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Abstract

The final design of an engine is normally the best compromise between various re-
quirements achieved through lengthy and costly processes involving the use of ex-
perimental and analytical approaches.

Analytical techniques, primarily in the form of computer codes, are intended to
reduce the time and resources needed for this purpose and provide an insight into
the complex interacting processes which occur in the engine. The availability of such
codes for the prediction of engine combustion and knock is limited and their scope
of application is narrow mainly due to the complexity of the processes involved.

The present contribution describes a predictive procedure for the onset of knock
and associated performance parameters of a spark ignition engine fueled with com-
mon gaseous fuels such as methane. The two-zone predictive combustion model is
based on an estimate of the effective duration of the combustion period and the mass
burning rate for any set of operating conditions. The unburned end gas preignition
chemical reaction activity is described by a detailed chemical reaction kinetic scheme.
The variation with time during a cycle of the value of 2 dimensionless knock criterion,
K, is calculated. This parameter relates the total energy released within the end
gas due to autoignition reaction activity per unit of the corresponding instantaneous
volume relative to the total energy release per cylinder volume that would take place
normally due to regular flame propagation. When knocking is encountered the value
of K builds up to a sufficiently high value that exceeds an experimentally established
acceptable limit. Under normal operating conditions, its value remains throughout

the combustion period at comparatively low levels.
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There is a need to provide effective guidelines for predicting the highest limit for
acceptable power output for any spark ignition engine when operating on gaseous
fuels. This is especially the case in relation to the encountering of knock that can
impose a severe barrier to engine output and the efficient use of some fuel resources
in engines. The results of a parametric study that investigates the influence of
operational variables on engine performance and the knock intensity are presented.
A relatively simple procedure for choosing an optimum operating condition close to
an initial setting is also outlined.

A deterministic gradient based model and a simple genetic algorithm are de-
scribed and shown to be capable of predicting analytically the changes in specified
operating parameters to produce optimum output while maintaining knock free op-
eration. A penalty based transformation method is used to convert the constrained
engine optimization problem into an unconstrained one. The concepts of these two
optimization methods are presented in detail with a number of typical illustrative
examples.

There is no universal agreement on a satisfactory procedure for knock rating of
gaseous fuels and their mixtures in spark ignition engines. The suitability of different
procedures used in the past by different researchers is examined both analytically
and experimentally. It is shown that a rating procedure based on a scale that uses

n-butane-methane mixtures offers much promise.
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Notation:

A B
ATDC
ABDC
BDC
BBDC
BTDC

Nomenclature

Constants, Eqs.3.46 and 3.61

After Top Dead Center

After Bottom Dead Center

Bottom Dead Center

Before Bottom Dead Center

Before Top Dead Center

Constant, Concentration

Constants, Eq. 3.25

Specific Heat at Constant Pressure

Average Specific Heat at Constant Pressure

Specific Heat at Constant Volume

Compression Ratio

Cylinder Bore Diameter

Effective Flame Propagation Distance

Error in Combustion Duration

Error in Ignition Lag

Activation Energies of the j** Reaction, Eq. 3.76
Unit Vector in the Direction of Spark Timing, Eq. 6.2
Unit Vector in the Direction of Compression Ratio, Eq. 6.2
Scaled Fitness, Eq. 7.4



f Any Function of Design Variables for Genetic Algorithm

fi Any Function of Design Variables for Gradient-Based Algorithm
g Inequality Constraints, Eq. 7.1

g Equality Constraints, Eq. 7.1

H, Energy of End-Gas Self Reaction, Eq. 3.70

H, Energy of Normal Combustion, Eq. 3.71

H,% Hydrogen Concentration in Fuel

h Specific Enthalpy

1.O.C. Initial Operating Conditions

K Dimensionless Knock Criterion

Ko The Value of Knock Criterion at Knock Limit

K;¢ and K Rate Constants for the j** Reaction, Egs. 3.73 and 3.76

K, to Kpg Equilibrium Constant for Equations 3.36 to 3.44
KLCR Knock Limited Compression Ratio

KLST Knock Limited Spark Timing (Degrees BTDC)
L Length of The Connecting Rod

L; Flammability Limit of a Species

Loix Flammability Limit of the Mixture

MBT Minimum Timing for Best Power

M.O.C. Modified Operating Conditions

m Mass

mg Mass of Fresh Charge, Eq. 3.10

N Population Size in Genetic Algorithm
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Ncso Carbon to Oxygen Atomic Ratio

Nujo Hydrogen to Oxygen Atomic Ratio

J—V-N/O Nitrogen to Oxygen Atomic Ratio

_J\_fl/o Inert to Oxygen Atomic Ratio

ne Number of Mole of Residuals

ng Polytropic Index

pP Absolute Pressure

P, Crossover Probability

Pa Mutation Probability

P Gas Pressure in the Motored Engine, Eq. 3.25
Dsj Probability of a Particular Solution Survival
Q Heat Transfer

q(Z) Typical Function Defined in Figures 7.6 and 7.7
R Gas Constant, Crank Radius

R;; and Rjp Forward and Backward Reaction Rates of the j** reaction, Eq. 3.75

R Universal Gas Constant

T Penalty Multiplier

S Stroke

St Flame Speed

Sp Average Piston Speed

s Search Direction Vector for Minimizing
T Temperature (K)

To Intake Temperature (K)



TDC

8o

8y

Y(Z)

D

ed.

Top Dead Center

Time

Internal Energy

Specific Internal Energy

Volume

Clearance Volume

Swept Volume

Specific Volume

Power Output

Power Qutput for Initial Operating Conditions
Chemical Specie Formula, Equation 3.73

Function, Equation 3.46

Set of Design Variables or Operational Parameters
Typical Function Defined in Figures 7.6 and 7.7
Fuel Molar Fraction, Equation 3.65

Function, Equation 3.46

Mutiplier Function for Mass Burning Rate, Eq. 3.66
Termination Criterion for Optimization Algorithm
Heat Transfer Coefficient, Multiplier for Search Direction Vector
A Critical Value for A to Minimize ¥

Crank Angle (Degree)

Crank Angle at the Time of Auto-Ignition (Degree)
Crank Angle at the End of Ignition Lag (Degree)



Oe.c. Crank Angle at the End of Combustion Duration (Degree)

a5 and aijp Stoichiometric Coefficients, Eq. 3.73

p Mixture Density

Pa.i Inlet Air Density

) Fuel Equivalence Ratio

7 Thermal Efficiency

Ny Volumetric Efficiency

¥ Objective Function

AY Gradient of ¥

|AT| Norm of the Gradient of ¥
Abc Combustion Duration

Afc,m Combustion Duration for a Mixture, Equation 3.65
Abig Ignition Lag

Subscripts:

av Average

b Burned

c Combustion, End of Combustion
e Exhaust

f Fuel

if Forward Reaction

7b Backward Reaction



Species, Ignition
Lean Limit
Mean Value
Maximum
Minimum

Initial Conditions
Products

Rich Limit, Reactants
Spark Timing
Time

Unburned

Wall
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Chapter 1

Introduction

1.1 Prologue

Most of the energy produced for world consumption is currently from fossil fuels.
The main contribution comes from crude oil followed by coal and natural gas. The
increasing cost of liquid hydrocarbon fuels and the tightening of legislation on exhaust
emission limits in recent years have stimulated interests in the use of alternative fuels
in engine applications and automotive vehicles. Since natural gas, at present, has a
favorable cost and supply advantages over gasoline and diesel fuel, engine conversion
to natural gas has increased in recent years.

The lean burn natural gas approach in spark ignition engines has a number of
positive features that make it attractive. It can provide in principle high thermal
efficiency, low likelihood for knock, reduced emissions especially of NO., permit high
compression ratio operation and low heat transfer. It may dispense with exhaust
catalytic treatment and the need for precise control of the mixture quality. However,
there are a number of difficulties associated with lean burn operation that require
further research and development such as the associated slower flame propagation,
less complete combustion, increased cyclic variations and encountering occasionally
flame failure. These shortcomings can lead to poor efficiency, low power output and

excessive emissions [1, 2].



1.2 Natural Gas and Hydrogen as a Vehicular Fuel

Natural gas has considerable potential as a clean fuel for motor vehicles. The tech-
nical advantages of natural gas include extremely low photochemical reactivity, zero
evaporative emissions, reduced cold-start and low-temperature emissions due to the
elimination of cold mixture enrichment and compatibility with fuel efficient lean-burn
technology. Natural gas which has a high equivalent research octane number (RON)
of 130 [3], the highest of any commonly used fuel as compared to 95 for a premium
gasoline, allows the use of high compression ratios which increases engine efficiency.
Its low lean operational limit and the absence of higher hydrocarbons makes it suit-
able for the optimization of an ultra-low pollution engine.

Natural gas is carried in vehicles as a compressed gas (called CNG) in high
pressure cylinders which are built to rigorous and high quality standards. Studies
conducted in the late 1970s could not identify a single instance of a CNG cylinder
failure in a collision [4]. This is in contrast to the records of collision-caused fuel
leakage and fires in gasoline and LPG fueled vehicles.

For equal volume of storage tank, the energy content of CNG at 20 MPa
(3000 psig) and ambient temperature is about one-fifth that of diesel fuel or one-
fourth that of gasoline. The low thermal energy storage capacity of CNG poses a
significant problem in some applications such as in passenger cars. Recent devel-
opments in high-strength composite materials have made it possible to reduce the
weight of CNG cylinders substantially which would enable a car to carry more fuel,
compared to the past, without any substantial increase in the dead load.

The laminar flame speed of natural gas mixture is lower than that of other hy-



drocarbons mainly because of its relatively high effective activation energy. This is
most significant under lean operation, which leads to an increase in the engine hy-
drocarbon emissions. The unburned hydrocarbons are mainly composed of methane,
which has a low reactivity to form ozone and photochemical smog in an urban envi-
ronment, but would contribute to the greenhouse effect. Effective measures need to
be taken to minimize these emissions.

Recently, operation on lean mixtures has been extensively studied as a tech-
nique to reduce the exhaust emissions as well as to improve the fuel economy of
spark ignition engines {5, 6]. However, there are two major problems hindering its
widespread application to engines. These are the substantial decrease in the overall
burning velocity and the increase in the tendency to misfire as the mixture is made
leaner. In order to solve these problems, various measures have been attempted
such as increasing the ignition energy (7], stratifying the mixture, intensifying the
level of turbulence, modifications made to the design of the combustion chamber,
intake ducts, piston shape, etc. [8, 9, 10, 11]. Although these methods may improve
the combustion performance with lean mixtures to some extent, the burning of yet
leaner mixtures at even higher burning velocities requires further measures.

Hydrogen has the lowest flammability limit and the highest burning velocity
among common fuels [12] and the addition of a small amount of hydrogen to the fuel
can contribute to the solution of the problems associated with lean operation. It can
be expected also to burn mixtures that are leaner than the effective flammability
limit of the hydrocarbon fuel. The addition of hydrogen to methane may affect the
knock rating of the mixture significantly.

No satisfactory methods are available to evaluate the knock resistance character-



istics of a gaseous fuel. However, it has been proposed to use a method that employs
a Methane-Number, which is somewhat analogous to the octane number for liquid
fuels. The methane number is defined as the percentage by volume of methane in a
blend with hydrogen that exactly matches the knock intensity of the unknown fuel
sample under specified operating conditions in a CFR engine [13]. Pure methane has
a knock rating of 100 and that of pure hydrogen is zero.

Engines are desired to be operated at their optimum performance. The opti-
mization of performance involves many compromises. The final design is normally
considered as the best compromise between various, often conflicting, requirements,
achieved through lengthy and costly processes involving the use of experiment aided
sometimes by analytical techniques. More recently, analytical techniques, primarily
in the form of computer codes, are intended to reduce the time and resources needed
for this purpose and to provide an insight into the complex interaction within the
processes that occur in the engine. As to engine combustion and knock prediction,
the availability of such codes tends to be limited and their scope of application is
narrow mainly due to the complexity of the processes involved.

There is a need to provide effective guidelines for predicting the highest limit
for acceptable power output for any spark ignition engine just before the onset of
knock when operating on gaseous fuels. No specific guidelines are usually available
to designers, engine converters and operators to show how to deal optimally with
any specific engine installation when operating on a specific gaseous fuel. This is
especially the case in relation to the encountering of knock which imposes a severe
barrier to engine output and the efficient utilization of some fuel resources in engines.

Hence, the major objectives of the present research were:



1. To develop a predictive approach for the performance of a spark ignition engine

operating on methane and its blend with other gaseous fuels notably hydrogen.

2. To predict the incidence of knock and its intensity for a spark ignition engine

operating on gaseous fuels.

3. To evaluate the effectiveness of the methane number as a tool for the knock

rating of gaseous fuels and to suggest, if possible, alternative approaches.

4. To propose some automated analytical models applicable to engine design and

operation optimization.

. To suggest guidelines for choosing operating parameters of a spark ignition

(6}

engine to get maximum knock free power output or efficiency.

Much of the work carried out initially was in relation to the use of the common
fuel methane, the main constituent of natural gas. This can be extended to consider
the use of various gaseous fuel mixtures. Mainly methane-hydrogen mixtures were
also considered. Various other approaches were tried to investigate the borderline

knock operation when different fuel mixtures containing methane are employed.

1.3 Outline of Thesis

After this brief introduction in the current chapter, a literature review of the work
relating to the modeling of the combustion, heat transfer, knock, optimization and
other related subject-matter will be presented in Chapter 2.

Chapter 3 describes a semi-empirical two-zone predictive approach for simulation



of the performance and knock intensity of a spark ignition engine operating with
methane, hydrogen and their mixtures.

Chapter 4 describes the experimental set-up of a CFR engine, which was used
to get the required experimental data to support the two-zone predictive model. It
includes the procedure for running tests and calibration of the equipment of the
system.

Chapter 5 discusses the influence of some of the major operational and design pa-
rameters such as spark timing and compression ratio on the power output, efficiency,
the tendency to knock and its intensity, and minimum spark timing for maximum
power output (MBT timing) when methane-hydrogen mixtures are used as the fuel.

Chapter 6 deals with engine operation at borderline knock. It explains how to
choose, for an initially knocking engine, a set of optimum operating conditions that
takes it out of knock with the least undermining of key performance parameters.
A parametric study is then presented and some guidelines for engine operation just
before the onset of knock are suggested.

Chapter 7 describes the application of two well-established automated optimiza-
tion algorithms, a gradient-based and a genetic algorithm method, which may be
applied to the engine optimization problems.

Chapter 8 evaluates the suitability of applying the methane number to the knock
rating of gaseous fuels, based on the model developed, and compares it with alter-
native approaches.

Chapter 9 presents a brief general discussion of this study, summarizes the results
and suggests areas for further research.

Publication list and appendices are attached at the end of this work.



Chapter 2

Literature Survey

2.1 Introduction

Optimization is concerned with achieving the best outcome of 2 given operation
while satisfying certain constraints. Human beings, guided and influenced by their
natural surroundings, almost instinctively, usually tend to perform all functions in a
manner that economizes in energy or minimizes discomfort and pain. The motiva-
tion is to exploit the available limited resources in a manner that maximizes output
or profit. For example, engine designers always aim at maximizing power output
and/or efficiency. The use of a high compression ratio, required for improvement of
spark ignition engine efficiency and fuel economy, unfortunately promotes also the
incidence of knock. Here, the term knock is identified with the physical manifesta-
tions of in cylinder pressure oscillations and noise. Under knock conditions, engine
performance is impaired and prolonged operation may lead to serious engine dam-
age [14, 15, 16]. Modern engine control systems modify the spark ignition advance
to maximize output and efficiency at any given engine condition; in doing so they
may require operation close to the knock boundary. Therefore, it is necessary not
only to understand fully the combustion mechanisms that promote knock, but also
to devise effective methods for its control.

Knock is defined as the abnormal combustion of part of the end-gas ahead of the

arrival of the turbulent flame front following spark ignition. The sudden and rapid



heat release due to this abnormal combustion leads to a rapid pressure rise followed
by pressure fluctuations within the chamber, objectionable noise and excessive local
heat loss to the walls. Knock is acknowledged to be caused by the autoignition of
this unburned mixture. In order to model and predict the incidence of knock, 1t is
necessary to model and predict variations in the unburned gas state parameters and
the unburned gas preignition reaction activity. Therefore, thereis a need to build up
a suitable combustion model that provides unburned gas state parameters with an
appropriate chemical reaction mechanism for modeling the unburned gas preignition
reactions.

