation of mass and volume to obtain a system
of first-order ordinary differential equations which is sloved for each time
step to predict the cylinder pressure and temperture and all cycle
characteristics. The procedure of calculations during each times as follows;
1- Read all constant (Rmol, TA).
2- Read the polynomial coefficients of thermodynamic properties of all
species considered (H,O, H,, OH, H, N,, NO, N, CO,, CO, O,, Ar,
C,H,).

3- Read the physico—chemical properties of Iso-octane fuel (n, m, LHV,
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Mw).
4- Select engine geometry parameters (B, L, 7).
5- Select engine operating parameters (@ , CR, Tw, RPM).

6- Calculate the cylinder total mass, residual gas, pressure and temperature
at trapped conditions.

7- Calculate the number of moles of each species in the cylinder
charge at trapped conditions using SUB(1)

(NHZvNCOZ’NHZO’NszNoszCO)'

Compression Stage

8. Calculate the internal energy and specific heats of the cylinder charge
(E(T )ev (T )cr(T ).

9. Calculate the cylinder volume and the volume increment during the
time step (V(t),dv / dt).
10. Calculate the cylinder pressure P(t),and temperature T (t)by using the

second order Runge-Kutta method to solve the ordinary differential

equations of pressure dP/dt and temperaturedT /dt.
11. Calculate the work down and its summation (3 P(t)dV(t)).
12. Check if the spark starts (& = 6, ) then estimate the delay period (Dp).

13. Check if the crank angle degree is less than that of ignition, then

increase the crank angle by its increment and repeat steps (8-13).
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Combustion Stage

A- Ignition Model Development

14. Calculate the flame front speed.
15. Calculate the flame kernel radius, flame kernel area, flame kernel
volume.

16. Calculate the rate of flame kernel growth (dm ./ dt).

B- Second stage:

17. Calculate the internal energy, specific heats, and molecular
weight of burnt and unburnt zone.

18. Calculate the cylinder volume and the volume increment during
the time step (V(t),av /dt).

19. Calculate the flame front speed, turbulent flame front factor
(ff,S.,S; ).

20. Calculate the flame front area, enflamed volume and contact area
of the flame with cylinder wall using SUB(3).

21. Calculate the rate of mass burning (dMb/dt ).

22. Calculate the heat transfer rate by convection and radiation from
unburnt and burnt zones.

23. Calculate the flame front radius r(t), cylinder pressure P(t), unburnt gas

temperature T,(t) and burnt gas temperature T ,(t), by using the second

order Runge-Kutta method to solve the ordinary differential equations
of pressure dP/dt and temperatures.

24. Calculate the mole fraction of product gas species (Equilibrium
thermodynamic) using SUB (2);
( XH,0, XH,, XOH, XH, XN,, XNO, XN, XCO,, XCO, X0O,, XNO, XAr).

25. Check to see if the combustion is over, then the expansion stage is start.

26. If the combustion stage isn’t over (the burnt volume is less than the
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total volume), then increase the crank angle by it increment and repeat
steps (17-25).

Fapansion Stage

27. Calculate the internal energy and specific heats of the cylinder contents
(E(T )ev (T )cP (T)).

28. Calculate the cylinder volume and the volume increment during the
time step (V(t),dv / dt).

29. Calculate the cylinder pressure P(t),and temperature T (t)by using the

second order Runge-Kutta method to solve the ordinary differential

equations of pressure dP/dt and temperaturedT /dt.

30. Check to see if the exhaust valve opens. In this case, the expansion
stage is over.

31. If the exhaust valve is still closed, then increase the crank angle by its
increment and repeat steps (28-31).

32. Calculate the kinetic rate concentration of nitric oxide (X, ) using
SUB (4).

33. Select the plot option to plot the result graphically and/or select the

save option to save the result as a data file.

34. Repeat steps 29 or end the programme.
The output of the programme are cylinder pressure, burnt zone
temperature, flame speed, Kkinetic rate concentration of nitric oxide and

carbon monoxide.

The flow chart of the main program is shown in Figure (4.1).

57



= %%(1/%(7/6 (%/‘

Computer Program

PROGRAMME DATA

v

ENGINE GEOMETRY, ENGINE PARAMETERS,ALLCONSTANT,
PROPERTIES OF ISO-OCTANE FUEL, POLYNOMIAL
COFFECIENT OF THERMODYNAMIC PROPERTIES OF SPECIES

v

INITIAL CONDITION

v

CYLINDER TOTAL MASS, RESIDUAL GAS, INITIAL
PRESSUER AND TEMPERATURE

-
v
CYCLE CALCULATION

4

COMPRESSION STROKE

<

INCREASE
CRANK ANGLE
BY ITS
INCREMENT

/¢—————— CALL SUB(5) TO DRAW THE RESULT

[
Ll B
A

y

CALL SUB(1): TO COMPUTE MOLAR FRACTION SPECIES OF CYLINDER
CHARGE, INTERNAL ENERGY OF CYLINDER CHARGE (FRESH CHARGE AND
RESIDUAL GAS), SPECIFIC HEAT OF CYLINDER CHARGE(FRESH CHARGE AND
RESIDUAL GAS), CYLINDER VOLUME AND ITS DERIVATIVE, HEAT TRANSFER
RATE, CYLINDER PRESSURE AND TEMPERATURE BY RUNGE-KUTTA
METHOD SUMMATION OF WORK DOWN, CALL SUB (5) TO DRAW RESULT

1S YES

SPARK
STARTED

DELAY PERIOD

NO

IS
COMBUSTION
STATRED

INCREASE CRANK
ANGLE BY ITS
INCREMENT

FIRST STAGE: CALCULATE THE FLAME
FRONT SPEED, THE FLAME FRONT RADIUS,
FLAME FRONT AREA AND ENFLAMED
VOLUME BY USING SUB(3).

CALCULATE THE KERNEL GROWTH RATE

A 4

CALL SUB(2) TO COMPUTE MOLAR FRACTIONS OF
GAS SPESIES, HEAT TRANSFER ,WORK DONE
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CONTINUE

A 4

SECOND STAGE : CALCULATE THE INTERNAL ENERGY,SPECIFIC HEAT,CYLINDER VOLUME
AND ITS DERIVATIVE, MOLCULAR WEIGHT FOR BOTH BURNED AND UNBURNED ZONE
CALL SUB(3) TO COMPUTE FLAME FRONT RADIUS,FLAME FRONT AREA ENFLAMEVOLUME,
CONTACT AREA,RATE OF MASS BURNING,UNBURNED MASS,DENSITY OF BURNTAND
UNBURNT GAS MIXTURE, HEAT TRANSFER RATE FROM BURNT AND UNBURNT ZONE. BY
USING RUNGE-KUTTA METHOD CALCULATE CYLINDER PRESSURE, TEMPERATURE FOR
BURNT AND UNBURNT ZONE.SUMATION OF WORK DONE

CALL SUB(2) TO COMPUTE MOLAR FRACTIONS OF PRODUCT GAS SPESIES(EQUILIBRIUM
THERMODYNAMIC). CALL SUB(5);TO DRAW THE RESULT GRAPHICALLY

YES 1S INCREASE
COMBUSTION CRANK ANGLE
OVER BY ITS
INCRFMENT

A 4
EXPANSION STAGE

LI

i 4
INTERAL ENERGY OF EXHAUST GASES, SPECIFIC HEAT OF
EXHAUST GASES, CYLINDER VOLUME AND ITS
DERIVATIVE, HEAT TRANSFER RATE, CYLINDER
PRESSURE AND TEMPERATURE BY RANG KUTTA
METHOD. CALL SUB (5) TO DRAW THE RESULT
GRAPHICALLY

INCREASE NO s YES
CRANCK EXPANSION FORMATION OF
ANGLE BY ITS OVER > POLLUTANTS
INCREMENT
CALL SUB (4) TO COMPUTE
KINETIC RATE «—
CONCENTRATION OF NOX
AND CO

PLOT -
OF
RESULT

Figure (4.1) Procedure flowcharts of the main Program
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Computer Program

PROGRAMME DATA

COMPUTE
EQUIVALENCE
RATIO FROM EQ. (3.2)

>1.0

<1.0

\4
Eq. (A.10)

NUMBER OF MOLES
OF CO, H;0, N, CO
PRODUCT FROM THE
COMBUSTIONOF(1)MO
LE OF FUEL(A.11-A.14)

Eq. (A1)

!

NUMBER OF MOLES OF
CO; H:0, N PRODUCT
FROTHE COMBUSTION
OF 1 MOLE OF FUEL
(A2-A4

A\ 4
Eq. (A5)

NUMBER OF MOLES OF
CO, H.0, Np O,
PRODUCT FROM THE
COMBUSTION OF 1
MOLEOFFUEL(A6 —A..9)

\ 4

CALCULATE TOTAL MOLES OF CYLINDER
CHARGE AT TRAPPED CONDITION
CALCULATE THE SCALE FACTORS

A 4

CALCULATE
COMPOSITION OF THE
CYLINDER CHARGE
CO;

H0
N,

0,

CO

RETURN
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Figure(4.2) Procedure flowchart of the subroutine SUB(1)
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EQUATION OF COMBUSTION
e[C,H, J+[e/@Jn+(m/4)JO, +3.76N, + (L/21)Ar] > X,, o H,0 + X, H, + X5, OH +

+ Xy H+ X, Ny + X o NO + X N + X5 CO, + XnCO + X, O, + X,0+ X s AR

A 4

NUMBER OF ATOMS OF OXYGEN IN THE INLET AIR CORRESPONDING TO 1 MOLE OF FUEL
NUMBER OF ATOMS OF NITROGEN IN THE INLET AIR CORRESPONDING TO 1 MOLE OF FUEL
NUMBER OF ATOMS OF ARGON IN THE INLET AIR CORRESPONDING TO 1 MOLE OF FUEL
NUMBER OF ATOMS OF CARBON IN THE INLET AIR CORRESPONDING TO 1 MOLE OF FUEL
NUMBER OF ATOMS OF HYDROGEN IN THE INLET AIR CORRESPONDING TO 1 MOLE OF FUEL

MOLE OF FUEL THAT MOLE OF FUEL THAT
PRODUCERT FROM MOLE OF | _ <1.0 EQUL\@%NCE >1.0 PRODUCERT FROM MOLE OF
THE TOTAL PRODUCT < THE TOTAL PRODUCT
RATIO OF FUEL VAPOR RATIO OF FUEL VAPOR MOLE
MOLE FRACTION TO <3000 TEMPERATURE >3000 FRACTION TO HYDROGEN
>
HYDROGEN MOLE —— MOLE FRACTION
FRACTION
ADJUST VALUE OF
CALCULATE VALE OF BX (X / X )
H20 H20
>3.5
BX >
<35 CALCULATE VALE OF BE

CALCULATE VALE OF BE

CALCULATE (gi/Rmol.T)
SPECIES H,0 H, OH H N, NO N CO, CO O, O Ar
SUBSCRIPT() 1 2 3 45 6 78 9 101112

v (X100 / Xp0 )= BE
CALCULATE EQUILIBRIUM CONSTANT FOR
REACTIONS
1/2 H, €<>H |
1/2 0, €<>0
1/2 N <> N

Continue

2 H,0 <> 2H, 0+0; SUB (2)

H,O <>0OH+1/20,
CO,+H, <> H,0+CO
H,0+1/2 N, <> H,+NO

Noo~wbhR
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Continue

Computer Program

SUB (2)