The optimization of engine performance involves many compromises through
lengthy and costly processes involving the use of experimental and analytical tech-
niques. The experimental part involves efforts such as component design and match-
ing, choice of controllers and control strategies, aerodynamic design, etc. All these
involve a high degree of trial and error. Obviously, any means that can reduce the
time and resources needed for these tasks will be indispensable to the engine designer
and fully cost effective to the engine manufacturer.

Analytical techniques are intended to reduce the time and resources needed for
this purpose while providing an insight into the complex interacting processes which
occur in an engine. Because of the complexity of processes involved in internal
combustion engines, the availability of such codes for the prediction of engine com-
bustion and knock is limited and the scope of their application is quite narrow. This
is why this field of engine research until very recently has been dominated by costly,
sophisticated, elaborate and time consuming experimental techniques.

Accordingly, this literature survey is divided into three sections, the first deals



with the modeling of engine combustion processes, the second with engine knock and

the third with theory of optimization.

2.2 Combustion Models

The air standard cycle modeling [17] of an engine, unlike the real process, considers
neither combustion nor time with property changes in the working fluid accomplished
by heat or work transfer. In spite of its obvious lack of correspondence with the real
processes in engines, these models were used originally to predict some useful general
trends of a qualitative nature, such as the effects of changes in compression ratio,
initial temperature and pressure on engine work output and efficiency.

The development of digital computers provided the opportunity for researchers
to develop more realistic internal combustion engine models. These could for ex-
ample evaluate more realistically the effects of the combustion process instead of an
assumed equivalent heat addition process at different times. These developments
gradually made mathematical modeling an increasingly useful tool in engine activi-

ties. Combustion models can be considered under two categories:
e Quasi Single-Zone and Multi-Zone models
e Computational Fluid Dynamics (CFD) models

The quasi-zone models perform an analysis of the contents of the engine cylinder dur-
ing the engine operating cycle, in which unburned and burned mixtures are assumed
to be made up of air, fuel, products and a mixture of residual gas. All the gases are

usually assumed to be ideal with combustion calculations based on thermodynamics
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and conservation of mass. In a single-zone model, it is assumed that the mixture
properties throughout the cylinder remain homogeneous and uniform as time is var-
ied independently. The combustion processes are simplified usually by being treated
as an equivalent heat addition or heat release phenomenon established on the basis
of analysis of the First Law of Thermodynamics and experimental data. This heat
release rate is usually taken to be equal to the product of the mass burning rate of the
fuel and its lower heating value. The employment of an empirically based correlation
of the heat release rate variations with time in the single-zone model approach can
make the predicted results of reasonable value within acceptable appropriate error
limits. A major weakness in the single-zone model is the need for a specification of
the mass burning rate.

A quasi multi-zone model can provide sufficient data for the variations of in-
cylinder temperature and concentration. This type of model tends to employ some
conceptualizing of the various individual processes occurring in the engine cycle such
as fuel injection, mixture formation, heat release and heat transfer. All of these
individual processes together with the equations for mass and energy conservation
within each zone provide the detailed data necessary for calculating some features of
the performance of internal combustion engines. The rate of burning is derived usu-
ally from a physical sub-model of the turbulent combustion processes or an empirical
heat release correlation.

Computational Fluid Dynamics (CFD) models, on the other hand, are based
on the simultaneous numerical solution of mass, momentum, energy and species-
conservation equations in either one, two or three dimensions to follow the flame

propagation or combustion front through the engine combustion chamber. A de-
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tailed CFD model can provide a formidable amount of predicted detailed data re-
garding the flow field for the operating engine. But, its validity is still very limited
due to the complexity and lack of complete understanding of the processes involved
such as turbulent flow, reaction rates, heat and mass transfer and how accurately
the boundary conditions can be set. Meanwhile, this type of model requires a sig-
nificant amount of computer power even for the prediction of turbulent fluid flow,
with a simplistic description of the complex chemical reactions which take place dur-
ing combustion. As a result, the use of a CFD model with full chemistry as part
of a routine cycle simulation program is not feasible at this stage, especially with
the current incomplete understanding of the combustion processes in spark ignition
engines. Consequently, most of the combustion models being used are either of the
single-zone or quasi multi-zone types.

From the pioneering work of Ricardo [18] and Withrow and Rassweiler [19, 20},
there has been a long and distinguished history of spark ignition engine combustion
research. This has been extensively reviewed by others such as in reference [21].

For many years, single-zone models were the main approach available for mod-
eling the performance of internal combustion engines. For example, Gatowski and
Heywood (8] used a single zone to represent the cylinder charge to research the blow-
by gases in crevice flow and their effects on engine operation. This model relies on
the pressure-time history of the engine through a heat release analysis that includes
the effects of heat transfer, crevice flows and spark ignition. Although this model
seems very simple in modeling the combustion process in the engine, it demonstrated
that the complicated combustion phenomena in engine operation could be examined

with simple experimental set-ups and moderate computing requirements.
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The application of single-zone models can often be found in the simulation of
combustion processes in motored engines. The whole charge in the motored engine
can be treated as the end gas being compressed and sensitized to autoignition con-
dition in a single zone model to research the effects of the chemical and physical
processes on the autoignition characteristics of the charge. Westbrook, Pitz and
other researchers [22, 23, 24, 25, 26] have used motored engine techniques to develop
the detailed chemical kinetic mechanism of hydrocarbon oxidation which provides
a fundamental understanding of autoignition chemistry and other combustion prob-
lems involving commercial hydrocarbon fuels.

Krieger and Borman [27] presented a diagnostic thermodynamic model for spark
ignition engine heat release calculations. In their model, the combustion chamber
was divided into two-zones, burned zone and unburned zone. The flame front was
assumed to be infinitesimally thin. The mass burning rate was estimated by pressure-
time experimental data. Heat transfer was also considered. In an effort by Peters and
Borman [28], the mass burning rates from the experimental pressure-time diagram
and the effects of various parameters on cyclic variations in the engine were studied
using a similar model.

Benson et. al. [29] developed a two-zone model for the spark ignition engine that
included the intake and exhaust systems. A laminar flame speed correlation is used
to simulate empirically turbulent flame propagation without a clear indication of the
basis for this determination. The model was employed to simulate the whole power
cycle and predict NO emissions.

Hong [30] used 2 Weibe-type mathematical function to represent the fuel burning

rate and examined single-zone and two-zone models. The ignition lag and combustion
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duration were determined by curve-fitting. Based on this approach, he claimed that
the effects of choosing different combustion models, single-zone or two-zone models,
on the development of the pressure-time diagram are small.

Al-Alousi [31] and Al-Himyary [32] at the University of Calgary carried out an
extensive experimental work on a CFR engine using methane and various mixtures
with other fuels such as hydrogen and propane and diluents such as carbon dioxide
and nitrogen. They used the measured pressure variations with time in single and
two-zone models to calculate the corresponding duration for flame initiation (igni-
tion lag) and propagation (combustion duration). They compiled much information
about the variations of these periods and the effective heat release rate with common
operating parameters and fuel composition.

Later on, Gao [33] developed a two-zone model and used Al-Himyary’s [32] data
to validate the predicted performance of a spark ignition engine using methane as a
fuel. He was able to estimate well the variations of pressure and temperature in the
burned and unburned zones. Then, he incorporated such data in a chemical kinetic
scheme to consider the reaction activity of the unburned zone and the possibility
of autoignition and knock. He defined an energy based knock criterion to estimate
whether knock is to take place and its intensity when 1t occurs.

Turbulent flame modeling is an important aspect in engine combustion research.
Some models simulated turbulent flame propagation by a laminar flame propaga-
tion speed correlation multiplied by a turbulent factor, such as Benson et. al. [29].
Hires et. al. [34] developed the correlation for ignition delay and combustion dura-
tion in a spark ignition engine by using a turbulent eddy entrainment concept of

Tabaczynski [35]. They assumed that the turbulent integral scale is proportional to
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the instantaneous chamber height prior to flame initiation, and the turbulent inten-
sity scales proportional to the mean piston speed. Blumberg and Kummer’s conic
function of mass burning rate [36] was used to produce the correlation. In order to
give the necessary parameter values at the point of 50% mass burned, a relationship
between burned volume and burned mass must be assumed. However, some refer-
ences such as Al-Himyary [32] showed that this relationship is not always true for all
the operating conditions.

The k-¢ turbulent model has been employed where the turbulent kinetic energy,
k, is integrated over the whole combustion chamber to provide spatially average
turbulence predictions and the dissipation rate, ¢, is related to the integral length
scale. The advantage of such models is that they are straight forward computation-
ally, while the disadvantage is the ad hoc nature of the turbulence which involve
plausible but arbitrary assumptions. The application of this model to spark ignition

engines is complicated and the reader is referred to references (37, 38| for details.

2.2.1 The Intake and Exhaust Strokes Models

The objectives of any modeling of the intake and exhaust strokes is to provide the
input or boundary conditions to the detailed modeling of the cylinder processes.
When the manifold flows are the primary focus, such as for turbo-charger-engine
matching, then models that adequately describe the unsteady gas-flow phenomena
are normally required. Three types of models for calculating details of the intake

and exhaust flows have been developed and used [21]:

1. Quasi-steady models for flow through the restrictions that the valve and port

(and other components) provide.
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2. Filling and emptying models, which account for the finite volume of critical

manifold components.

3. Gas dynamic models, which describe the spatial variations in flow and pressure

throughout the manifolds.

In the first type, the manifolds are considered as a series of interconnected compo-
nents, which each constitutes a significant flow restriction, e.g. air cleaner, throttle,
port and valve for the intake system. The actual flow is assumed to be quasi steady.
These components are connected by the gas flow passing through them and the
pressure ratio across them. Mass accumulation between components is neglected.

A quasi-steady model is often used to calculate the flow into and out of the cylin-
der through the inlet and exhaust valves. This approach has been used extensively
with engine cycle simulations which predict engine performance characteristics from
a thermodynamics-based analysis to estimate the mass flow rates into and out of the
cylinder [39].

In the filling and emptying models, the manifolds are represented by finite vol-
umes where the mass of gas can increase or decrease with time. Such models can
range from treating the whole intake or exhaust system as a single volume to dividing
these systems into many sections. Each volume is then treated as a control volume
that contains gas at a uniform state. Watson [40] discusses the application of this
model to a manifold in more detail. Such models can characterize the time-varying
phenomena, spatially averaged over each manifold region corresponding to each vol-
ume analyzed: however, they cannot describe the spatial variation of pressure (and

other gas properties) due to unsteady gas dynamics in the manifolds.
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Many induction and exhaust system design variables determine overall perfor-
mance. These variables include the length and cross sectional area of each part, the
entrance or exit angles of the runners at junctions, the number of cylinders and their
dimensions, intake and exhaust ports, valve design and valve lift and timing. Most of
these details are beyond the level that can be incoq:)orated into the models discussed
above. Coupled with the pulsating nature of the flow into and out of each cylinder,
these details create significant gas dynamic effects on intake and exhaust flows which
require a more complete modeling approach. Gas dynamic models have been in use
for a number of years to study engine gas exchange processes. These models use the
mass, momentum, and energy conservation equations for the unsteady compress-
ible flow in the intake and exhaust [41]. As an example, the work carried out by
Bulaty et. al. [42] can be mentioned.

Because of its simplicity and due to the nature of this research, a filling and
emptying model which uses a correlation for volumetric efficiency is considered to be

suitable for modeling the intake and exhaust strokes.

2.2.2 Heat Transfer

Heat transfer to the combustion chamber surfaces of firing spark ignition engines
has been the subject of many previous investigations. A concise review is given
by Heywood [21]. The Woschni [43] correlation provides an instantaneous, spatially
averaged, heat transfer coefficient for the evaluation of heat transfer rate to the
cylinder walls. The correlation was developed from the results of combustion bomb
studies and experiments carried out on a direct injection diesel engine. In subsequent

work, Woschni and Fieger [44] (Quoted in [45, 46]) suggested that this could be
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applied to spark ignition engines. They measured heat transfer at the cylinder head
in a gasoline engine and showed that the local heat transfer in the near knocking
region is slightly increased.

Other earlier correlations proposed by Annand [47] and Eichelburg [48] have
also been widely used. However, these suffer from the fact that they require the
assignment of suitable values to constants and their predictions are higher than the
experimental data. Hence, they do not appear to be suitable for investigating the
knock limit.

Shayler [49] investigated these models on three types of spark ignition engine.
He claimed that the Woschni and Annand forms of correlation gave predicted heat
transfer rates which were similar and in agreement with rates implied by energy
balance considerations.

Lu et. al. [50] measured instantaneous wall heat flux at positions near and away
from the end gas zone. They found phase and magnitude relationships between local
heat-flux and knock intensity. Near the end-gas zone, the maximum heat-flux was
found to increase linearly with the magnitude of pressure fluctuation for pressure
fluctuations higher than 0.5 MPa. Away from the end-gas, the peak heat-flux was
found to be insensitive to pressure fluctuations. Two other good papers in this field
are published by Harigaya et. al. [51] and Michlis Syrimis et. al. [45]. They measured
the instantaneous heat-flux from a cylinder and showed an increase in heat transfer
from the cylinder when the engine began to knock, causing a drop in power output.

Borgnakke and Arpaci [37] developed another heat transfer model that depends
on the local turbulent field and flame propagation. A compressibility factor is in-

cluded in calculating the turbulent intensity and length scale. Turbulent flame



18

propagation was modeled using Tabaczynski’s entrainment model [35]. Recently,
Morell et. al. [52] developed a detailed model of cylinder heat transfer in spark ig-
nition engines based on a flow model and boundary layer concepts. Unlike the old
heat transfer coefficients, their coefficients may vary from surface to surface within
the combustion chamber, reflecting the effects of local flow conditions.

The application of these complicated models is more suitable for a CFD model
rather than a quasi-zone model, assuming a homogenous mixture in each zone. Con-

sequently, the relatively simple model described by Woshni [43] is used in this work.

2.3 Knock Modeling

Knock has been studied for as long as the internal combustion engine itself. The
sudden rapid heat release due to the abnormal combustion through autoignition leads
to a rapid pressure rise followed by pressure fluctuations in the chamber, rapid heat
transfer locally, and objectionable noise. During knock the normal development of
combustion, characterized by a smooth rise in pressure, ceases when the pressure rises
suddenly and high-frequency pressure fluctuations can be observed on an oscilloscope
screen. These frequencies are governed by the size and shape of the combustion
chamber, the velocity of sound in the charge and the engine operating conditions.
The knock phenomenon varies substantially cycle-by-cycle, and does not necessarily
occur every cycle. This type of knock, commonly called spark knock, is controllable to
some extent by retarding the spark to reduce its occurrence, frequency and intensity.

Knock studies may be categorized into:



19

1-Knock Detection:

A wide range of approaches have been employed for the detection of onset of knock
and for categorizing its intensity. These involved various experimental investiga-
tions of knock phenomena. Some detection methods were developed based on these

observation [53, 54, 55].

2-Effects of Fuels and Knock Rating:

From the outset of internal combustion engine development, it was clear that the
onset of knock is strongly related to the nature and composition of the fuel {56, 57].
Lovell [58] found that the tendency to knock and its intensity are related to the molec-
ular structure of that fuel. Individual hydrocarbon compounds vary enormously
in their ability to resist knock, depending on their molecular size and structure.
Hydrocarbons are grouped into three families of Paraffins, Olefins and Napthenes-
Aromatics. Increasing the length of the carbon chain in Paraffins increases the knock
intensity. The knock intensity decreases generally when the fuel is changed from
Paraffins to Olefins and Aromatics. Napthenes have significantly greater knocking
tendency than have the corresponding size aromatics. The use of isomers and the
addition of some additives can reduce the knock intensity of hydrocarbon fuels. The
discovery of antiknock properties of tetraethyl lead additives [59] was one of the most
important findings of early research into fuels and knock.

Karim and Klat [57] established the knock limits for different common gaseous
fuels including methane, propane, ethylene, hydrogen and their mixtures. They
presented experimental results obtained in the CFR engine showing the effects of

mixture strength, compression ratio and intake temperature on the knock limits.
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Another contribution is that due to Annand and Sulaiman [60] who presented ex-
perimental results in terms of critical spark ignition timing for borderline knock at
constant compression ratio.