P
<

\4
CALCULATE MOLE FRACTION OF HYDROGEN XH;

v

CALCULATE MOLE FRACTION OF WATER VAPOR XH2 O

v
CALCULATE MOLE FRACTION OF HYDROXYL XOH

v

CALCULATE MOLE FRACTION OF ATOMIC HYDROGEN XH

v
CALCULATE MOLE FRACTION OF CARBON DIOXIDE XCO;

v

CALCULATE MOLE FRACTION OF CARBON MONOXIDE XCO

v

CALCULATE MOLE FRACTION OF NITROGEN XN,

v

CALCULATE MOLE FRACTION OF ATOMIC NITROGEN XN

v
CALCULATE MOLE FRACTION OF NITRIC OXIDEX XNO

v
CALCULATE MOLE FRACTION OF OXYGEN XO,

v

CALCULATE MOLE FRACTION OF ATOMIC OXYGEN XO,

v

CALCULATE MOLE FRACTION OF ARGON XAr

YES NO

ESTIMATE NEW VALUE OF
€ BY USING ITERATIVE
TECHNIQUE

Note: Bracket number refers to that equation used.
Figure(4.3): Procedure flowchart of the subroutine SUB(2)
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START

\ 4

Computer Program

A 4

STATE OF FLAME RADIUS

FLAME FRONT RADIUS IS LESS THAN OR
EQUAL TO THE SPARK LOCATION DISTANCE

v

WITH THE ENFLAMED VOLME.

CALCULATE ENFLAMED VOLUME ,FLAME FRONT
AREA, AREA OF CHAMBER SURFACE IN CONTACT

A 4

FLAME FRONT RADIUS IS GRATER THAN

THE SPARK LOCATION DISTANCE

v

FLAME FRONT

RANGE 1

A\ 4

CALCULATE REPRESENTIVE
PLANE DEPTHS(Y)

A 4

CALCULATE RADIUS OF THE FLAME FRONT (f) IN
PLANE(Y) ANDALL INTERMEDIATE PARAMETER

RADIUS RANGE

RANGE 2 l

CALCULATE VALUE OF (2)

A 4

CALCULATE REPRESENTIVE
PLANE DEPTHS(Y)

\ 4

CALCULATE RADIUS OF THE FLAME FRONT (f) IN
PLANE(Y) AND ALL INTERMEDIATE PARAMETER

|

CALCULATE ENFLAMED VOLUME
CALCULATE FLAME FRONT AREA
CALCULATE AREA OF CHAMBER
SURFACE IN CONTACT WITH THE
ENFLAMED VOLUME

|

CALCULATE VALUE OF (2)

RANGE 3

CALCULATE REPRESENTIVE
PLANE DEPTHS(Y)

CALCULATE ENFLAMED VOLUME
CALCULATE FLAME FRONT AREA
CALCULATE AREA OF CHAMBER
SURFACE IN CONTACT WITH THE
ENFLAMED VOLUME

CALCULATE RADIUS OF THE FLAME FRONT (f) IN
PLANE(Y) ANDALL INTERMEDIATE PARAMETER

A 4

|

\ 4

RETURN

CALCULATE ENFLAMED VOLUME
CALCULATE FLAME FRONT AREA
CALCULATE AREA OF CHAMBER
SURFACE IN CONTACT WITH THE
ENFLAMED VOLUME

Figure(4.4): Procedure flowchart of SUB(3)
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Procedure (A)----(B) are detailed in this figure;

|

Computer Program

CALCULATE RADIUS OF THE FLAME FRONT (f) IN
PLANE(Y) .

RADIUS OF FLAME FRONT (f)
IN PLANE (Y) IS GREATER
THAN OR EQUAL TO THE
CYLINDER EDGE DISTANCE
(B-a).

RADIUS OF
FLAME IN
PI ANF(YY

A 4

RADIUS OF FLAME FRONT (f)
IN PLANE (Y) IS GREATER
THAN OR EQUAL TO THE
CYLINDER EDGE DISTANCE
(B-a).

RADIUS OF FLAME FRONT (f)
IN PLANE (Y) IS GREATER
THAN OR EQUAL TO THE
CYLINDER EDGE DISTANCE
(B-a).

A 4

CALCULATE ANGLE x, ﬂ ,AREA ENCLOSED BY FLAME FRONT ON PLANE (y),

PERIMETER OF FLAME FRONT MEASURED IN PLANE (y) ,PERIMETER OF FLAME
CONTACT MEASURED IN PLANE (y) .

v

A 4

AREA ENCLOSED BY FLAME FRONT ON PLANE
(y), PERIMETER OF FLAME FRONT MEASURED
IN PLANE (y) ,PERIMETER OF FLAME CONTACT

MEASURED IN PLANE (y)

AREA ENCLOSED BY FLAME FRONT ON PLANE
(y), PERIMETER OF FLAME FRONT MEASURED
IN PLANE (y) ,PERIMETER OF FLAME CONTACT
MEASURED IN PLANE (y) .

A 4
0]

Figure (4.5): Procedure flow chart of the procedure (A)-----(B) of

the SUB(3).

Note: Bracketed number refer to that of the procedure (A)-----(B)

of the SUB(3).
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START OF
IGNITON

>
«

A 4

TAKE CYLINDER PRESSURE AND TEMPERATURE FROM THE MAIN PROGRAME, TAKE
THERMODYNAMIC EQUILBRIUM OF THE SPECIES FROM SUB(2)< AND SUB(3)

l

CALCULATE FORWARD RATE CONSTANT OF THE FOLLOWING REACTION
K
N +NO«= >N, +0

l

CALCULATE FORWARD RATE CONSTANT OF THE FOLLOWING REACTION
K
O+ NO«-2-50, +N

\ 4
CALCULATE FORWARD RATE CONSTANT OF THE FOLLOWING REACTION

N +OH <« 3sNO+H

\ 4
CALCULATE FORWARD RATE CONSTANT OF THE FOLLOWING REACTION

N +OH <« sNO+H

CALCULATE KINETIC RATE OF NITRIC OXIDE AND CARBON MONOXIDE

IS
EXHAUST
VALVE
OPEN

NO INCREASE CRANK
ANGLE BY ITS

INCREMENT

Figure(4.6): Procedure flowchart of the subroutine SUB(4)
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RESULTS AND DISGUSSION

S.A: Introduction

In this chapter the effect of engine variables on predicted cylinder
pressure, temperature contours, flame speed contours, NOx and CO
emissions are presented and discussed.

The results are compared with the available theoretical and
experimental results of other researchers [15, 18], and show a good

agreement as will be seen in the following sections.

Figures (5.1a to 5.10a) show the variation of the cylinder pressure
with crank angle. In general the behavior for these figures is the same
except the difference in the value and timing of peak pressure which

depend on the engine variable.

Figures (5.1b to 5.10b) show how the flame grows roughly spherically
and steadily from the time of the spark discharge. The burned gas
temperature and the associated pressure rise due to combustion
significantly as the flame front has traveled through the combustion
chamber. The maximum temperature and pressure occurs close to the time

that the flame makes contact with the cylinder wall.
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Figures (5.1c to 5.10c) show the flame speed contours. The flame
speed decrease as the flame radius increase, this is because the increase in

the cylinder pressure and the effect of cylinder walls.

Figures (5.1d to 5.10d) show the variation of NOx and CO
concentrations with crank angle. The NOx and CO concentrations increase
sharply with time and then freeze due to temperature drop where the
reactance cannot proceed.

The value of the maximum pressure, temperature, flame speed, NOx

and CO emissions are affected by the engine variable.

2.2 Effect of Engine Variables on the Pressure,
Temperature Contours, Flame Speed Conlours,

NVOx and CO emissions

3.2.1 The Effect of Compression Ratio

As the compression ratio increases, the maximum temperature and
maximum pressure increase. This is due to the increase in mixture
temperature at the time of the spark and the reduction in residual gas
fraction.

Figures (5.1a to 5.3a) show the effect of the increase of the
compression ratio on the predicted pressure. As the compression ratio

increases by 12.5%, the maximum pressure increases by about 8.5%.
Figures (5.1b to 5.3b) show the effect of the compression ratio on the

burnt temperature contours. As the compression ratio increases by 12.5%,

the maximum temperature increases by about 0.18%.
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Figures (5.1c to 5.1c) show the effect of the compression ratio on the
flame speed contours. As the compression ratio slightly increases the flame

speed slightly increases too.

Figures (5.1d to 5.11d) show the effect of the compression ratio on
NOx and CO concentrations. As the compression ratio increases, the NOx

and CO concentrations increase, due to temperature increase.

3.2.2 The Effect of Equivalence Ratio
Figures (5.4a, 5.5a) and (5.4b , 5.5b) show the effect of the equivalence

ratio on the predicted pressure and burnt temperature contours respectively.
The burnt temperature is low at the leaner mixture Figure (5.4). Maximum
burned gas temperature occurs at @ =1.1; however, at this equivalence ratio
oxygen concentration are low. As the mixture is enriched, burned gas

temperature fall.

Figure (5.4c) shows the effect of equivalence ratio on flame speed
contours. As the mixture is leaned (® =0.9), the flame speed decreases.
This is because at lean mixtures less thermal energy liberated which
increases the ignition delay and slows the flame propagation. Furthermore,
the incomplete combustion due to oxygen deficiency at rich mixtures has
the same effect over the flame speed as shown in Figure (5.5c). The

maximum flame speed occurs when the mixture strength is slightly rich.

Figure (5.4d) shows the effect of the equivalence ratio on NOx and
CO concentrations. As the mixture is leaned (® =0.9) both NOx and CO
decreases as the maximum temperature decreases.

In lean mixtures NO concentrations freeze early in the expansion process.
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As the mixture gets richer (® >1.1), there is no enough oxygen so the NOx

decreases and CO increases as shown in Figure (5.5d).

Figures (5.11) to (5.16) show the variation of flame speed with
equivalence ratio. The flame speed peaks at slightly richer than
stoichiometric, and then decreases for richer and leaner mixture. Flame
speed is higher at a full load than a part load. The maximum flame speed
decreases, by increasing the inlet temperature, due to the decrease in the
fuel mass per unit displaced volume). The maximum flame speed at
residual mass fraction 0% is higher than at residual mass fraction 5% and

10%, due to decreasing the charge mass which leads to less fuel mass.

3.2.3 The Effect of Spark Timing

Combustion starts before the end of the compression stroke, continues
through the early part of expansion stroke, and ends after the point in the
cycle at which the peak pressure occurs.

Spark timing significantly affects the pressure, temperature, flame speed,

NOx and CO emission levels.

Figures (5.6a) and (5.7a) show the effect of retarding the spark timing
on the cylinder pressure. Retarding the spark timing decreases the peak

cylinder pressure because more of the fuel burns after TDC.

Figure(5.6b) and Figure(5.7b) show the effect of retarding the spark
timing on the temperature contours (the other parameters are set to be
constant). It is seen that the maximum temperature decreases as the spark

timing is retarded.
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Retarding spark timing from 30° reduces the combustion temperature
which gives low rate of heat loss, but the heat losses will last over a longer
length of time and the overall energy loss will be greater. Late ignition
timing extends the combustion process longer in the expansion stroke,

resulting in higher exhaust temperature and hotter exhaust valves and spots.

Figures(5.6d) and (5.7d) show that if the combustion process retards,
NOx and CO formation occur later, and concentrations are lower since

peak temperature is lower.

3.2.4 The Lffect of Spark Plug Location

The rate of combustion should be such that the combustion duration is
minimum with high rate of pressure rise.
Relocating the spark plug from the center to the side is far more effective in
increasing burn duration. Hence, the decrease is in the pressure and the
temperature (both burned and unburned) and also the NOx and CO
concentrations. This is because of the increased percentage heat loss as

shown in figures.

Figures (5.9) and (5.10) show that as the spark is shifted from the
center (i.e. (a/B) =0.5), to the peripheral position (i.e (a/B) =0.4, 0.3), the
peak pressure and temperature decrease because the increased percentage
in heat loss since the flame makes contact earlier with cylinder walls. The

combustion duration is also increased.