To consider the knock resistance of a gaseous fuel in spark ignition engine, an anal-
ogy to the octane number was devised by German workers albeit less effectively. This
was the methane number which was defined as the percentage by volume of methane
in a blend with hydrogen that exactly matches the knock intensity of the unknown
fuel sample under specified operating conditions in a CFR engine. Leiker et. al. [61]
and Ryan et. al. [13] studied this experimentally under a specified set of test condi-
tions. They suggested that the methane number can be used as a good indication
of knock resistance of gaseous fuels. However, this view is not widely shared since

there are shortcomings associated with the practice that need further investigation.

3-Knock Modeling:

Over the years, a number of theories have been put forward to explain the basis for
the onset of knock. However, in recent years, it is accepted that the incidence of
knock is due to autoignition in the end gas. The older proposition that knock may be
due to the acceleration of the normal flame front to supersonic speeds (detonation)
is essentially ruled out. Numerous recent high speed schlieren and shadow graph
photographic studies support the autoignition theory (62, 63, 64]. They show that
autoignition commonly occurs in one or more discrete locations within the end gas
and then propagates to the other parts of the charge inside the cylinder. This end gas
autoignition has also been detected by optical fiber techniques and correlated with
Schlieren methods {65, 66, 67]. In some of these studies the flame front from the
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end-gas autoignition sites was found to propagate at slightly supersonic speeds (de-
veloping detonation). It has been argued that the rapid release of energy occurs
because of the acceleration of the advancing flame front to sonic velocity which in
typical engine conditions would be of the order of 700 m/s. However, high speed
film studies of knock have shown no evidence of flame front speeds approaching sonic
velocity before knock [64, 67, 68]. Hence, it is now widely accepted that knock origi-
nates from the spontaneous autoignition of one or more local regions in the end gas.
Additional regions then ignite till the whole end-gas is fully reacted. The rate of
spread of these autoignited combustion centers can vary significantly. Under some
conditions, this spread could be sufficiently slow for no pressure oscillations to be
detected; thus autoignition does not necessarily lead to knock [62, 64]. Under heavy
knock conditions, the spread of the auto-ignited region and hence the energy release
is extremely rapid and high-amplitude pressure fluctuations may result.

In order to predict the onset of knock in engines, it is necessary to model and
predict the unburned gas state parameter variations and the unburned gas preignition
reaction activity. Therefore, there is a need to build up a combustion model to
provide unburned gas state parameters such as pressure and temperature, and an
appropriate chemical reaction mechanism for modeling the unburned gas preignition
reactions.

Karim [69] developed a simple analytical approach to predict knock in spark
ignition engines. A criterion for knock based on a gross chemical reaction of the fuel-
air mixture in the end gas was used to predict the onset of knock. After adjusting
some rate constants in the reaction mechanism, the calculated model gave a good

agreement between predicted and experimental results. He suggested that more
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reactions steps needed to be added to the kinetics scheme to predict a wider range
of knocking observed experimentally.

Livengood and Wu [70] developed a simple model for engine knock, using the
pressure and temperature data of a fired engine. A good agreement was obtained in
predicting the results for n-heptane and a blend of n-heptane and iso-octane.

Westbrook and his colleagues [23, 24, 25, 71] developed comprehensive mecha-
nisms for the combustion reactions of different common fuels and attempted to use
them in the modeling of knock and self-ignition of some hydrocarbons. They reported
relatively good agreement with their experimental results in estimating the ignition
delay times under relatively simple situations such as constant volume r&actor==—

Dimpelfeld and Foster [72] used the mechanism of Westbrook to simulate knock in
spark ignition engines with the assumption that end gas is adiabatically compressed,
and the end gas temperature is only a function of cylinder pressure.

Karim and coworkers [73, 74] were able to develop 2 comprehensive detailed
chemical kinetic scheme, including 155 reaction steps and 39 species to predict the
autoignition of common gaseous fuels such as methane, propane, hydrogen and their
mixtures. Karim and Gao [33, 75] applied this scheme and simulated the onset of
knock in a CFR engine for methane operation. They defined a criterion for the onset
of knock based on the specific volumetric energy release due to auto-ignition reac-
tions relative to the total energy release to be expected from the combustion of the
fuel. They developed a two-zone model to estimate the variations of pressure and
temperature within the burned and unburned zones and used an empirical correla-
tion for the corresponding combustion duration and heat release rate due to flame

propagation profile.
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In contrast to these approaches, some researchers have been trying to combine
a very simplified and limited chemical kinetic representation with CFD codes such
as those of KIVA to simulate the knock phenomena [76, 77, 78] as well as pressure
oscillations [79]. These models tend so far to benefit from the detailed fluid mechanics
calculations and to consider the variations of temperature and pressure within the
volume of cylinder, but suffer from long computation times and gross inadequacy
of the chemical representation with the required scales for engine modeling. That
is why, normally, the chemical kinetic schemes in these models remain insufficiently

comprehensive in comparison to the multi-zone models.

2.4 Optimization Methods

The engine design and development engineers have a task of fulfilling 2 comprehensive
set of requirements such as reliability, fuel economy, drivability and conformity to
exhaust emissions legislation. To design such systems, analytical, numerical and
experimental tools are needed.

The optimization of the performance is not a straight forward process due to the
complexity of the phenomena and the effect of different parameters on the engine
performance and its knock intensity. Most optimization attempts were carried out
experimentally. The final design is normally considered as the best compromise be-
tween various requirements, achieved through a lengthy and costly process involving
the use of experimental and occasionally some very simple analytical techniques.

A comprehensive experimental investigation of a multi-cylinder engine perfor-

mance was carried out recently by Asit Das [3]. After conducting a tremendous
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amount of testing of the variations of power output, efficiency and emissions with
operational parameters, he suggested that there is an optimum value for compression
ratio between 15 to 16 for the best performance of the engine available to him.

Bazari and French [80] developed a model to predict the performance of a highly
supercharged diesel engine (HSDI) and compared their results with experimental
data. After carrying out a parametric study, they tried to use the results to find
optimum operating conditions for the engine. Their model included an enormous
amount of graphs and data, that were quite difficult to handle and specify a reliable
optimum solution.

Some researchers [81, 82, 83] applied Taguchi [84] and Monte Carlo [85] methods
to the engine optimization problem. These methods are more suitable for optimiza-
tion of the engine performance experimentally. By monitoring the variations of the
engine performance with changing one operational variable at a time, and giving
weight to each variable, a function (usually statistical) can be established to relate
the engine performance to the operational variables. Optimizing this function leads
to a good approximation for optimum operating condition for the engine. Yan et.
al. [83] suggested that the Taguchi method is effective in simultaneously optimizing
multiple combustion parameters and identifying the significance of the effect of each
parameter on the performance, while the Monte-Carlo simulation can be used as a
useful statistical tool for predicting the performance. The main weakness of these
methods is that they need comprehensive experimental efforts to provide a reliable
correlation for engine performance.

Mathematical programming can provide a significant capability for the auto-

mated optimum engine design. A typical optimum design requires a minimization or
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maximization of a stated objective function and simultaneous satisfaction of several
design constraints. Perhaps, Shroff and Hodgetts [86] are the pioneers in introducing
mathematical programming to engine performance optimization. They developed a
quasi-zone model to predict engine performance and employed a linear function to
relate the influence of each parameter on the engine performance. Actually, the ef-
fects of operational parameters on the engine performance are not linear for all the
operating conditions, especially if the engine is operated at borderline knock. Also,
they did not consider the occurrence of knock nor of its intensity.

The problems of optimization can be categorized as constrained and uncon-
strained problems. Most of the real life problems, including engine performance
optimization, are considered to be constrained problems. The constraints divide the
design space into two domains, the feasible domain where the constraints are sat-
isfied and the nonfeasible domain where at least one of the constraints is violated.
Constrained problems can be converted to unconstrained ones using the penalty
function method [87]. Therefore, the analytical approaches developed for an uncon-
strained problem may be used for a constrained problem such as that relating to
engine design.

Optimization algorithms could be grouped into deterministic and stochastic (ran-
dom) algorithms. The most important type of deterministic algorithms is gradient-
based, where the gradient of the objective function is used to search for an optimum
solution. Among the stochastic methods, genetic algorithms may be named as the
most powerful method, which uses a random operator combined with a statistical

model to search for an optimum condition.
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2.4.1 Gradieni-Based Methods

The most efficient deterministic algorithms are gradient-based, which require at least
the first derivative of the objective function, which is going to be optimized, and
constraints with respect to the design variables [88]. The negative of the gradient of
the objective function is used to find the minimum and/or maximum of that function
and corresponding indépendent parameters. These algorithms are extremely efficient
in locating a relative optimum value, close to a starting point in the design space.
In applications where the design space is known to have multiple minima and/or
maxima, the optimum value may be obtained by starting the search from several
initial points in the design space and then comparing the final results. The reader 1s
referred to references [89, 90, 91] for more details on the gradient based optimization
theory.

Only a very few applications of these type of automated optimization approaches
in the internal combustion engines have been reported. Mu et. al. [92] attempted
to apply the gradient-based optimization method to optimize the performance of a
diesel engine. They employed different gradient based algorithms and made some
suggestions about the applicability of each of these methods to the diesel optimization

problems, without providing sufficient details of their model.

2.4.2 Genetic Methods

A genetic algorithm is based on the principles of natural selection and survival of
the fittest. The genetic algorithm developed by Holland [93] provides the capability
to search for optimum solution with either disjoint or nonconvex spaces with several

minimum or maximum points. These methods have since been adapted for a large



27

number of applications in game theory, inductive systems and other aspects of human
cognition such as pattern recognition and natural language processing [94, 95, 96].
Such algorithms are generally regarded in the same category as stochastic (random)
search methods [97].

Genetic search methods have their philosophical basis in Darwin’s theory of sur-
vival of the fittest [98]. A set of design alternatives representing a population in a
given generation is allowed to reproduce and cross among the alternatives with bias
allocated to the most fit members of the population. Combination of the most de-
sirable characteristics of mating members of the population results in progeny that
are more fit than the parents. Hence, if a measure that indicates the fitness of a gen-
eration is also the desired goal of a design process, successive generations produce
better values of the objective function. An obvious advantage in this approach is
that the search is not based on the gradient information, therefore, it has no require-
ments on the continuity or convexity of the design space which makes it suitable for
engineering applications, specially engine optimization.

Genetic algorithms have been used extensively in mechanical engineering (99, 100],
civil engineering [101, 102], chemical engineering [103], neural network and fuzzy
logic [104, 105].

Only one example has been reported of the application of genetic algorithm to
optimizing engine performance. Edwards et. al. [106] used a genetic algorithm
combined with a statistical model for predicting the engine performance from its
experimental data. Their work suffers from the need for tremendous experimental
efforts to develop the required statistical correlations to predict the engine perfor-

mance and the scope of its application is both narrow and limited to the available
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experimental data.

Due to the complexity of engine processes and our current lack of their full
understanding particularly at the fundamental level, most engine models remain in-
complete. At present, it is impractical to construct models that attempt to describe
all the important aspects of engine operation. But models developed so far have their
advantages and disadvantages. However, most of the reported engine optimization
attempts involved either experimentally or semi-empirically based approaches with
only a few attempts at applying automated optimization theory to engine optimiza-
tion problems. To our knowledge, no one has employed any such models to predict
engine performance at borderline knock. The present work aims at contributing to
knock modeling and predicting optimum design and operating conditions for a gas

fueled spark ignition engine.



Chapter 3

Simulation of Knock Phenomena and

Performance of Spark Ignition Engines

3.1 Introduction

Experimental research into the knock phenomenon in engines is limited by the rela-
tive lack of suitable detection and measurement methods and the ever present risk of
damage to the engine. Accordingly, the development of suitable comprehensive sim-
ulation models is needed to understand the knock mechanism and predict the knock
limits in a spark ignition engine. These comprehensive simulation models must in-
clude a full understanding of the combustion process related to flame propagation as
well as a suitable chemical kinetic mechanism to describe the oxidation of the fuel
and autoignition of the end-gas.

This chapter describes a two-zone combustion model for predicting the perfor-

mance of a gas fueled spark ignition engine and its knock intensity.

3.2 General Description of the Model

In order to be able to model the knock phenomenon in spark ignition engines, some
relevant research on a number of related fronts was carried out by Karim and his
co-workers to obtain needed supporting information . One of these was to provide

improved description of the full kinetics of methane oxidation in air over a wide range
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of operating conditions {107, 108].

It has been shown earlier that knock in spark ignition engines results from the
autoignition of part of the charge ahead of the propagating turbulent flame and in-
tense knocking is usually encountered when autoignition occurs regularly in every
cycle and involves a significant portion of the charge [109]. Past attempts to predict
the onset of knock in spark ignition engines {30, 110, 111] tend to be generally inad-
equate. Specific guidelines need to be developed which are convenient and easy to
use yet faithful in representing the distinctive chemical reaction features of the dif-
ferent fuels within the end-gas region in a spark ignition engine. A special advantage
would be avoiding the need for modeling turbulent flame propagation phenomena in
detail at the same time. Accordingly, the onset of knock in a spark ignition engine
can be predicted in principle by assuming that knock is due to the autoignition of a
region of the gaseous charge yet to be consumed by the flame when its temperature
variations with time is made known. Obviously, a representation of the autoigni-
tion reactions in a model based on a simple Arrhenius gross reaction is inadequate
since the oxidation of the fuel-air charge for common fuels proceeds through chain
reactions involving numerous intermediate species, both stable and unstable. For a
relatively simple fuel such as methane, the nature and rates of these reactions have
been established fairly reliably to yield good agreement with experimental observa-
tions. Kinetic schemes of other common fuels, that are more complex than methane,
are becoming increasingly available and their reliability is being steadily improved.
Obviously, such approaches add much to the computational complexity of the rel-
atively simple conceptual model for knock but they are needed if the chemically

controlled phenomenon of autoignition is to be simulated sufficiently reliably.
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The reactions of the end-gas charge will be critically dependent on the tempera-
ture and pressure variations with time. These variations are mainly controlled by the
energy release rate due to turbulent lame development, a function of not only operat-
ing conditions but also engine design parameters. In the present contribution based
on the model developed by Gao [112] and earlier contribution of Al-Himyary [32]
the effective temperature of the reactive end-gas is established using for the cylinder
charge a relatively simple two-zone model. The mass transfer from the unburned
to the burned zones at any instant through turbulent flame propagation is assumed
to take place over an appropriate combustion period according to a deduced energy
release rate function. These coupled parameters can be either known beforehand or
established experimentally for a specific engine by employing a diagnostic two-zone
model that analyses the corresponding pressure-time development records [113]. The
decision as to whether knock is to take place or not and its intensity for any engine
installation and operating conditions with any fuel is a complex and unknown func-
tion of the cumulative effects of the reactions proceeding within the end-gas and
how they are influenced by flame propagation and the resulting changes in the size
of the end-gas. Cycle variability is also a common recurring factor. The temper-
ature distribution within the end-gas, unlike that of the pressure, can be complex
and non-uniform, especially once the engine begins to knock. Accordingly, only av-
erage values of operating parameters need to be considered in any simple model
for knock prediction and establishing the effectiveness of changes in operating and
design conditions on the onset of knock and its intensity.

The two-zone model developed at the University of Calgary avoids predicting the

detailed features of turbulent flame propagation. Instead, through an appropriately
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assumed combustion period and associated mass burning and energy release rates,
the changes in cylinder pressure and mean temperatures of the end-gas and burned
regions are established at any instant of time. These results are then employed to
evaluate the extent of reaction activity ahead of the flame within the end gas and the
associated energy release by such reactions. This would permit establishing in time
whether autoignition will take place and the likely intensity of the resulting knock.

A typical reciprocating piston engine with known dimensions, compression ratio
and valve timing is the basis for the simulation of the model. The fresh charge of the
intake mixture is assumed to be initially homogeneous and mixed thoroughly during
the induction stroke with the residuals from the previous cycle. The composition of
the residual gases, which are assumed to fill the clearance volume when a new cycle
began, was considered to be of the same composition as that for the exhaust gases
at the end of expansion to atmospheric pressure.

The resulting mixture following intake valve closure is then compressed, com-
busted and subsequently expanded to the exhaust stage. During these stages, re-
action kinetics were used to predict in detail the changes in the concentrations and
properties of the mixture in the end-gas and the consequent changes of the energy
release rates with time.