Figure (5.9¢) and (5.10c) show the effect of the spark plug location on
the flame speed. The figures show that as the spark is shifted from the
center (i.e. (a/B) = 0.5), to the peripheral position (i.e. (a/B) = 0.4, 0.3), the

flame speed decrease. This is because of the increase in the fraction
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residual gases. This creates a favorable condition for the increasing of

ignition lag and decrease in the flame speed.

Figure (5.9d) and (5.10d) show the effect of the spark plug location on
the NOx and CO emissions. The figures show that as the spark is shifted
from the center (i.e. (a/B) = 0.5), to the peripheral position (i.e. (a/B) = 0.4,
0.3), the NOx and CO emissions are lower. This is because there is more
time for the combustion to complete, hence the concentration of CO is
reduced. Further, the peak burned temperature is low and therefore the
formation of NO is reduced. From the emission point of view, the location
((a/B) = 0.3) is most favorable.

o.3 JModel Verification

Figure (5.17) and (5.18) show a comparison between present model
and the models predicted by Zhicho [18] and Holger [15] models
respectively. It can be seen that the agreement between these results is
fairly encouraging, and the trends of shape changes are also quite as
anticipated. In Figure (5.17) and (5.18) the predicted cylinder pressure, and
NOx concentration respectively are compared with those in Zhicho [18]
and Holger [15] models. It can be seen that the present model represents an
intermediate step between those theoretical models, this indicate that there
IS reasonable agreements between this work and these models and imply
that present work is regarded as a potentially use full tool for predicting the

burnt temperature, flame speed, and CO concentration.
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Figure(5.1a): Variation of cylinder pressure with crank angle.
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Figure(5.1b): Temperature contours
Equivalence ratio:1.0, Compression ratio: 7.5, Engine speed: 1500
Spark timing: 30 BTDC, Spark Plug Location: (a/B ) = 0.5.
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Flame Speed (cm/s)

Figure (5.1c): Flame speed contours

NOx *10711, CO *1076 (mole)
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Crank Angle

Figure(5.1d): Variation of concentration of NOx and CO with crank angle

Equivalence ratio:1.0, Compression ratio: 7.5, Engine speed: 1500
Spark timing: 30 BTDC, Spark Plug Location: (a/B ) = 0.5.
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Figure(5.2a): Variation of cylinder pressure with crank angle.
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Figxg(5.2b): Temperature gefitours
Equivalence ratio:1.0, Terapression—+atio: 8, Engine speed: 1500
Spark timing : 30 BTDC, Spark Plug Location: (a/B ) = 0.5.
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Figure(5.2c): Flame speed contours
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Figure(5.2d):Variation of concentration of NOx and CO with crank angle.

Equivalence ratio:1.0, Compression ratio: 8, Engine speed: 1500
Spark timing: 30 BTDC, Spark Plug Location: (a/B ) = 0.5.
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Figure(5.3a): Variation of cylinder pressure with crank angle

2564.4

2552.2

2540

2516

2506

2500

2490

2478

2460

2436.7

2420

2398

2380

Figure(5.3b): Temperature contours
Equivalence ratio:1.0, Compression ratio: 9, Engine speed: 1500
Spark timing: 30 BTDC, Spark Plug Location: (a/B ) = 0.5.
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Figure(5.3c): Flame speed contours
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Figure(5.3d):Variation of concentration of NOx and CO with crank angle.

Equivalence ratio:1.0 , Compression ratio: 9, Engine speed: 1500 Spark
timing : 30 BTDC, Spark Plug Location: (a/B ) = 0.5.
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Figure(5.4a): Variation of cylinder pressure with crank angle.
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Figure(5.4b): Temperature contours
Equivalence ratio:0.9, Compression ratio: 7.5, Engine speed: 1500
Spark timing : 30 BTDC, Spark Plug Location: (a/B ) = 0.5.
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Figure(5.4c): Flame speed contours
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Figure(5.4d):Variation of concentration of NOx and CO with crank angle.

Equivalence ratio:0.9 , Compression ratio: 7.5, Engine speed: 1500
Spark timing : 30 BTDC, Spark Plug Location: (a/B ) = 0.5.
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Figure(5.5a): Variation of cylinder pressure with crank angle
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Figure(5.5b): Temperature contours
Equivalence ratio:1.1, Compression ratio: 7.5, Engine speed: 1500
Spark timing : 30 BTDC, Spark Plug Location: (a/B ) = 0.5.
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Figure(5.5¢): Flame speed contours
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Figure(5.5d): Variation of concentration of NOx and CO with crank angle.

Equivalence ratio:1.1, Compression ratio: 7.5, Engine speed: 1500 Spark
timing : 30 BTDC, Spark Plug Location: (a/B ) = 0.5.
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Figure(5.6a): Variation of cylinder pressure with crank angle.
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Figure(5.6b): Temperature contours
Equivalence ratio:1, Compression ratio: 7.5, Engine speed: 1500
Spark timing : 20 BTDC, Spark Plug Location: (a/B ) = 0.5.
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Figure(5.6¢): Flame speed contours
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Figure(5.6d): Variation of concentration of NOx and CO with crank angle.

Equivalence ratio:1.0, Compression ratio: 7.5, Engine speed: 1500
Spark timing : 20 BTDC, Spark Plug Location: (a/B ) = 0.5.
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Figure(5.7a): Variation of cylinder pressure with crank angle.
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Figure(5.7b): Temperature contours
Equivalence ratio:1, Compression ratio: 7.5, Engine speed: 1500
Spark timing: 15 BTDC, Spark Plug Location: (a/B ) = 0.5.
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Figure(5.7c): Flame speed contours
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Figure(5.7d): Variation of concentration of NOx and CO with crank angle.

Equivalence ratio:1.0, Compression ratio: 7.5, Engine speed: 1500
Spark timing: 15 BTDC, Spark Plug Location: (a/B ) = 0.5.
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Figure(5.8b): Temperature contours
Equivalence ratio:1, Compression ratio: 8, Engine speed: 2500
Spark timing: 30 BTDC, Spark Plug Location: (a/B ) = 0.5.
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Figure(5.9b): Temperature contours.
Equivalence ratio:1.0, Compression ratio: 7.5, Engine speed: 1500
Spark timing: 20 BTDC, Spark Plug Location: (a/B ) = 0.4.

115

11

10.5

10

9.5

Figure(5.9c): Flame speed contours



Results and DiSCUSSION s

= %%ﬂ,éf@/ﬂ Tve

8
e co
1'? & NOXx
(@]
E s
O
<
o
—
x
3 ar
=
—
<
o
—
¥ 2
x
(@]
Z
O, "1
140 160 180 200 220 240 260 280 300 320 340 360

Crank Angle

Figure(5.9d):Variation of concentration of NOx and CO with crank angle.
Equivalence ratio:1.0, Compression ratio: 7.5, Engine speed: 1500
Spark timing: 20 BTDC, Spark Plug Location: (a/B ) = 0.4.

40

® Real Pressure
¥ Motoring Pressure)

Pressure(bar)
3
I

Figure(5.10a); Mnk angle
0 1 | L | L | 1 3

0 90 180 270 360
Crank Angle(bar)

88



— %W/@ﬂ% ————————————— R ESUI{S aN0d DISCUSSION

2496

2471.75

24475

2430

2420

2410

2400

2360

12340

12320

12300

12260

——2240

Figure(5.10b): Temperature contours
Equivalence ratio:1, Compression ratio: 7.5, Engine speed: 1500
Spark timing: 20 BTDC, Spark Plug Location: (a/B ) = 0.3

10.8

10.5

9.75

9.625

Figure(5.10c): Flame speed contours

89



Results and DiSCUSSION s

= %%11,&6/5 Tve

8
e co
@ i ¢ NOx
(@]
E s
O
<
o L
—
x
3 ar
=
< L
<
o)
S oLk
x
O
= L
O, "1 L
140 160 180 200 220 240 260 280 300 320 340 360

Crank Angle

Figure(5.10d): Variation of concentration of NOx and CO with crank angle
Equivalence ratio:1.0, Compression ratio: 7.5, Engine speed: 1500
Spark timing: 20 BTDC, Spark Plug Location: (a/B ) =0.3

Model Verification
% Zhichao Model
e Present Model
+ Holger Model

Pressure(bar)

0 90 180 270 360
Crank Angle(degree)

Figure(5.17): A comparison between predicted cylinder pressure and
other theoretical models

90



Results and DiSCUSSION s

= %%11,&6/5 Tve

4.00E-11
o
© | Model Verification
S % Zhicho Model
E ® Present Model
o + Holger Model
[
QL 2.00E-11 |-
c
[¢b]
(&)
c
o
(&)
Y L
©)
Z
0.00E+0 &= L L | L | L
120 180 240 300 360

Crank Angle(degree)

Figure(5.18): A comparison between NOx concentration and other
theoretical models

91



- %%,([/)fg/ﬁ @jl — CONClUSION aNd Recommendations s

CONCLUSIONS AND SUGGESTION

6.1 Conclusions

The present level of modeling is capable of predicting the cylinder
pressure, temperature contours, Flame speed contours, NOx and CO
emissions.

These results characterize that the value of maximum cylinder
pressure and temperature, flame speed, NOx and CO emissions are
affected by the engine variables.

The following conclusions can be drawn;

- When the compression ratio is increased by 12.5%, the flame speed
increases by about 10.25%. The maximum pressure increases by about
8.5%, the maximum temperature increases by about 0.18% this causes
that the NOx and CO emission increased.

- When the equivalence ratio is increased by 10%, the flame speed
increases by about 5%, and flame speed reduces after ® =1.2. Maximum
burned gas temperature occurs at @ =1.1. CO emission also increased.
NOx emission is maximum at @ =1 and then decreased.

- Spark timing affects the value and the location of the maximum
pressure. It is found that the cylinder maximum pressure, temperature,
NOx and CO emission decrease with the retarding the spark timing than
30°BTDC.
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- The position of the spark plug has a strong effect on the pressure,
temperature field, flame speed, NOx and CO concentrations. Shifting the
spark plug from central position toward the wall reduces all studied

parameters.

6.2 Suggestions for Future Work

1. Investigate the quenching phenomenon.

2. Investigate knock phenomenon.

3. Use numerical method to investigate the optimum combustion
process.

4. Modify the present work to study the effect of air swirl on the
parameters studied.

5. Study the effect of turbocharging on the parameters studied in the

present work.
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JNomenclature

The following symbols are used generally throughout the text. Others are defined as
when used.

symbol Description unit

A Total area of cylinder m?2

Cp Specific heat at constant pressure kJ/kg.K

Cv Specific heat at constant volume kJ/kg.K

G Gibbs free energy kJ

g Specific Gibbs free energy kJ/kg

H Total enthalpy kJ

h Specific enthalpy kJ / kg

Kp Equilibrium constant

L Stroke m

! Connecting rod length m

N Total mole of mixture or products Mole

Q Total heat transfer kJ/kg

Ni NO. of moles of species i Mole

P Pressure N/m?

pr Prandtl number

Re Reynolds number

Rmol Universal gas constant kJ/Kmol .K

r Crank radius m

rps Rotational speed of the crank shaft Rev/s

T Temperature K

t Time S

U Internal energy kJ

u Specific internal energy kJ /kg

Uij Polynomial coefficient for species i

V Volume m3

W Work kJ

Xi Mole fraction of species i Mole of species
i/total mole




Abbreviations

AFR

Air to fuel ratio

Compression ratio

Creek symbols

Equivalence ratio

Total emissivity

Stefan-Boltzman constant

5.67E-8W/m2.K 4

Crank angle

degree

Local average gas velocity in the cylinder

m/s

NEISE RIS

Dynamic viscosity

kg/m . s

Subscripts

Air

Burned

Clearance

Displacement

Flame

Gas

S| o loloo
(@]

~—+

Heat Transfer

Species

Loop from1t05

Mechanical

At absolute zero

Products or Pressure

Reactants

Stoichiometric

Total

Unburned

Constant volume

s|<|e|Hd|e|xno|o|s |

Wall

Vi
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APPENDIX
A

The composition of the working fluid during intake and
compression strokes

To analyze the state of working fluid at the trapped conditions, the
following three cases, depending on the equivalence ratio, are considered
[2];
At first the following symbol definition are noted,;

n: Number of carbon atoms in hydrocarbon fuel.

m: Number of hydrogen atoms in hydrocarbon fuel.