The kinetic scheme employed in the present analysis was based largely on that
described in reference [108]. It can describe the preignition and combustion reactions
of common gaseous fuels such as propane, methane and hydrogen within the oper-
ating range of engines that involves lean mixtures and relatively high temperatures
and pressures. The scheme employed, consisted of 155 elementary reaction steps and

the following 39 chemical species:
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C2H, C2H2, C3H8, C2H3, C2H4, C2H5, C2Heé, CH, CH2, CH2CO,
CH20, CH3, CH3CHO, CH3CO, NC3H7, CH4, IC3H7, CO, CO2, H,
H2, H20, H202, HCO, HO2, N2, O, 02, OH, C3H6, CH30, N20, NO,
N, CHCO, C3H4, C3H5, NO2, CH302.

The corresponding thermo-chemical data were obtained mainly from JANAF
tables [114]. The scheme, when necessary, can include additional reactions and
species accounting for the detailed reactions of nitrogen and/or fuel mixtures that
may contain more fuel components.

For heat transfer, the mean wall temperature has been assumed for convenience
to remain constant, while convective heat transfer is accounted for by Woschini’s
formulations [43] reported in the literature based on the analysis of a wide range of

experimental data in engines.

3.3 Mathematical Treatment

The ideal thermodynamic cycle for a naturally aspirated engine is shown schemat-
ically in Figure 3.1. P and P. are the intake manifold and exhaust pressures, re-
spectively. Process (7-1-2) is the intake process. The intake valve opens at TDC
(point 7). At the beginning of the intake stroke, the residual gas from the previous
cycle is assumed to expand under an isentropic process to the intake pressure (point
1), then the fresh charge enters into the cylinder and mixes with the residual gas in-
stantaneously, under a constant pressure process (1-2). The intake valve closes at bot-
tom dead center (point 2). The charge is then compressed in the compression stroke

(process 2-3). At point (3a), the combustion process is started and ends at state (42).
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Figure 3.1: Ideal thermodynamic cycle for a naturally aspirated engine.

After that the combustion products will be expanded approximately polytropically
to the point (5), when the exhaust valve opens at bottom dead center (BDC). Then,
the gases are assumed to expand isentropically to the exhaust pressure (point 6).
Later on, the gases pushed out of the cylinder (process 6-7), except for some that
will remain as residual gas at the thermodynamic state of point (7). More realis-
tic valve timing consistent with engine operation can be considered instead when
deemed necessary.

The cylinder charge is assumed during the combustion process to be divided into
two zones: burned products and unburned reactants which comprise the end-gas
region, as shown in Figure 3.2. The composition of the mixture of the unburned

reactants is assumed known at all times up to the instant of spark ignition, since
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Figure 3.2: Schematic diagram of the two-zone model.

the fuel and air flow rates into the engine are closely metered and the presence of
residual gases accounted for. However, when considering the reactivity of the end-
gas, detailed reaction rates and the associated reactive species are accounted for,
together with the energetic consequences of such reactions [75]). The composition
of the burnt products is calculated using a dissociation scheme [115]. While the
transient composition of the unburned zone is established throughout the chemical

kinetic calculations. The following are the main assumptions in the model:

e The systems of burned and unburned zones are considered to be homogenous

and have uniform properties.
e The pressure at any time is uniform throughout the cylinder.

e Flame thickness is negligible.
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e Gases behave as ideal.
e Leakage from the cylinder is negligible.
Equation of State and Thermodynamic Relations:
PV =mRT, dh; = Cp:dT, du;, = Cv;dT (3.1)

where m is the total mass of the charge, V is the cylinder volume determined from
the dimensions of the engine and its movement, T is mean temperature, hi, ui, Cp:
and Cuv; are enthalpy, internal energy, specific heat capacity at constant pressure and
specific heat capacity at constant volume, respectively for a species 1.

Mass Conservation:

dmu dmb

o 48

™m =My + M = (3.2)

where subscript v indicates unburned mixture and subscript b is for the burned
mixture. 8 is crank angle.
Volume Conservation:

av
T SN AR AL

d6 ~ do ' df (3.3)

The total volume of the engine cylinder and the rate of its change can be expressed

respectively as:

1, mD? 2 R
V== _ o _
25( 1 )[C'R—l +1 cos9+4L(l cos26)] (3.4)
and
dv 1_.=wD? , . R .
7= 55( 1 }(sin 6 + 3 St 26) (3.5)

where



D= The internal diameter of the cylinder

S= Stroke

C R= Compression ratio
¢ R= Crank radius

e L= Length of the connecting rod
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Indicated Work of the Engine: The incremental work done by the whole charge

considered to be the system can be further expressed by the mean cylinder pressure

and the corresponding change of the system volume.

dw dv
2 =P

(3.6)

Energy Conservation: The energy equation for the whole charge at any instant of

time, corresponding to a crank angle, 8, is:

dQ dU 4w

46~ df ' df
where
U = myuy, + mpup = v = muduu + uudmu + mbéﬂ + ubéﬂ
dé dé dé de dé
and

o d@Q/df= the rate of heat transfer of the charge.

e dW/df= the rate of work done by the charge.

(3.7)

(3.8)

o dU/df= the rate of change in internal energy of the charge due to the change

in temperature and chemical reaction of the mixture.
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Calculating the amount of residual gas: At the end of the exhaust stroke residual
gas fills the whole clearance volume at the exhaust pressure and temperature. The

amount of residual gas is given as:

P.Ve
RT.

ne = (3.9)

where n, is the number of moles of residuals, R is the universal gas constant, V. is
clearance volume, P. and 7. are exhaust pressure and temperature.

Intake stroke: At the beginning of the intake stroke, the residual gas expands from
exhaust pressure to the intake pressure. Assuming an isentropic expansion for this
stage, if number of mole of residuals, n;, exhaust and intake pressures, etc. are
known, the cylinder volume at point (1) in Figure 3.1 which is the starting point for
entering fresh charge into the cylinder can be estimated. Note that at the beginning
of the intake stroke, because the pressure of residuals is higher than that of intake
manifold, the fresh charge cannot enter into the cylinder.

The fresh charge is assumed to mix homogeneously with the residual gas. The
resulting charge temperature and the amount of fresh charge can be estimated by
applying the energy and mass conservation equations. Since the intake valve does
not close exactly at the bottom dead center and does not open at the top dead
center and because of pressure loss through the intake valve and scavenging process,
a correction factor, called volumetric efficiency, for the amount of fresh charge is
needed. It is defined as the volume flow rate of air into the intake system divided by
the rate at which volume is displaced by the piston.

Mg

- Pa.i‘/d

Tv (310)
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where m, is the mass of fresh charge into the cylinder per cycle, g, ; is the air density

and Vj is the swept volume.
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Figure 3.3: Variations of the volumetric efficiency with compression ratio for a nat-
urally aspirated CFR engine at atmospheric temperature of 300 K.

From a set of tests with a CFR engine for constant temperature, the volumetric
efficiency was found to be mainly a function of compression ratio. Its variations with
compression ratio for the CFR engine available to us is shown in Figure 3.3. It was

fitted to a cubic function as of:

no = 26.684 + 9.369C R — 0.570C R* + 0.0115C R® (3.11)
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Compression and Expansion Strokes: The compression process is assumed to
start at the bottom dead center (BDC). The state of the gas at this point is derived
by using a perfect mixing model for fresh charge and residual from the previous
cycle. During compression, the gaseous fuels reactions are neglected for simplicity.
However, they can be accounted for, when considered to be necessary. Then, the
charge is ignited by a spark discharged before top dead center (TDC) and expanded
after TDC.

The First Law of Thermodynamics, during the compression stroke before lame
initiation and expansion stroke after flame consumption of the mixture, can be sim-

plified for a single zone as follows:

dQ _ dT dv

A combination of Equations 3.1 and 3.12 after rearrangement gives:
dP R R . dQ
— | — 1 —
=0 g P (g

aT 1dV 1dP
7T wtrm (3.14)

(3.13)

Combustion Period: During flame propagation, when the volume charge is as-
sumed to be divided into two zones, burned and unburned zone, the energy equation

can be written as:

dT, d
+ mvabd—Tb Pﬂ - —Q— =0 (3.15)

dmb
(46 = w) g~ + MuCru7r F7 I T

Differentiating the equation of state , PV = mRT, with respect to crank angle §:

&V _ Vo _ Veydmy  mRudl, mRedly VdP

de’(E m,,) o P d9 ' P d§ P dé (3.16)
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Applying the first law to a unit of mass of m,:

-p—= A7
8~ m, df P dé (3.17)

where Q. is heat transfer to the unburned mixture and v, is the specific volume of
the unburned mixture. Equation 3.17 can be rewritten as:

T, 1 dQu 1dT, 1dP

o —mas T T rw (3.18)

Cv,

Using Pv = RT and R = Cp — Cv, the above equation can be reduced to:

dT,  dP . dQ.
muCrugg =Vagg + 725

(3.19)

From Equations 3.15, 3.16 and 3.19, the equations for d7T./d4, dTy/d8 and dP/df

daT, Vo dP 1 dQ.

B~ maCpedd T muCpu db (3.20)
iﬂi _ P [gfz 3 (RsTy — R, Tu)dmy  R.V, dP Ru dQu LY VdP1 (3.21)
dd  muR, db P df PC’pu d6 PC’pu dg ' P PrA
dP Cuv, Cuw R, Cus Cw. dV dQ
8 (ey YUy =14+ 22ypL _ZX 2
7 C'puvu RaC'puVu+ A Vi=(1+ )P T (3.22)
Ru Cvu va R'u dQu

(s — w) — CulTh - LT + (G - )

As stated earlier, in this work the heat transfer from the two zones to the outside

wall was estimated, using formulations recommended by Woschni [43]. Alternative

formulations of course could be used if necessary.

aQ
— = MA(T - T.) (3.23)

where T is the mean temperature of the charge, estimating by the following equation:

myCpPulu + muCruTh

T =
mMuCPu + muCrpp

(3.24)
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and ) is the heat transfer coefficient in (r_nVTVK)

VT
AV

A = 3.26 D02 PO8T=055[C) S + Cy——+(P — Prm)|*® (3.25)

A is the area of the cylinder wall. According to the recommendation of Woschni,
in this equation, C; equals to 6.18 must be applied to the scavenging period. For
compression and expansion stroke, C is equal to 2.28. C> is 3.24 X 10~3 (m/s°K) for
the whole cycle. D is cylinder diameter in (m). Vi, Ty and P, represent the known
state of working gas related to the inlet valve closure. P is the gas pressure in the
cylinder of the corresponding motored engine in the absence of combustion. v,T
and P represent the instantaneous known state of the working gas in real engine in
m3, K and kPa. S, is the average piston speed.

The total heat transfer through the cylinder walls equals to the sum of the heat

transfers from the burned and unburned zones.

dQ  dQu , dQv
dt  dt | dt (3.26)
This equation may be written as follows:
MA(T = Ty) = MAu(Ta — Tw) + 2o As(Ts — Tu) (3.27)
where
A=A, + A (3.28)

Combining Equations 3.27 and 3.28, burned and vnburned zone heat transfer areas,

Ay and A,, may be found.

_ AT = Tw) — W(Te — To)

Ao = 3 T = To) = (Ta = To) (3.29)
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_ AT = Tw) = 2(Ty = Tu)]

A, = 3.30

No(Ta = Tu) = Moo — Ta) (3:30)
Thus, the heat transfer through the burned and unburned zornes are:

dTth' = dphu(Th - Tu) (3.31)

dzu = MAu(Ty— Tw) (3.32)

3.4 Multi-Species Equilibrium Calculation

It is consistent with experimental evidence to assume that over the entire possible
ranges for operating variables, solids (such as soot) are not formed, while the prod-
ucts of combustion due to flame propagation are in equilibrium at the local tem-
perature and pressure. The problem of calculating the products composition during
combustion by flame propagation, then reduces to the calculation of the gas phase
equilibrium composition of a general C-H-O-N-I system, where ‘I’ could be an inert
and ‘C’, ‘H’, ‘O’ and ‘N’ are carbon, hydrogen, oxygen and nitrogen respectively.
This approach was based on that suggested by Strehlow [115].

The species composition of the initial mixture allows the calculation of the atomic
ratios N¢/0, Va0, Nnjo, and Nyo. This information, the specified equilibrium
pressure and temperature and the list of the species present at equilibrium plus
the assumption that the gas is an ideal gas, are all that is required to perform an
equilibrium product composition calculation. A very general case is assumed in
which the 14 species, oxygen, O, nitrogen, N2, hydrogen, Ha, carbon dioxide, CO.,
carbon monoxide, CO, water vapor, H;0, hydroxyl radical, OH, nitric oxide, NO,

nitrogen dioxide, NO,, oxygen atoms, O, nitrogen atoms, N, hydrogen atoms, H,



methane, CHy, and an inert, I, are present at equilibrium.
The atomic ratios which specify the fixed atomic composition can be written in

terms of partial pressures as follows:

— B _ B —
NC/O=§§ NH/o=§:;1 Nyjo =

By — By
=N Nio = — (3.
Bo 10 = B, (3.33)

where
Bc = Pco, + Pco + Pen,
Bo = 2Po, +2Pco, + Pco + Pu,0 + Por + Pvo + 2Pvno, + Po
By = 2Pu, +2Pu,0 + Pon + Pu + 4P, (3.34)

By

2Pyn, + Pno + Pno, + Py
B = A

with the added equation that the specified pressure of the system is the sum of the

partial pressures:
P=)P (3.35)

1=1
At this point, there are 14 unknowns ( the P;’s ) and only five equations [Egs. 3.33
and 3.35]. Thus additional nine independent equilibrium equations are needed to

solve for the equilibrium composition. As stated by Strehlow [115], the choice is

arbitrary and the following independent equations are used:

1. Carbon dioxide dissociation: CO, = CO + %Oz

PcoPo,?
Ky =202 (3.36)
Peo,
2. The dissociation of water: H,O = H, + %Oz
K, = P, Po,® (3.37)

Pu,0
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3. The formation of hydroxyl radical: H,O = %Hg + OH

1/2p
Ky = IH, TOH (3.38)
Pu,0

4. The dissociation of hydrogen: $H, = H

Py
Koy = — (3.39)
p4 P};-lx.‘/.z
5. The dissociation of oxygen: 30, = O

Py
Ke=—= 3.40
p5 Péég ( )

6. The formation of methane: 4H, + CO, =t CH4 + 2H,0

Pcyu, P?y,0
Ko =228 20 3.41
P Py,*Pco, (3.41)

7. The formation of nitrogen atoms: N, = N

Py
Kp'[ = ;b]i? (3.42)
8. The formation of nitric oxide: 3N, + 10, = NO

Pyo
Kpg=e ———2 3.43
P8 PN21/2P02 1/2 ( )

9. The formation of nitrogen dioxide:

_ _Pno, (3.44)

Based on the Strehlow [115], the solution of this set of equations can be reduced

by noting that the partial pressures of the species N, NO and NO; will always be
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rather small and that they can be calculated by an add-on technigue. This reduces
the main calculation to the determination of the composition of a system containing
only the three active components ‘C’, ‘H’ and ‘O’.

To do this, one only needs to assume the partial pressures of three species that in-
dependently contain the component elements. Any set that satisfies this requirement
may be chosen, such as Pgo,, Po,, P, or Pgo,: P00 Po,» etc., where the primes in-
dicate that the partial pressure is a guessed value. Using this guess the (incorrect)
partial pressures of the remaining species, P/, may be calculated using the equilib-
rium constants. The three mass-conservation equations [from using Egs. 3.33, 3.34,
and 3.35 | are then written by substituting P, = P! + é; where 6; is the correction
to the partial pressure which is unknown. However, the equilibrium relations writ-
ten in terms of P; = P! + §; can be differentiated to yield an expression for each
of the remaining &;'s in terms of the three guessed correction factors &;’s for the
three pre-selected species. When these are substituted into the mass-balance set,
three equations are obtained for the three unknown correction factors, one for each
of the three guessed species. Since these equations are linear they are easily solved
in determinant form. The calculation converges rapidly when the initial guesses for
partial pressures are reasonable and the guessed species have a relatively large partial
pressure at equilibrium.

The nitrogen-containing species and the inert are included in the calculation as

add-on species at each step by writing:
Pete = P — Pn — Pyo — Pvo, — 1 (3.45)

where P is calculated from Ny and the properly weighted partial pressures of
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the oxygen containing species (Eq. 3.34) and the Py, Pro, Pno, are calculated from
the values of Py, and Po, and the appropriate equilibrium constants. The main
calculation is then performed using Pea. as a fictitious total pressure for the C-H-O

system.

3.5 Energy Release Pattern

As stated earlier, for knock modeling, the reactions in the end-gas need monitoring
and flame propagation merely dictates the pressure time development which fixes the
temperature level in the end-gas. Hence, a gross simulation such as the one being
put forward is both adequate and accurate.