X : Number of Kmoles of Oxygen for one Kmol of fuel and it is equal to;
(%)-(n +m/4)

E1: Number of Kmoles of CO; from the combustion of 1 Kmol of fuel.

E2 : Number of Kmoles of H,O from the combustion of 1 Kmol of fuel.

E3: Number of Kmoles of N, in the product of 1 Kmol of fuel.

E4 : Number of Kmoles of O, in the product of 1 Kmol of fuel.

E5: Number of Kmoles of CO from the combustion of 1 Kmol of fuel.
CASE A- Stoichiometric mixture, (®=1.0)

C,H,, + X0, +3.76 XN, — E1CO, + E2H,0+E3.N, (A.1)

The atomic balance of C, O, N and H gives;

El=n (A.2)
E2=m/2 (A.3)
E3=3.76X (A4)
CASE B- Weak mixture, (®<1.0)

C,H,, + X0, +3.76 XN, — E1.CO, + E2.H,0+ E3.N, + E40, (A.5)
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The atomic balance of C, O, N and H gives;

El=n (A.6)
E2=m/2 (A7)
E3=3.76 X (A.8)
E4=X-n-m/4 (A.9)
CASE C- Rich mixture, (®>1.0)

C,H,, + X0, +3.76 XN, — E1CO, + E2H,0+E3.N, + E5.CO (A.10)

The atomic balance of C, O, N and H gives;

El=2X-m/2-n (A.11)
E2=m/2 (A.12)
E3=3.76 X (A.13)
E5=2n+m/2-2X (A.14)

The total number of moles of residual gas, fuel, and air in the cylinder

at trapped condition;

PV
Nm = % [Kmol] (A.15)

mol * ' cyl

Where; P, Cylinder pressure at trapped condition [kPa].

Tey  Cylinder temperature at trapped condition [K].
Ve Cylinder volume [m®].
R, Universal gas constant [kJ/Kmol.K].

For any of the previous cases, the composition of the charge at trapped

conditions is calculated as follows;

Ney =CM [Kmol] (A.16)
N, = ELCD [Kmol] (A.17)
N, o, =E2CD [Kmol] (A.18)
Ny, =3.79X + E3.CD [Kmol] (A.19)
No, = X + E4CD [Kmol] (A.20)
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N, = E5.CD [Kmol] (A.21)

Where CM and CD are scale factors reducing the mole numbers to the
proper size to fit in the engine.

~ Nm—Nx
Nmo

CM

(A.22)

NXx

CD=—
N po

(A.23)

Where ; Nmo Kilo moles of air plus fuel (vapor/gas) in a mixture
containing 1 Kmol of fuel.
Npo Kilo moles of products formed from the combustion of
Nmo.
Nm  Kilo moles of fuel (vapor/gas) and air in the engine at
trapped conditions.
Nx  Kilo moles of residual exhaust from previous cycle in the
engine.
Heywood [2], showed that the typical residual fractions in spark engines
range from 5% - 20%.
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ENGINE SPECIFICATION

Engine Type

Bore

Stroke

Connected Rod Length

Intake Valve Timing (Deg.Crank Angle)

Exhaust VValve Timing (Deg.Crank Angle)
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(4-Stroke, Spark Engine)
800 mm
1100 mm
243 mm
Opens 16 BTDC
Close 40 ABDC
Opens 42 BBDC
Close 16 ATDC



Appendix C

APPENDIX
C

POLYNOMIAL COAFFICIENT OF THERMODYNAMIC
PROPERTIES OF SPECIES

U (i.j)
Temperature Range 500-3000 K

Reference Pressure P,=1.01325 bar

i Species j 1 2 3 4 5 6 7
1 CO; 3.0959 2.73114e-3 -7.8542e-4 8.66002e-11 0.0000000 6.5839600 -3.9364e8
2 H0 3.7429 5.65590e-4 4.952400e-8 -1.8180e-11 0.0000000 0.9651400 -2.3922e8
3 0O 3.2530 6.52350e-4 -1.49524e-7 1.53897e-11 0.0000000 5.7124300 0.0000000
4 N2 3.3443 2.94260e-4 1.953000e-9 -6.5747e-12 0.0000000 3.7586300 0.0000000
5 H2 3.4332 -8.1810e-6 9.669900e-8 -1.4439%-11 0.0000000 -3.844700 0.0000000
6 NO 3.5017 2.99380e-4 -9.58800e-9 -4.9036e-12 0.0000000 5.1134600 8.99680e7
7 N 2.4990 2.87441e-6 -2.44816e-9 6.15151e-13 0.0000000 4.1850400 4.71650e8
8 OH 3.4502 3.67521e-4 -2.43560e-8 -3.0487e-12 0.0000000 4.7812300 3.94580e7
9 CO 3.3170 3.76970e-4 -3.22080e-8 -2.1945e-12 0.0000000 4.6328400 -1.1390e8
10 H 2.5000 0.0000000 0.0000000 0.0000000 0.0000000 -4.593100 2.16230e8
11 O 2.7640 -2.5142¢-4 1.001870e-7 -1.3867e-11 0.0000000 3.7330900 2.74070e8
12 Ar 2.5000 0.0000000 0.00000000 0.00000000 0.0000000 0.0000000 0.0000000
13 CsHus -0.719 4.6426e-2 -1.68385e-5 2.67009e-9 0.0000000 0.0000000 -4.9290e8
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APPENDIX
D

Geometric Interactions

If spark plug is located at the center of the combustion chamber four
different cases as shown in Figure (D.1) can be distinguished as
follows[17].