The combustion energy release rate due to the burning of the fuel can be derived
from an energy release pattern which needs to be defined. From the mass analysis
of experimental data using mainly methane as the fuel an effective formulation for
the mass burning rate can be made that is adequate for modeling knock [32].

The combustion energy release takes place over a certain combustion period Af.
that starts just beyond the instant of spark timing after an ignition lag time when
energy begins to be released due to flame kernel development and ends as a result
of the end of flame propagation having consumed the entire mixture. The area
enclosed by the resulting energy release rate diagram with time would represent
the total effective energy release by combustion. The examination of a very large
number of such diagrams for a wide range of operating conditions indicated that the
shape of these diagrams tends to be essentially similar [32, 112]. A simple approach

may consider to approximate such diagrams to triangles with a base that is the
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corresponding combustion period and the area is the known total energy release.
Alternative modification to such a shape will contribute very little to changing the

pressure development with time.

3.5.1 Combustion Duration

The combustion duration in a spark ignited engine can be estimated for the purpose
of knock modeling using a simple experimentally based approach which is adequate
for the purpose. The variation of combustion duration with equivalence ratio is found
to have a similar trend to that shown typically in Figure 3.4, which is consistent with
the typical variations of the turbulent flame speed with equivalence ratio, since the
duration is proportional to the inverse of the average flame speed. Moreover, the
combustion failure limits, as encountered in a typical spark ignition engine, corre-
spond to extremely long combustion periods and can be established experimentally
or estimated for any specific engine [116]. The minimum combustion period which
occurs around the stoichiometric ratio, also can either be estimated or measured
experimentally [75]. Therefore, an appiopriate combustion period correlation can
be formulated for any engine operating condition. As an example, the following

formula, proposed by Gao [112], was used:
Ab. = Ae™ + Be* (3.46)

where

z = —(Gmn — )/(¢: — 4) (3.47)
and

z = ($min — ¢)/ (6 — ¢1) (3.48)
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Figure 3.4: Typical variation of experimentally derived combustion duration ver-
sus equivalence ratio in a CFR spark ignition engine with methane at 900 RPM,
8, =10 BTDC, CR =8.5:1, T, = 300 K and P, = 87 kPa.

Ad. is the combustion duration in degrees for an equivalence ratio of ¢. The lean
and rich operational limits of equivalence ratios are ¢ and ¢, respectively. The
equivalence ratio for minimum combustion time is @min which is usually around
stoichiometric. A and B are constants that can be derived for the engine and condi-
tions employed. ¢ and ¢, can be found or estimated for any operating conditions.
Karim et. al. [57, 116] measured the apparent lean and rich operational limits for

several fuels in a CFR spark ignition engine for different operating conditions. The
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lean limit, for methane, was found to be approximately a linear function of the mean
mixture temperature at the moment of spark discharge by Karim and Wierzba [117].

The lean operational limit can then be represented by:
& =ATa + B (3.49)

where A; and B are constants, which were found to be —1/50000 and 0.071, respec-
tively, by fitting the relevant experimental data in a CFR engine. T is the average
mixture temperature (K) at the moment of spark discharge.

Karim and Wierzba [117] also found that the rich flammability limit is a lLin-
ear function of the difference of the mixture temperature at the moment of spark

discharge (T..) and the mixture temperature at intake conditions (To)-
¢r = A2(Tst - To) + BZ (3.50)

where A, and B, are constants. These were found from fitting the relevant experi-
mental data in a CFR engine to be 1/10000 and 0.1, respectively.

The lean and rich flammability limits for hydrogen in air, at atmospheric tem-
perature and pressure, are 4% and 75% by volume, respectively [115]. These values
will be modified at higher temperatures and pressures such as those existing in the
cylinder at the time of spark passage.

For a mixture of fuels the accepted Le’Chatelier’s rule can be applied to estimate
the corresponding limits of the mixture [115] by using the values of the known limits

of the individual fuel components under the same operating condition.

100 G
= > I (3.51)
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where ¢; is the concentration of the species 7 in the mixture, L; is the flammability
limit of that species at that specified temperature and pressure and Lmix is the
flammability limit of the mixture.

Since the combustion period reaches a minimum for a mixture with an equivalence
ratio of @min, around the stoichiometric mixture, then the following simplified equa-
tions which establish the values of A and B in terms of ¢), ¢r, Pmin a0d Abcmin can

be derived by substituting ¢ = @min in Equation 3.46 and taking dAf./d¢|s.... = 0:
A+ B =A0cmin (3.52)

2 = (buin — /(61 = ) (35

where A8 min is the minimum combustion duration.

As stated by Gao [112], there are basically two main factors affecting the com-
bustion duration in degrees. The first factor is the cylinder geometry and size, which
decide the effective flame propagation distance. The other factor is the flame prop-

agation speed, which determines how fast the flame covers that distance.
Abc min = f(des, St) (3.54)

where d. is the effective flame propagation distance and S is the flame propaga-
tion speed. In a spark ignition engine, due to the motion of the piston and the
changing with time of temperature and pressure, both d and Sy are varying during
combustion. Some simplifications need to be introduced to find a simple correlation
for estimating the minimum combustion duration for a certain engine and operat-
ing condition. Assuming that the flame propagation distance de is proportional to

V..}/? is a reasonable approximation during combustion, where V,; is the combustion
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chamber volume at the time of spark discharge and depends on the spark timing and
the compression ratio. Advanced spark timing and low compression ratio will lead
to a longer flame propagation path. Correlating experimental data obtained from a

CFR engine leads to the following equation [118]:

V“1/3

where V,, is the cylinder volume at the instant of spark discharge and CR is the
compression ratio. The flame propagation speed is the other important factor influ-
encing combustion duration. It is known that the flame propagation speed for any
equivalence ratio and engine speed depends on mixture temperature and pressure.
Since the flow in a spark ignition engine is strongly turbulent, the flame propagation
is also turbulent and it is affected by the nature of the turbulence intensity and scale.
Numerous research investigations have been carried out on premixed laminar flame
propagation in constant volume cells. Some correlations for laminar flame propa-
gation have been developed. However, these correlations cannot be applied directly
to the engine modeling mainly because of the variable geometry of the combustion
chamber and the intense turbulent nature of the flow in a running engine. A gen-
eral approach that proved to be effective is to use the correlations for laminar flame
propagation after incorporating some appropriate corrections to fit the experimental
engine data [29, 32].

Al-Himyary [32] developed a generalized expression for the maximum flame prop-
agation speed for methane based on extensive experimental data obtained by others
under different operating conditions. He found that the maximum burning speed

occurs at an equivalence ratio of 1.036, corresponding to the minimum combustion
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duration, and that:
St max = P47 exp(—746.8/T + 6.193) (3.56)

where P and T are instantaneous mixture pressure (atm) and temperature (K),
respectively, and Sfmax is the maximum flame propagation speed in (m/s).

For a fixed engine speed, it is reasonable to assume that the maximum turbulent
flame speed is proportional to the S¢max. Thus, with the maximum burning speed
according to Equation 3.56, the minimum combustion duration of Equation 3.55 may

be expressed as:

det vi'® [0-457,(746.8/T) (3.57)
Sf,max CR/?

Aacm <

In this formula, P and T are the instantaneous mean pressure and temperature of
the mixture during combustion. They are unknown before the combustion process
calculation in a predictive model. But, what is known are the P and T values at
the moment of spark discharge. Thus, some corrections are needed for this formula
to make it usable for predicting combustion duration. The exponential index for
pressure and the term 746.8/T may need to be modified to match the considerable
increase of the cylinder pressure later on during combustion. Thus, the following
formula was found to be a good approximation for the minimum combustion duration

for methane operation as found experimentally.

Aoc,m.in =C 021/2 PO.457e(746.8/T) (358)

The effects of turbulence on the combustion duration are still to be discussed. It is
known that the turbulent characteristic velocity is usually a function of piston speed

S, [21] and it can be used to represent turbulence effects. Hirst et. al. [119] found
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that:

Al min < Sp/3 (3.59)

Utilizing this simple relationship will yield the following expression for the final form

of minimum combustion duration correlation.

Vi3

Al min = C"————-C,Rl/2

PO457(746.8/T) g 1/3 (3.60)

where C' is a constant which depends on the cylinder geometry and the spark plug
location and S, is piston speed. Other correlations of experimentally observed data
can be derived in similar form. In any case, the value of Af. mis in the key relationship
of Equation 3.52 does not necessarily require high accuracy. Moreover, for lean
operation even an assumed negligibly small value for Afmin at stoichiometric can
produce a reasonably workable approximation for the value of Af. as a function of &.

For any given operating conditions, from the computations during the compres-
sion stroke, the pressure and temperature at the moment of spark discharge can
be estimated. Equation 3.60 gives the minimum combustion duration, while the
lean and rich operational limits can be found using the procedure described in
Section 3.5.1. The constants A and B then can be calculated. By substituting these
into Equation 3.46, the combustion duration can be predicted. This method for es-
timating the combustion duration may be applied for various operating conditions.
Only one constant C’ needs to be determined by measuring the combustion duration
once for the engine of interest. A typical comparison between the estimated com-
bustion duration and experimental data is shown in Fig. 3.5. Figure 3.6 shows the
corresponding predicted values when the spark timing is changed for two compres-

sion ratios. It can be seen, from these typical cases, that the combustion duration
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Figure 3.5: A comparison between estimated combustion duration versus equivalence
ratio and the corresponding experimental data from a CFR spark ignition engine with
methane at 900 RPM, CR =8.5:1 and T, = 300 K for two spark timings.

can be estimated and that the proposed predictive model produces good agreement

with experimentally derived data.

3.5.2 Ignition Lag

The combustion process in a spark ignition engine can be conceived to progress by
two primary stages, the ignition lag and the effective combustion duration. When the

spark is discharged, no significant combustion energy release appears immediately.
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Figure 3.6: The variations of combustion duration with different spark timing for a
CFR spark ignition engine with methane at 900 RPM, ¢ = 1.0 and T, = 300 K for
two compression ratios. Corresponding experimental data are shown.

The period for the ignition lag starts at the moment of spark discharge and ends at
the time when a significant flame development takes place involving a certain amount
of burned mass and some energy release is detected. The definition of this ignition
delay, termed ignition lag for spark ignition engines to distinguish it from that of the
ignition delay in diesel engines, is somewhat arbitrary. Usually, the amount of the
burned gas mass during the ignition lag is taken for convenience as the criterion for

the ignition lag length. The amount ranges from 1% to 5% of total charge. Hires [34]
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took 1% of total mass as the end of the ignition lag, while Hong [30] considered 2%
at the end point. Al-Himyary [32] suggested 5% mass consumption at the end of
ignition lag. In the present work, Al-Himyary’s criterion for ignition lag is used so
that the model predictive results can be compared with the mass of his diagnostic
results.

In a spark ignition engine, the length of the ignition lag is governed mainly by the
chemical reaction activity and the diffusive transport processes. Although most of the
details concerning the chemistry and fluid mechanics of the initial flame kernel growth
in a spark ignition engine are yet unclear, the effects of several operational parameters
on the ignition lag have been investigated [32, 72]. It was found, among the many
important operational parameters influencing ignition lag length are the equivalence
ratio, piston speed, mixture temperature and pressure. To find a correlation for the
variations of the ignition lag with operating conditions, a similar procedure as that
used for estimating the combustion duration was adopted. Figure 3.7 shows a typical
plot of experimentally derived values of the ignition lag with equivalence ratio [31]
displaying excessively long lags at the lean and rich limits. There is also a2 minimum
ignition lag that corresponds to the fastest flame propagation for any operational
conditions. Accordingly, the variations of the ignition lag with eqﬁiva.lence ratio
can also be represented by a similar exponential function as that of Equation 3.46

obtained for the combustion duration:

80 = Ao (222=2) 1 Bexp(L02) (3.61)

where

e Ad; ignition lag length, crank angle (Deg).
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Figure 3.7: Typical Variations of experimentally derived ignition lag with equivalence
ratio in a CFR spark ignition engine with methane at 900 RPM, CR = 8.5 : 1,
P, =87 kPa and T, = 300 K.

e ¢ equivalence ratio.

® dmin equivalence ratio where the combustion duration is the shortest.
e ¢ lean operational limit.

e ¢, rich operational limit.

e A;, B; constants.
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and similar to the model for combustion period:

= ($min — ¢1)/(¢r — $min) (3.62)

ol &

and

Ai + Bi = Abfigmin (3.63)

The value of the minimum ignition lag, Afigmin, can be found also by fitting
experimental data to the following expression to produce acceptable agreement with

the corresponding experimental observations.

Tst1/25p1/3

Abigmin = c” CRY/?

(3.64)

where Afig min is the minimum ignition delay and C" is a constant. A; and B; may
be derived from Equations 3.62 and 3.63. Hence, the ignition lag can be found using
Equation 3.61. Figure 3.8 is a typical comparison between the estimated ignition lag
using the approach described and the corresponding results of experimental analy-
sis [31]. It is to be remembered that since the value of the ignition lag tends to be
always small relative to the length of the combustion duration, a less precise estimate
of the length of the ignition lag would not produce significant errors in estimating

engine output parameters.
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Figure 3.8: A comparison between the estimated ignition lag and the correspond-
ing experimental data from a CFR spark ignited engine for methane operation at
900 RPM, CR =8.5:1, T, = 300 K and P, = 87 kPa for two spark timings.
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3.5.3 Combustion Duration and Ignition Lag for Fuel Mixtures

Many researchers investigated the effect of hydrogen addition to methane on the
effective flame burning velocity [2, 12, 120]. Generally, there appears to be no reliable
model capable of predicting the burning velocity of the hydrogen-methane mixture
within a wide range of temperatures, pressures and the concentrations of hydrogen in
the mixture, especially in relation to the spark ignition engine, where fully turbulent
conditions prevail. Hence, any correlation for the combustion duration and ignition
delay, for methane-hydrogen mixtures, must be based on experimental data obtained
directly for the measurement of the combustion period and ignition lag in the engine.
Consequently, an expression for the combustion duration of a fuel mixture based on

experimental data from a CFR engine can be given approximately as:

1 Y1 Y2 Y3
= 3.65
NN R N RN (3.65)

where y; is the molar fraction of the fuel i in the fuel mixture and Af,; is the
corresponding combustion period or ignition lag for the engine when operating with
the fuel component 7 on its own under the same conditions. A8, is the combustion
period or ignition lag for the mixture. Typical comparisons between such estimated
combustion duration and ignition lag with experimentally derived data for mixtures
of hydrogen and methane in the CFR engine are shown in Figures 3.9 and 3.10.
Thus, the complete model developed to estimate the mean effective combustion
duration and ignition lag for methane operation can be extended for applications
involving other gaseous fuels and their mixtures. Due to the nature of the strong

turbulent flow encountered within a running spark ignition engine and the associated
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Figure 3.9: Calculated combustion duration variations for mixtures of CH, and H,
at 900 RPM, CR =8.5:1, ¢ = 1.0, P, = 87 kPa, T, = 300 K. Qur own experimental

points are shown.
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Figure 3.10: Comparison of the calculated ignition lag with experimental data for
mixtures of C H, and H, at 900 RPM, CR =8.5:1, ¢ = 1.0, P, = 87 kPa, T, = 300 K.
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cylic variations, the real value of the combustion duration tends to be statistical in
nature and necessarily fluctuating. Hence, the accurate prediction of the combustion
duration in a theoretical model is difficult, if not unavailable at present and in any

case as will be shown is strictly unnecessary.

3.5.4 Mass Burning Rate Profile

Several functions have been suggested in the literature to represent the mass burning
rate in spark ignition engines. For example, triangular, sine and Weibe type functions
have been used [21]. The mass of data obtained experimentally when methane is the
fuel over a very wide range of operating conditions, as shown typically in Figure 3.11,
can be viewed to approximately follow a triangular format (32, 112] for the mass
burning rate. Therefore, it can be represented by:

dm  2m,

6~ N’ (3.66)
where
9 - gc.i.
o= g when 0.; <0 < Onax (3.67)
ae.c. - 9

where 8.;, fec. and 0.y are the crank angles at the end of ignition iag, the end of
combustion period and at a location associated with maximum mass burning rate
assumed to be at 2/3 of the combustion period for the CFR engine at specified
operating conditions.

The solution of the set of relevant simultaneous equations employing numerical
methods yields values of the main properties of the two zones and their variations

with time. From a knowledge of the calculated cylinder pressure variations with
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Figure 3.11: Comparison between calculated and experimentally derived mass burn-
ing rates. Operating parameters 900 RPM, CR =8.5:1, §,, = 15 BTDC, ¢ = 1.0,
T, = 300 K.

volume changes, the corresponding indicated power output and thermal efficiency
could be evaluated by simple integration of PdV over the working cycle. No reliable

estimates however can be made at this stage of the nature and extent of emissions.
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3.6 Knock Prediction

The current model described considers knock to take place when the energy released
due to preignition reaction activity within the end-gas becomes sufficiently significant
and intense. The knock criterion developed by Karim and Gao [112] was used. It
is based on the calculated accumulated amount of energy release due to end-gas
preignition reactions per unit of the instantaneous charge volume, relative to the
total energy to be released normally through flame propagation over the whole cycle

per unit of cylinder swept volume, i.e.

Energy Released by End Gas Reactions ]t

Knock Criterion(K) = Ereray Re,ea:;"‘"gy Tombastion (3.69)

Volume l t0

The energy released by end-gas self reaction is defined as:
t
Ho, = [ dEy = (hst — he)mn (3.70)
| X%

where h is the enthalpy of the mixture per unit of mass (h = 3 ¢;h;) and my is the
instantaneous end-gas mass. Subscripts st and t indicate the values at the spark
discharge and at any instant of time, respectively.

The energy released due to normal combustion can be simplified as:
H, = hom, (3.71)

where h, is the effective heating value of the fuel and m, is the initial or total mass.

Consequently, Equation 3.69 may be rewritten as:

(hst - ht)mu/‘/t

K==V

(3.72)

In order to predict the energy release by end-gas reactions, a detailed chemical

kinetic model including 155 reaction steps and 39 species is used. A chemical reaction
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scheme involving i species and j reaction steps can be represented by the following
set of reaction equations:
K¢

n

YagpXe = Y aipX: 7=12..,n (3.73)

i=1 i=1

K
where ajs and o are stoichiometric coefficients of the ** species appearing in the
reactants and products of the j** reaction, respectively. X; is the chemical formula
for a species ¢ taking part in the reaction.

The net rate of production and consumption of each species (2) of a reactive end-
gas charge depends on the rates of all the reaction steps involved {107, 121] in the
detailed chemical kinetic scheme for the oxidation of fuel. Therefore, the change of
chemical species concentration over a certain element of time can be calculated from

the following set of equations:

i _

2"3 Rj, — R,¢) (3.74)

1
P
where c; is the concentration of #*® species, p is the mixture density, R;; and R are

forward and backward reaction rates of the jt* reaction, respectively, which can be

calculated by:
R;s = Kjs [[(pc)™!
=1

Rjy = Kjp [](pci)™ (3.75)

=1

K;s and K, are the forward and backward rate constants for the j* reaction and
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can be calculated according to the following:

. E;
Kiy = AyT% exp(-27)
Ko = ApTPexp(—22 (3.76)
K.
or KJ‘ = KJ]‘C

K. is the equilibrium constant and A,f, 4;5, By and Bj, are constants for the
forward and backward rate constants of the j*» reaction equation. Ej; and Ej are
the activation energies of the j** forward and backward reactions, respectively. K¢
and K, are related through the corresponding equilibrium constant.

When the above set of simultaneous equations is solved numerically, the concen-
tration of each species in the unburned zone at any instant of time can be found. The
physical properties of the species, the reaction scheme used and its corresponding
constants for methane, propane and hydrogen are listed in Appendix (A).

The knock modeling thus proceeds to monitor the reaction activity and the con-
centrations of each of the reacting species using the above group of equations right
from the time of spark discharge, or even earlier, if it is necessary. This is carried
out for each time increment while accounting for the local temperature, pressure and
volume of the end-gas throughout, right up to the point of the total consumption of
the unburned charge by the propagating flame at the end of the combustion period.
Due to the end-gas chemical reaction activity, the associated energy release may also
cause some further temperature and pressure rise.

The effect of the unburned gas reaction on the whole cylinder pressure is relatively
small compared with that due to normal combustion, prior to the onset of knocking.

However, the situation for the unburned zone temperature maybe different. The
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Figure 3.12: Flow-chart of the two-zone knock modeling.
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effect of the end-gas reaction on temperature is assumed to be limited to the end-
gas zone itself. Since the end-gas reaction rate is very semsitive to temperature,
the effect of the end-gas reaction on the end-gas temperature should be accounted
for. These influences, clearly, cannot be predicted from the thermodynamic two-
zone combustion model alone. Accordingly, a modified procedure was employed to
consider the effects of the thermal contribution of the end-gas reactions. At each
time interval, the reaction rates of the end-gas were calculated at the predicted Ty
and P from the two-zone model. Then, the resulting temperature change dT,, of
the end-gas zone due to these reactions over the short time interval was evaluated
at constant cylinder pressure. If the resulting calculated temperature change Ty,
is larger than the temperature change dT,b, due to only flame propagation, then it
was used as the new d7T,;, for the next interval of considering the chemical reaction
rate instead of the value derived from the two-zone combustion progression model.
The flow chart of knock modeling is shown schematically in Figure 3.12.

Figure 3.13 compares the variations of the calculated unburned gas mean cylin-
der charge temperature with crank angle for methane operation based on the normal
flame propagation model and reactive end-gas model for a typical knocking operating
condition. Since the combustion process in the engine involves a significant end-gas
reaction activity, Ty increases quickly, which speeds up the preignition reactions
and causes advanced autoignition with greater intensity. The effect of the end-gas
reaction on the unburned zone temperature is made through the addition of the
temperature rise due to end-gas reaction to the normal unburned zone temperature
obtained from the two zone combustion model. This modified unburned zone tem-

perature is used to estimate the end-gas chemical reactivity. If operating conditions
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Figure 3.13: Variations of the calculated unburned zone temperature versus crank
angle for methane operation at 900 RPM, CR = 16, ¢ = 0.88, 6,, = 10 BTDC and
T, = 311 K at experimentally knocking state for a CFR engine.

were far from those producing knock, the changes in the Ty, due to reaction activ-
ity were negligible and the unburned zone temperature obtained from the modified
model, including the effect of the chemical reaction, were the same as the two-zone

progression model.



72
3.7 Discussions

The model described has been shown to be capable of predicting engine performance
parameters such as the temporal variations in cylinder pressure and the two zone
temperatures for different speeds, intake temperatures, intake pressures and spark
timings, as well as the effects of changes in some design parameters such as bore
diameter and compression ratio [112]. Good agreement with available corresponding
experimental data was evident, as shown typically in Figures 3.14 and 3.15.

The model appears to be capable also of predicting satisfactorily the onset of
autoignition which is responsible for engine knock. An important feature of the
approach followed is that the model can be used without requiring direct cylinder
pressure-time data beforehand, correlations for the level of turbulence of the charge
nor direct modeling of flame propagation.

The knock criterion of Equation 3.72 can be used to test for the onset of knock and
to represent effectively engine knock intensity in gas fueled spark ignition engines.
Since the spark timing is set so that most combustion takes place around top dead
center to produce the largest power output from the engine, V / Vi is approximately
equal to (CR—1). Hence, to understand the effect of physical processes on the value

of knock criterion, Equation 3.72 may be simplified as:

hst — he

K = (=

)mﬁ(CR ~1) (3.77)

Figures 3.16 and 3.17 show two typical variations with time of end-gas relative
energy release, dimensionless mass and knock criterion K for a knock free and a
borderline knock operations. At the beginning of the combustion process in the

engine, since the reaction rate of the end-gas is very slow, K values tend to be small.
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Figure 3.14: Variations of the calculated pressure with crank angle for methane and
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and T, = 300 K. The corresponding experimental points are shown.
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Figure 3.17: Typical variations of K, my/m, and (hs — h:)/ho with crank angle
for borderline knock operation with methane at 900 RPM, CR =11:1, ¢ = 1.0,
6, = 23° BTDC, P, = 87 kPa, T, = 308 K. The thick line shows the variation of K

before autoignition of the end-gas.
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As the combustion process progresses, the end-gas temperature and pressure are
increased, causing an increase in the reactivity of the end-gas and therefore end-gas
energy release due to autoignition. On the other hand, the consumption of the charge
by flame propagation decreases the ratio of my/m, according to the mass burning
rate function of Equation 3.66. As a result, the K value increases to 2 maximum and
then drops to zero as the end-gas is consumed by the flame propagation. A rapid rise
in the value of K is associated with the onset of autoignition in the mixture. The
maximum value of K depends on the amount of self reacted energy released, which
is a function of the size of the end-gas at the time of autoignition. If autoignition
takes place at virtually the end of the combustion duration, the amount of energy
released will be too small to produce a detectable knock. But, if under more severe
operating conditions a large portion of the charge participated in the autoignition
well ahead of flame arrival, a detectable knock can be observed (see Figures 3.16 and
3.17).

Through comparison with experimental data, it was found that whenever the
value of the knock criterion exceeded a certain threshold value, then the operating
conditions were associated with a knocking behavior. The bigger the difference, the
greater is the intensity of knock, as shown typically in Figure 3.18. For knock free
operation, the value of this criterion remains throughout below the threshold value.
This represents perhaps for the first time a relatively simple criterion for computa-
tional testing of the incidence of knock through following the preignition reaction
activity of the end-gas. It appears to work well enough to establish whether knock

is to be encountered and its relative intensity for any set of operating conditions.
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The variations of the corresponding end-gas methane concentration are plotted
in Figure 3.19. For knock free operation, the end-gas self reaction is low throughout
and only a small part of the unburned gas undergoes changes due to reaction before
the arrival of the normal flame propagation. It is clearly evident when there is
negligible end-gas reaction activity, no autoignition will take place. In the case
of no autoignition or if the autoignition takes place at the end of the combustion
period, (see Figure 3.19 for 6, = 18° BTDC), the value of the K factor will remain
negligibly small. However, when autoignition occurs at a time such that a significant
size of the end-gas will be involved, the value of K becomes unacceptably large (see
Figure 3.18 for spark timing 23 and 28 degrees BTDC). Accordingly, through the
continuous evaluation of the value of this K criterion during cycle modeling it can be
established whether knock will take place or not. The value of K for any operating
conditions reaches a maximum value before the end of combustion. This maximum
value can be used to establish whether knock is to take place or not and its likely
intensity.

The model was applied to some operating conditions (that were established ex-
perimentally to produce light knock in a CFR engine in our lab) to investigate the
threshold value for knock criterion at borderline knock. The variations of K values
with crank angle for some of these typical examples, for methane-hydrogen opera-
tions at 900 RPM, are shown in Figure 3.20. The maximum values of the knock
criterion was found to be approximately 1.50 for these borderline knock operations.
These typical examples and other similar results show that the operating condition
for the knock limit may be determined theoretically by assuming a value of 1.5 for

maximum knock criterion value at borderline knock operation.
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Figure 3.20: Variations of the calculated K with crank angle for some oper-
ating conditions associated with knock limit operations in a CFR engine using
methane-hydrogen mixtures at 900 RPM, ¢ = 1.0, P, = 87 kPa, T, = 305 K.
The thick lines show the variations of K before autoignition of the end-gas.

The origin of the size of this critical value is uncertain, but probably represents a
slight excess (e.g. of 50%) of energy release due to autoignition at knock relative to
the normal total energy release that can be released in the swept volume which the
engine can cope with adequately. Also, K represents a pressure ratio of the pressure
increase due to preignition reactions in the end gas relative to the mean effective

combustion pressure rise over the whole cycle.



Chapter 4
Apparatus and Experimental Procedure

In order to establish and validate the empirical correlations developed for the com-
bustion duration, ignition lag and the volumetric efficiency of the engine needed in
the two-zone model described in Chapter 3 and investigate borderline knock oper-
ations, a reliable measurement of the cylinder pressure-time records needed to be
made throughout the cycle. The corresponding crank angle-time records had to be
also measured for calculation of the cylinder volume at every point in the cycle. The
model, like all engine diagnostic models, needs to be applied under a variety of en-
gine operating conditions. Therefore, it was necessary that the effects of variations in
key operating parameters such as equivalence ratio, fuel composition, spark timing,
mixture intake temperature and compression ratio be investigated experimentally.
Of particular interest is the validation of the correlation for the effective combustion
period developed for methane operation and presented in Chapter 3.

This chapter describes the experimental set up and the procedure of collecting

and analyzing data.

4.1 Apparatus

4.1.1 Engine

A single cylinder, four stroke, spark ignition, ASTM-CFR engine of continuously

variable compression ratio and spark timing (up to 40° before top dead center) was

80



used.
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The engine has the following dimensions as specified for model CFR-48 by the

relevant ASTM manual [122]:

Pancake shape combustion chamber

Crankshaft Radius = 57.15 mm

Stroke = 114.3 mm

Connecting Rod Length = 254.0 mm

Cylinder Bore = 82.55 mm

Displacement = 611.73 cm3

Shrouded Intake Valve opens at 10° ATDC and closes at 34° ABDC.
Plain Exhaust Valve opens at 40° BTDC and closes at 15° ATDC.

Cylinder Water Jacket maintained constant (approximately 373 K).

The engine was coupled to an induction motor dynamometer that maintains an

engine speed of 900 RPM. The intake system of the existing facility allows operation

on gaseous fuels and provides control and metering of the fuel/air ratio. Further

modifications to the original engine set-up and instrumentation, as will be explained

later,

allow continuous recording of the pressure-crank angle data. Figure 4.1 shows

a schematic diagram of the experimental set-up.

The instrumentation available can be categorized into two systems, Engine In-

strumentation and a Data Acquisition System. The former is intimately associated

with the running of the engine while the latter is primarily intended for actual data

collection and storage activities.
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Figure 4.1: Schematic diagram of the experimental set-up.

4.1.2 Engine Instrumentation

The engine tested had been modified from the standard ASTM setup to include air

and fuel metering systems. The spark timing control system and the mechanisms for

varying the compression ratio were part of the engine as supplied by the manufac-

turer. Spark timing can be varied from -40 to +40 degrees before top dead center,

while compression ratio can be changed from 4.46:1 to 16:1.

Gaseous Fuels, as shown in Figure 4.1, were drawn from high pressure bottles.

Samples of the composition of the processed natural gas and other fuels used during
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the work appear in Appendix (C). The fuels flow rates were metered by calibrated
choked nozzles, while the air mass flow rate was measured by a laminar viscous
flow meter. The system provides the capability to measure and control the fuel
composition accurately for a wide range of Air/Fuel ratios. The details of air and
fuel metering systems and the procedure for their calibration plus the final calibration

graphs are discussed in Appendix (B).

4.1.3 Data Acquisition System

A water cooled piezoelectric Kistler pressure transducer (model 609 with sensitivity
of 0.285 mC/psi) for pressure measurement was mounted flush with the cylinder
surface through an opening in the top of the pancake shaped cylinder head such
that the axis of the transducer was parallel to the cylinder axis. The transducer was
connected to a Kistler charge amplifier and the resultant signal was routed to the
data acquisition system computer for sampling.

The other instrumentation system is the crank angle and real time measurement
system which is an electric encoder fitted to the end of the crank shaft that can
recognize 1000 points in each 360°, with the first one at TDC. The timing system
and the corresponding time data (2000 points for each thermodynamic cycle) were

then written to a binary file on hard disk of the computer.

4.1.4 Main Computer for Data Processing

The instrumentation systems listed above provide timing and pressure data in binary
form for a chosen number of cycles. These data had to be processed and converted

to decimal values before further processing could be undertaken. This operation was
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carried out on the same computer system on which the program for the diagnostic
model was run. The mainframe computer used was IBM 486 and a Sun Computer
System. Both supported a graphics package that was extensively used in all stages of
data manipulation and processing. A detailed description of the use of the graphics
capabilities of the system will be included in the section on experimental procedure.

Final plots were produced on a laser printer attached to 2 Sun Computer System.

4.1.5 Phasing the Cylinder Pressure to the Crank Angle

In order to fix the TDC position initially accurately, the single cylinder CFR spark
ignition engine fueled with natural gas was started and operated until the cylinder
water jacket temperature reached the boiling temperature of water. A computer
program was used to calculate the rate of pressure rise dP/df and display it in the
graphic terminal. Four sets of data for four different compression ratios from 8.5:1
to 12:1 were recorded at motoring condition. From these data it was noted that the
point at which dP/df was equal to zero did not coincide with the declared TDC
position of the engine. As can be seen in Figure 4.2, the point at which dP/df was
zero occurred at approximately two degrees before the TDC. Thus, the phasing of
the timing needed to be adjusted to correct for the incorrectly declared marking of
the TDC. The necessary adjustment was carried out until the dP/df curves for the
four typical compression ratios appeared to intercept at zero at the modified location
of the TDC, as shown in Figure 4.3.