Case (a); h>r, <B/2
Case (b); h<r, <B/2
Case (c); h>r, ~B/2
Case (d); h=<r,~B/2

Where; h is the height of the combustion chamber.

The following equation is used for calculating the enflamed volume of
burned region for the centered spark plug.

V, =(7/8)B%{[1/3(2r; I B)*1.[ad - B2 -3.(a. — B. )] —(2.r; I B)er, } (D.1)

The flame front area is calculated as follows;

A¢=(x/4)B?*[2(2r; I B)?.(a, - f3.)] (D.2)
The equation for calculating the heat transfer area of the burned region is
given by;

Ay =mr [2+(Bag /1 )—(al = )] (D.3)

Where; «, and g, can be obtained from following equations in regard to

the four cases;
If r, <B/2

=0 (D.4)
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If r,~B/2
.= J[1-T((B/2)/ ()21 (D.5)
If r;<h
B. =1 (D.6)
If r,=h
B.=hir, (D.7)
The heat transfer area of the unburned region is therefore can be
calculated;
A =A-A (D.8)

= S |

a7
b

Figure (D.1): Four different cases of geometric interaction between
spherical flame and the combustion chamber walls and piston top
surface when the position of the spark plug is centered [17].

If the spark plug is not located at the center [32], as shown in
Figure(D.2).
The possible cases can be distinguished due to different value of the spark

plug location (a).
The equation for calculating the heat transfer area of the burned region is

given by;
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A, =C1+C2+C3 [m?] (D.9)
Where;C1  contact area on the upper flat surface of cylinder head[m?].
C2  contact area on the cylinder wall [m?].

C3  contact area on upper flat surface of the piston crown[m?].

A =A-A [m?] (D.10)
Contact area
1
B
e | _
1]

Contact area ¥ h

[
Contact area ]

c3 AN,

Figure (D.2): Basic geometry

Let X, be avariable such that X =r, if r, <h, other wise X, =h.

The following cases are considered;

Casel: r,<a

When flame front radius is less than or equal to the spark location

distance a, as shown in Figure (D.3), all parameters are easily evaluated

as follows;

X 2
V, :BB.xo(rf—T(’) [m®] (D.11)
A =27k X, [m?] (D.12)
Cl=rnr? [m?] (D.13)
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C2=0 [m?] (D.14)
C3=n(r? +X2?) [m?] (D.15)

Figure (D.3): Front radius is less than or equal to the spark location

Case 2: r,>a

When flame front radius is greater than spark location distance a, the
calculation becomes more complex, and another parameter may be
defined.

The intersection of the flame front and the curved chamber wall with a
plane parallel to the flat face, at distance(y) from the upper surface is
shown in Figure (D.4). Let BB represents the enclosed area, pp represents
the “free” perimeter, and QQ represents the perimeter of wall contact. Let
() is defined as a radius of intersection of flame front with plane (y) and

Is given by the following equation;

f=[(r2+v2) [m] (D.16)

To calculate the enclosed area BB, the “free” perimeter PP and the
perimeter of wall contact QQ, the following three cases, depending on the
value of (f), may be considered.

{When f<a}, Figure (D.4 - A);

BB=r.f? (D.17)
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PP=2r.1 (D.18)

QQ=0 (D.19)
{When a<f< (B-a) }, Figure (D.4 - B);
The angles o and B which are defined in Figure (D.4 - B), are given by;

cose-[2 (& (1) ] [ 2] 020
coss-1:{(&f (&) ] 3] 21

Then
1. ) . B?
BB:[z—a+Esm(2a)}f +[2ﬂ—sm(2,8){?] (D.22)
PP=2.f.(z—f) (D.23)
QQ=B.j (D.24)
{When f>(B-a) }, Figure (D.4 - C);
BB= "2 (D.25)
4
PP=0 (D.26)
QQ=ra B (D.27)
_|1ii I Fl_ “Bee pre resntative™
nlane
2175
NV
]
PN
| F——

i

Figure (D.4): Flameé front radius is gréater than spark location distance
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There are three ranges in case 2 (i.e r; >a), Which are ;

(1) @2 +h?)<r, <(B-a): Figure(D.5)

In this range the set of equations suggested by Annand [32] are used;

Y =0.58X, [m] (D.28)
V, =BB.X, [m®] (D.29)
A, :@.xo [m’] (D.30)
Cl1=BB [m?] (D.31)
C2=0QQ.X. [m?] (D.32)
C3=BB [m?] (D.33)

Z)

Figure (D.5): (a2 +h?)<r, <(B-a)

2) a< r, < @+nh?):

In this range, it is necessary to divided the enflamed zone into two
regions, above and below the intersection of the flame with the
cylindrical wall, as indicated in Figure (D.6), and the following set of

equations are used [32];
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z=[r2—a?) [m] (D.34)

Y =0.58Z [m] (D.35)
Vo =BBZ+2(X.-Z)|2—(X, +X.Z+2%)/3]  [m*] (D.36)
A = " 'F;P'Z +27r (X, -2) [m?] (D.37)
Cl1=BB [m?] (D.38)
C2=0QQ.z [m?] (D.39)
C3=0 [m?] (D.40)

Figure (D.6): a=<r, < (a®+h?)

3) r; =(B-a):
In this range, the enflamed zone is divided as in Figure (D.7). If Z

represents the depth at which the flame just touches the most remote point

on the cylindrical wall, then the following set of equations are used [32];

Z=,r?-(B-a) [m] (D.41)
Y=Z+05(X,-2) [m] (D.42)
V, =%BZ.Z+BB(XO ~7) [m*] (D.43)
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Appendix D

o PP.r, .(fxo ~-2) (] (D.44)
Cl= ”22 [m?] (D.45)
C2=7BBZ+QQ(X,—-2Z) [m?] (D.46)
C3=BB [m?] (D.47)

<] o 13k

Figure (D.7): r, = (B-a)
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