It was deduced subsequently that the phasing of the cylinder pressure to the
crank angle had a probable error of less than 0.1 degree, which was considered to be

negligible.
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Figure 4.2: Variations of dP/df with crank angle.

Lancaster et. al. [123] considered the effect of errors in defining the TDC on the
P — V diagram. They suggested that since the compression and expansion strokes
at motoring condition may be approximated by a polytropic function, the variation
of log(p) with log(V) should have a linear relationship. Deviation from a straight
line at TDC indicates the existence of an error in evaluating the clearance volume.
A logarithmic P — V and the corresponding P — V diagrams for the CFR engine are
shown in Figures 4.4 and 4.5. A linear relationship between log(P) and log(V') can

be seen, confirming the suitable adjustment for TDC.
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Figure 4.3: Variations of dP/df with crank angle after adjustment.
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4.2 Experimental Procedure

The experimental procedure was designed to obtain data such that the effects of
changes to the main operational parameters of the engine could be examined with
minor modification and adjustment to the engine setup.

Generally, a set of operating conditions was chosen and the data from the engine
collected and stored for later processing. Following are the different parameters that
were varied and the values chosen for them.

Most of the data were collected with spark timings of 10, 15, 20 and 30 degrees of
crank angle before top dead center. These values were chosen since they represent a
wide range of conditions as well as to limit the amount of data to be collected without
a significant loss in the capability to analyze results. In some cases only three values
of the spark timing were used because of either misfiring or knock occurrence.

Four values of compression ratio were used , namely 8.5:1, 10:1, 11:1 and 12:1.
There were also cases when it was not possible to use all these values of compression
ratios due to the onset of knock. Some tests for compression ratios of up to 16:1
were also carried out.

The equivalence ratio was varied from 0.65 to 1.20 approximately with all other
operating conditions kept constant. This range was repeated for each change in spark
timing and compression ratio for a constant intake mixture temperature. Data were
also collected for conditions when it was possible to run the engine at a leaner
equivalence ratio without detecting misfire. The calculation of the equivalence ratio
was based on the volumetric composition of the fuels as described in Appendix (C).

The effects of the addition of hydrogen, butane, propane or ethane to the mixtures
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of processed natural gas and air were investigated. These additives were added to the
processed natural gas from 0% to 100% by volume of the resulting additive-natural
gas mixture. The intake mixture temperature was maintained constant at 21° C for

all the experiments carried out.

4.3 Data Collection and Processing Procedure

A three hour warming up period was provided for the stabilization of the charge
amplifier of the pressure transducer. The data acquisition system would then be
prepared for data collection by feeding in the necessary program. The engine was
then started and allowed to run until the water coolant jacket reached the steady state
temperature of 373 K. After all the operating conditions were established, the data
collection would begin. The pressure signal was frequently affected by the excessive
magnetic field generated by the spark as well as the spark system capacitor recharged
cycle. This could not be avoided, and sometimes it resulted in very steep pressure
trace spikes appearing at spark time. It was decided to deal with this problem at
the data processing stage since very little could be done to solve it at the hardware
level with the resources available.

When operating with fuel mixtures a computer program was used to determine
the settings on the additive control panel such that the percentage of additive with
respect to the fuel was kept constant even as the fuel-air ratio was varied. The
independent addition of hydrogen, butane, propane or ethane did not affect the
independently preset mass flow rate of the methane but it affected obviously the

mass flow rate of air intake to the cylinder.
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Each run consisted of collecting data for 20 consecutive cycles at 2 sampling
rate of 66.7 microseconds (which corresponds to 0.36° at the 900 RPM used). This
produced 2000 pressure-time sample points per thermodynamic cycle. At the same
time the crank angle was recorded from the encoder to produce a pressure-crank
angle data on a computer file. The processing of the data file was carried out by a

computer program which performed the following operations.

(a) Conversion
All of the pressure data were converted to the decimal system from the binary num-
bers provided by the analogue to digital (A/D) system. The range as well as the gain

factor settings of the A/D were taken into consideration while doing this conversion.

(b) Establishing a Reference Point

The voltages generated by the pressure transducer were not indicative of the absolute
values of pressure. It was therefore important that a fixed absolute value of pressure
was associated with one point of the cycle such that a correlation between voltage
and pressure could be established for each cycle. The absolute value of the cylinder
pressure at the first sampled point of each cycle (TDC of the intake stroke) was
assumed to have a value similar to the local atmospheric value. This assumption

allowed the processing of the data to yield a pressure-time record for each cycle.

(c) Data Examination
The data collected were first examined to check for any irregularities caused by the
magnetic fields generated when the spark was passed. The affected points were

smoothed by the program and a corrected data file would be recorded.
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(d) Correction for Spark-Induced Spikes

When the spark-induced spikes occurred, they typically involved a single sample
point that was affected by the spark passage to register a high value of voltage. The
magnitude of spikes varied between prominent values where the rate of pressure rise
was thousands of times higher than expected to that where it was twice the expected
rate. They were all characterized by a sudden rise then drop in pressure value. The
computer graphics capabilities were utilized to plot each cycle in a run separately for
visual inspection, as well as to calculate and examine the rate of change of pressure
around spark time. Corrections were made by adjusting the value of the affected
sample point such that it would lie on the straight line through the two points on

either side of this spike.

(e) Average Cycle Data Calculation

Arithmetic averaging of the pressure-time data of 20 cycles for each run was carried
out after all of the above corrections to the recorded data. In order to examine the
magnitude of error in the final results, the errors in determining the combustion

period and ignition delay were plotted in Figures 4.6 and 4.7, using the following

equations:
A0CD,cm - A*90D
Eep = | =255 ——=2| (41)
and
ABigau — AB;
Ey=—5 ol (4.2)

Aaig,av
where Afcp gy and Abig ., are the average of combustion period and ignition delay,
respectively, of twenty individual cycles in each run, and Afcp and Ay, are the

combustion period and ignition delay according to the average pressure crank angle
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file. It can be seen that the maximum error for combustion period, even at lean
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Figure 4.6: The error in determining the combustion period for 20% hydrogen in the
mixture.

mixtures which are suffering from misfiring and cyclic variation, is less than 4%, while
for the ignition delay, it is less than 20%. Since the order and magnitude of ignition
delay is about 5 to 10 degrees of crank angle, such error cannot affect our results
seriously, if the average pressure-crank angle data file of each run is used instead
of the pressure-crank angle data file of each individual cycle. As a result, a single

average pressure-time record was produced and used to estimate the combustion
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Figure 4.7: The error in determining the ignition delay for 20% hydrogen in the
mixture.

duration and ignition delay. This record contained 2000 points of average cylinder
pressure and corresponding crank angle of that run. The data resulting from the

above treatment were used by the program embodying the model for calculating

power output, combustion duration, ignition lag, etc. without further modification.
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4.4 Mathematical Approach

The thermodynamic processes during the compression and expansion strokes may
be approximated by a polytropic process. The polytropic index, ng, changes dur-
ing lame propagation and it is approximately constant in compression of the fresh
charge and expansion of the products. Hence, the evaluation of the ignition lag
and combustion duration for spark ignition engine is simplified merely by evaluating
the instantaneous polytropic index mng for both compression and expansion for the

observed values of pressure and the corresponding cylinder volume, 1.e.:
PV™ = Constant (4.3)

Differentiating and re-arranging for polytropic index ng:

VdP

TLgPVne_ldV +V™"IP =0=ng = —ﬁv_

(44)

where V and P are the instantaneous cylinder volume and pressure. For discrete

pressure and volume readings, Equation 4.4 can be reduced to:

V(B = B-1)
ng = — 4.5
N 7y (43)
where
V-V
Vm — J 3j—1
P 2P
P, = _J% (4.6)

7 —1 and j represent the initial and final conditions of each sampling time.
For any operating condition, the crank angle at which the spark takes place is

fixed at a constant value of 6. Usually the spark causes only a small kink in the
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apparent value of ng. Moreover, this crank angle, 0., indicates the beginning of the
ignition lag, while its end (f.;.) is associated with a rapid increase in the value of

the index ng (see Figure 4.8). 6.; also indicates at the same time the start of the
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Figure 4.8: The typical variation of polytropic index with crank angle.
significant energy release and the beginning of combustion, i.e.:
Ignition Lag = 0.; — 0 (4.7)

The end of energy release by combustion will be associated with the first occasion

of the effective polytropic index ng approaching a relative constant value that of
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polytropic expansion index involving the products of combustion (see Figure 4.8).

This crank angle will be called f.., 1.e.
Combustion Duration = 0. — 0.; (4.8)

The indicated power output can merely be calculated by integration of PdV over

the whole cycle. Hence, it is:

Power =Y P(V; — Vi) (4.9)



Chapter 5

Methane and Hydrogen Mixtures as a Fuel for a

Spark Ignition Engine

5.1 Introduction

Lean mixture combustion is one of the most promising approaches for the reduction of
NO, emissions without much sacrifice in thermal efficiency as long as the possibility
of partial burn or misfire under lean operation can be safely eliminated [6]. The
main drawback of natural gas operation is an increase in the combustion duration
because of its low flame speed, particularly for lean operation, causing an increase
in the unburned hydrocarbon in the exhaust. Hydrogen can be used to increase the
flame speed and improve the combustion of methane and other fuels [124, 125].
This chapter presents calculated results using the model developed and described
earlier in Chapter 3 to provide typical examples of usage and further insight mainly

into the following questions:

e How do operational variables affect engine performance parameters such as

indicated power, thermal efficiency and the onset of knock and its intensity?

e How does hydrogen addition to methane affect the brake power output, thermal

efficiency and knock intensity of the engine?

97
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5.2 Some Calculated Features of Methane Operation

The variations of the indicated power output with changes in equivalence ratio for
different compression ratios, CR, for methane operation in a naturally aspirated
single cylinder of the CFR type when operating under full throttle conditions at

900 RPM and spark timing of 17 degrees BTDC, are shown in Figure 5.1. The
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Figure 5.1: Variations of the calculated indicated power output with changes 1n
equivalence ratio with methane at 900 RPM, 8, = 17° BTDC, P, = 87 kPa,
T, = 300 K. Experimental data for CR =8.5:1 are also shown by triangles and bor-
derline knock operation by stars.

stars show the borderline knock operation for any specified operating conditions
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associated with Ko,, = 1.5, while the triangles are experimental points obtained
in this investigation for compression ratio 8.5:1. These symbols will consistently
have the same meaning in all the graphs displayed in this chapter. The maxmum
value of engine power output, if not restricted by the onset of knock such as the
data for CR = 8.5 : 1, is achieved with slightly richer mixtures than chemically
correct, around ¢ = 1.05, as expected from our experimental data and those of
the references [31, 32]. Reducing the equivalence ratio, ¢, towards leaner mixtures
decreases the power output dramatically due to the reduced energy release and the
longer combustion period. The influence of changes in compression ratio on the
indicated power output at a constant equivalence ratio is more significant at low
compression ratio values, e.g. changes in the compression ratio, CR, from 10:1 to
12:1 at ¢ = 0.75, increase the indicated power output by 8% while changes from 12:1
to 14:1 under the same conditions produce a 6% change in power output. This is
expected thermodynamically and by the relative increase in friction and heat transfer
from the engine at high compression ratios.

Figure 5.2 shows the corresponding variations of the thermal efficiency with
changes in equivalence ratio for different compression ratios. As expected from the
experimental data [31] for wide open throttle operation, the maximum efficiency
occurs somewhere between an equivalence ratio of 0.8 and 0.85, depending on the
compression ratio and spark timing and whether it is optimized.

Variations of the calculated maximum values of the knock criterion, Kmax, with
changes in equivalence ratio for different compression ratios are shown in Figure 5.3.
The biggest value of the criterion is associated with a stoichiometric mixture condi-

tion, as long as the maximum allowable value for equivalence ratio is not limited by
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Figure 5.2: Variations of the calculated thermal efficiency with changes in equivalence
ratio with methane at 900 RPM, 8,, = 17° BTDC, P, = 87 kPa, T, = 300 K. Stars
and triangles are borderline knock operation and experimental points at C R =8.5:1.

the onset of knock. This is in agreement with the experimental data for similar con-
ditions [57], showing that the knock intensity is highest at a stoichiometric condition.
As can be seen, the equivalence ratio has a very substantial effect on the value of
knock criterion ( Kmax) at borderline knock operations assumed to be associated with
a value around 1.5 for knock criterion Kmax, as shown previously in Chapter 3. A
small increase of equivalence ratio, especially at high compression ratio, can increase

the value of the knock criterion significantly. It indicates that the engine may knock
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Figure 5.3: Variations of the calculated Kmax With equivalence ratio for different
compression ratio with methane at 900 RPM, 8,, = 17° BTDC, P, = 87 kPa,
T, = 300 K. Stars indicate borderline knock operation.

heavily from a knock free operation close to the knock limit with a small change of
equivalence ratio.

Figure 5.4 shows the variations of the equivalence ratio for maximum knock free
indicated power and maximum knock free thermal efficiency with compression ratio
for methane operation at 900 RPM, ,, = 17° BTDC and T, = 300 K. The thick line
indicates the engine operations at borderline knock. The maximum power output

at compression ratios less than 12:1 (away from borderline knock) is produced with
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slightly richer mixture than stoichiometric, while for compression ratios greater than
13:1 which is associated with the knock limited operations, the equivalence ratio
for maximum pOwWer, @max, decreases rapidly. Increasing the compression ratio from
14:1 to 16:1 requires a drop in equivalence ratio from 0.95 to 0.76 to keep the engine
out of knocking region, while keeping the other operational variables unchanged.
The decreasing rate of ¢max accelerates once the engine starts knocking at high
compression ratios. A similar trend can be observed for the variations of equivalence
ratio for knock free maximum efficiency operation. As expected, this equivalence
ratio is associated with lean mixture operation and is between 0.8 to 0.85 for low
compression ratios, but its value can drop to 0.75 at high compression ratios to stay
out of the knocking region.

The corresponding maximum efficiency and maximum power versus compression
ratio at the constant spark timing of 17° BTDC and T, = 300 K are shown in
Figure 5.5. Bold lines indicate the variations of power output and its corresponding
efficiency for maximum power operation. Maximum indicated power increases by
raising the compression ratio up to an optimum value, (CR =13.2: 1 and ¢ = 0.99),
then it drops due to a reduction in the knock free equivalence ratio and consequently
less energy release by the charge, while the corresponding thermal efficiency increases
all the way from a compression ratio 8.5:1 to 16:1.

The curves with the less bold regular lines show the changes of maximum effi-
ciency that can be achieved by this typical engine and its corresponding power output
with variable equivalence ratios at 900 RPM, 6, = 17° BTDC and T, = 300 K. Be-
cause of lean mixture operation (¢ < 0.85), the thermal efficiency is higher than that

for maximum power operation, but the power is much less. Again, the thermal
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Figure 5.4: Variations of the equivalence ratio for maximum indicated power and
maximum thermal efficiency with compression ratio with methane at 900 RPM,
8, = 17° BTDC, P, = 87 kPa, T, = 300 K. Thick line show the borderline knock

operation.
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Figure 5.5: The bold lines show the variations of maximum indicated power with
the corresponding thermal efficiency, while the thin lines show maximum thermal
efficiency and the corresponding power output with compression ratio for methane
operation with varying equivalence ratio at 900 RPM, §,, = 17° BTDC, P, = 87 kPa,
T, = 300 K.
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efficiency increases with increasing compression ratio and approaches that for maxi-
mum power operation at CR = 16 : 1, due to having the same knock limit operation
for both maximum power and maximum efficiency operation. The peak power for
maximum thermal efficiency operation occurs at C R equals to 14.8:1, which is asso-
ciated with a ¢ = 0.81.

Figure 5.6 shows the variations of the indicated power with changes in spark
timing for different compression ratios. The trends emphasize the existence of an
optimum spark timing for maximum power output for any compression ratio. The
corresponding variations of the thermal efficiency with changes in spark timing are
shown in Figure 5.7. A similar trend as that of the indicated power output can
be seen. The influence of the changes in compression ratio is more pronounced
at low compression ratios as expected from a simple fuel air cycle analysis [126].
The optimum spark timing for maximum thermal efficiency is less advanced as the
compression ratio increases due to a lower combustion duration and the onset of
knock.

The variations of Kmax With changes in spark timing at a constant equivalence
ratio of ¢ = 0.9, as shown in Figure 5.8, indicate that there is 2 maximum value
for the knock criterion with respect to changes in the spark timing. When the
spark timing is sufficiently delayed to be very close to TDC, then there would be
insignificantly low reaction activity within the unburned zone during the period of
flame propagation, keeping the value of Kp,, small. When the spark timing is
increasingly advanced, auto-ignition can occur and Kmax increases rapidly at a rate
which depends also on the other operational variables. Advancing the spark timing

yet further, reduces the value of the knock criterion Kmax due to the consumption of
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Figure 5.6: Variations of the calculated indicated work output with changes in spark
timing and compression ratio with methane at 900 RPM, ¢ = 0.9, T, = 300 K,
P, = 87 kPa. Stars indicate borderline knock operation. Triangles and squares show
the experimental points.
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Figure 5.7: Variations of the calculated thermal efficiency with changes in spark
timing and compression ratio with methane at 900 RPM, ¢ = 0.9, T, = 300 K,
P, = 87 kPa. Stars indicate borderline knock operation. Triangles and squares show
the experimental points.
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P, = 87 kPa. Stars indicate borderline knock operation.
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much of the charge through flame propagation before the piston reaches the top dead
center. Meanwhile, advancing excessively the spark timing increases the negative
work due to compression and reduces the power output significantly.

Figure 5.9 shows the minimum spark timing for knock free maximum power
output when operating at a constant equivalence ratio of ¢ = 0.9 for three different
intake mixture temperatures. The thick lines show knock limited operation while

the thin lines are for engine operation far from borderline knock. For borderline
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Figure 5.9: Variation of the optimum spark timing for maximum power with com-
pression ratio for different intake temperatures with methane at 900 RPM, ¢ = 0.9,
P, = 87 kPa. Thick lines show knock limited operation.
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Figure 5.10: Variation of the maximum indicated power with compression ratio for
different intake temperature and MBT timing with methane at 900 RPM, ¢ = 0.9,
P, = 87 kPa.

knock operation, e.g. at T, = 311 K and CR > 12 : 1, the MBT timing variations
with compression ratio can be approximated by a straight line. An increase of one
unit in compression ratio, for T, = 311 K, requires a 3° crank angle retard in the
spark timing. For low compression ratios and for the low intake temperatures shown,
the minimum spark timing for maximum power has almost the same value of around
23° BTDC. The corresponding variations of maximum indicated power are shown in

Figure 5.10, which indicate also the existence of an optimum compression ratio for
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any intake temperature, e.g. around 14:1 for an intake temperature of 300 K. The
power output decreases for compression ratios higher than this optimum value due
to the retarded spark timing for maintaining knock free operation. The changes in
the corresponding thermal efficiency are shown in Figure 5.11. Increasing the intake
temperature moves the location of this optimum compression ratio to a lower value,
mainly because of more retarded spark timing at high intake temperature for knock

free operation.
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Figure 5.11: Variation of the thermal efficiency corresponding to maximum indicated
power with compression ratio for different intake temperature and MBT timing with
methane at 900 RPM, ¢ = 0.9, P, = 87 kPa.
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When the intake temperature is changed independently of other operating vari-
ables while maintaining knock free operation, then the power output will change
mainly due to the resulting change in the mass charge, while thermal efficiency im-
proves with an increase in temperature mainly because of the associated faster flame

propagation (see Figures 5.12 and 5.13). The change in power output shows almost

Indicated Power (kW)

2.0 : : — - :
280 300 320 340 360 380

Intake Temperature (K)

Figure 5.12: Variation of the calculated work output with changes in intake tem-
perature with methane at 900 RPM, P, = 87 kPa, ¢ = 0.9, 8, = 10 BTDC. Stars
indicate borderline knock operation.

a linear relationship with changes in the intake temperature. The corresponding

variation of 0W/0T, with compression ratio, shown in Figure 5.14, indicates that
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Figure 5.13: Variation of the calculated thermal efficiency with changes in intake
temperature with methane at 900 RPM, P, = 87 kPa, ¢ = 0.9, 6, = 10 BTDC.
Stars indicate borderline knock operation.

increasing the compression ratio increases the rate of the reduction in power output
due to an increase in the intake temperature, probably due to the relative increase
in heat transfer with increasing compression ratio and intake temperature.

Figure 5.15 shows the variation of the knock criterion Kpn.« with changes in the
intake temperature. The intake temperature has a very strong effect on the knock
intensity as expected by the exponential dependence of reaction rates on temperature,

while the combustion period varies virtually linearly with temperature. The general
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Figure 5.14: Variation of the calculated 0W/3T, versus compression ratio with
methane at 900 RPM, P, = 87 kPa, ¢ = 0.9, 6,, = 10 BTDC.

trend for Knax with an increase in temperature is to have a small value up to a
certain intake temperature, then it increases rapidly and virtually linearly leading
the engine quickly to the onset of severe knocking.

Figure 5.16 shows a linear variation of the critical intake temperature for produc-
ing borderline knock with compression ratio for the operating conditions indicated.
For example, increasing the compression ratio from 13:1 to 14:1, requires the lower-
ing of the intake temperature from 335 down to 327 K, a drop of 8 K to retain knock

free operation. The corresponding variations in the power output and thermal
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Figure 5.15: Variation of the calculated Kmax with intake temperature for different
compression ratios with methane at 900 RPM, P, = 87 kPa, ¢ = 0.9, 6,: = 10 BTDC.
Stars indicate the borderline knock operation.
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Figure 5.16: Variation of the critical intake temperature with compression ratio
for borderline knock for methane operation at 900 RPM, P, = 87 kPa, ¢ = 0.9,
6,. = 10 BTDC.
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Figure 5.17: The corresponding values of the knock limited power output and thermal
efficiency for critical intake temperature varying with compression ratio, shown in
Fig. 5.16 for methane operation at 900 RPM, P, = 87 kPa, ¢ = 0.9, 6, = 10 BTDC.
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efficiency are plotted in Figure 5.17 showing increasing trends with compression ratio.
If the intake temperature is set sufficiently low to be far from knock limit operation
(say 280 K), then the power output will be higher as shown in Figure 5.12. Thus,
regarding intake temperature, the knock limit operation is not necessarily associated
with maximum power operation. However, the thermal efficiency may increase with

knock limit operation (see Figure 5.13).

5.3 Methane-Hydrogen Operation

Changes in the calculated indicated power output and the corresponding variations
in thermal efficiency with changes in the hydrogen concentration in a binary fuel
mixture of methane and hydrogen are shown in Figures 5.18 and 5.19, respectively.
These results can be seen to be consistent with the experimental trends reported
in reference [127]. Increasing the concentration of hydrogen in the methane in-
creases the engine power output slightly and reduces cyclic variation [128] due to
the resulting faster flame propagation, especially with very lean mixtures. When
the concentrations of the hydrogen added to the methane becomes relatively large,
then the inevitable reduction in the total amount of energy released begins to affect
engine performance and power output adversely. Maximum power output normally
is associated with hydrogen concentrations of 30% to 50% in the mixture for the
specified operating conditions. As an example, the power output for a compression
ratio of 8.5:1 and 40% hydrogen in the fuel mixture (see Figure 5.18) is 2.97 kW,
while for pure methane it is 2.85, showing an increase of 3.4%. Similar trends can

be observed for the thermal efficiency in Figure 5.19.
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Figure 5.18: Variation of the calculated indicated power with changes in hydrogen
concentration for methane-hydrogen mixtures at 900 RPM, ¢ = 0.9, 6. = 17° BTDC,
P, = 87 kPa, T, = 300 K. Stars and triangles show borderline knock operation and
experimental points with C R =8.5:1.
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Figure 5.19: Variation of the calculated thermal efficiency with changes in hydrogen
concentration in methane-hydrogen mixtures at 900 RPM, ¢ = 0.9, 8,, = 17° BTDC,
P, = 87 kPa, T, = 300 K. Stars and triangles show borderline knock operation and
experimental points with CR =8.5:1.
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Figure 5.20 shows the value of the knock criterion Kna., for the same conditions.

At low compression ratios, adding some hydrogen to methane does not change Kmax
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Figure 5.20: Variation of the calculated Kmax with changes in hydrogen concentration
in methane-hydrogen mixtures at 900 RPM, ¢ = 0.9, 8., = 17° BTDC, P, =87 kPa,
T, = 300 K. Stars indicate the borderline knock operation.

significantly up to a certain hydrogen concentration in the methane that depends
on operational parameters. Beyond this value, Knax increases almost linearly at a
rate dependent on compression ratio and other operational parameters. For example

at a compression ratio of 14:1 the addition of a very small amount of hydrogen to

the methane can produce knock, while at a compression ratio of 8.5:1 the engine
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can be run on up to 95% hydrogen in the mixture of methane-hydrogen without
encountering knock. This indicates decreasing tolerance to the presence of hydrogen
in the methane as the compression ratio is increased.

The maximum hydrogen concentration in a methane-hydrogen mixture that pro-
duces a maximum indicated power is plotted in Figure 5.21. Increasing the com-
pression ratio decreases the tolerance to hydrogen in the fuel mixture for maximum
power production. At low compression ratios, far from borderline knock operation,
the hydrogen concentration has a value of around 20%, while for high compression
ratios which are associated with knock limited operation, the allowable volumetric
hydrogen concentration in the fuel drops rapidly until, at around 14:1 compression
ratio, no hydrogen can be present with the methane.

Figure 5.22 shows the maximum power and the corresponding thermal efficiency
that can be produced by the CFR engine by the addition of some hydrogen to
methane at a spark timing of 17° BTDC, equivalence ratio of 0.9 and T, of 300 K.
The rate of relative increase in power output with increasing compression ratio is
higher than that of thermal efficiency. Typically, increasing the compression ratio
from 10:1 to 12:1 for T, = 300 K, while adjusting the hydrogen concentration based
on Figure 5.21 can make an increase of 4.6% in thermal efficiency and 7.6% in power

output.
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Figure 5.21: Variation of the volumetric H, concentration in methane-hydrogen
mixtures with compression ratio for maximum indicated power at 900 RPM, ¢ = 0.9,

6, = 17° BTDC, P, = 87 kPa and different intake temperatures.
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Figure 5.22: Variation of the maximum indicated power and the associated ther-
mal efficiency with compression ratio for different intake temperatures at 900 RPM,
$=0.9, 86, =17 BTDC, T, = 300 K, P, = 87 kPa. H, concentration set either at
borderline knock or at a value to produce maximum power.



125
5.4 Minimum Spark Advance Timing for Best Power

The modeling procedure can be used in principle also to establish the minimum
spark advance timing for best knock free power output (MBT) for any set of oper-
ating conditions instead of resorting to lengthy testing procedures. MBT timing 1s
a function of the operational variables such as equivalence ratio, fuel composition,
etc. [31], and engine design parameters such as compression ratio, combustion cham-
ber shape, bore, type, number and location of spark plugs, etc. The timing is varied
as a function of compression ratio also in the ASTM standard for octane rating of
liquid fuels [122]. This is mainly because the values of the flame speed (and hence
combustion duration) and heating values of different liquid fuels tend to be broadly
similar and also the fact that knock in engines is associated with full load operation
with essentially stoichiometric mixtures. In the case when using blends of methane
and hydrogen as a fuel, assuming that the timing is only a function of compression
ratio is quite unrealistic due to a substantial decrease in the combustion duration as
a result of the faster burning with the addition of hydrogen to methane. For sim-
plicity, based on the preset range of variations in the different operational variables,
the MBT may be assumed to be mainly a function of compression ratio and the
hydrogen concentration in a blend of hydrogen-methane at the following reference

operating condition:
900 RPM, ¢ = 0.9, T, = 300 K and P, = 87 kPa

The variation of the calculated knock free MBT timing with volumetric hydrogen
concentration in the mixture of hydrogen-methane for different compression ratios is

plotted in Figure 5.23. Experimental points are shown for compression ratios 8.5:1
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Figure 5.23: Variation of the knock free MBT timing for different compression ratios
and hydrogen concentration in blends of methane and hydrogen at 900 RPM, ¢ = 0.9,
P, =87 kPa, T, = 300 K. Experimental data are shown.

and 12:1 by triangles and circles, respectively. Good agreement can be seen between
the model values and the corresponding experimental values. It can be seen that
the MBT decreases almost linearly with the increase in the hydrogen concentration
in the fuel for the set of typical operating conditions and the range of compression
ratios considered. The corresponding variations in the indicated power for these
MBT timings with hydrogen concentrations, which are shown in Figure 5.24, are

higher than those of Figure 5.18 due to the use of MBT timing. It can be seen that
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for these operating conditions, the employment of MBT timing, makes the maximum
power output at each compression ratio occurs with pure methane operation, while

increasing the hydrogen concentration decreases power output. It is also to be noted

| Y

Indicated Power with MBT timing (kW)

0 20 40 60 80 100
Concentration of H, in Blend of CH,+H, (% by volume)

Figure 5.24: Variation of indicated power output at MBT timing for different com-
pression ratios and hydrogen concentration in blends of methane and hydrogen at
900 RPM, ¢ = 0.9, P, = 87 kPa, T, = 300 K.

that a compression ratio of 15:1 can produce more power than that of 16:1. This is
mainly due to the relative increase in heat transfer and the employment of somewhat

a retarded spark timing for the higher compression ratio to avoid the onset of knock.

The corresponding variation of the thermal efficiency is shown in Figure 5.25. It
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can be seen that the thermal efficiency using MBT timing increases with compression
ratio, but tends to decrease with the addition of hydrogen to methane because of
less advanced spark timing, causing a delay in the location of peak pressure in the

engine cycle.

Y

1

Thermal Efficiency with MBT timing (%)

0 20 40 60 80 100
Concentration of H, in Blend of CH,+H, (% by volume)

Figure 5.25: Variation of thermal efficiency at MBT timing for different compression
ratios and hydrogen concentration in blends of methane and hydrogen at 900 RPM,
¢ =10.9, P, =87 kPa, T, = 300 K.

The time for auto-ignition of the end-gas for MBT spark timing as a fraction of
the corresponding combustion period is plotted in Figure 5.26 and the corresponding

values of the knock criterion is shown in Figure 5.27. The intensity of knock depends
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Figure 5.26: Auto-ignition time fraction at MBT timing with hydrogen concentration
in blends of methane and hydrogen for different compression ratios and at 900 RPM,

é=0.9, P, =87 kPa, T, = 300 K.
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Figure 5.27: The variation of knock criterion with hydrogen concentration in blends
of methane and hydrogen for different compression ratios and MBT timing at
900 RPM, ¢ = 0.9, P, =87 kPa, T, = 300 K.
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on the total energy released due to the end-gas autoignition and therefore it is related
to the amount of unburned zone mass at the time of end-gas self ignition. These
figures show that, for compression ratios 8.5:1 and 10:1, end-gas autoignition may
occur but since it is at the end of combustion duration, the amount of energy released
is insufficient to produce detectable knock and the value of the knock criterion is less
than 1.5. Auto-ignition of the end-gas at the borderline knock (associated with
Komax = 1.5) tends to occur later on during flame propagation (somewhere between

0.6 to 0.7 of the combustion duration).

5.5 Conclusions and Summary

The effects of changes in operational variables on engine performance tend not to
be straight forward. Some parameters have significant influence on engine perfor-
mance, while others may improve the engine performance at a specific condition,
but undermine it at another set of conditions. The model has been shown capable
of predicting engine performance for different operating conditions such as intake
temperature and spark timing, as well as the effects of changes in some design pa-
rameters such as compression ratio. Hence, it reduces the time and effort for the
design, modification and testing of engines. It also enables a better understanding of
the influence of the different parameters on engine performance and knock intensity.
The following general trends, well established in the literature, can be pointed out

by the application of the model to a relatively limited typical cases:

1. Increasing the compression ratio increases power output, efficiency and the

tendency to knock and its intensity.
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. Increasing the equivalence ratio up to a stoichiometric value increases power
output and the tendency to knock. Maximum thermal efficiency is achieved

with leaner mixtures of equivalence ratio between 0.7 and 0.8.

. Increasing the intake temperature decreases the power output, but increases

the thermal efficiency and the tendency to knock.

. Advancing the spark timing up to a point increases power output, efficiency
and the tendency to knock and its intensity. An optimum spark timing for

maximum power (MBT) may be found for any operating condition.

. MBT spark timing is approximately linearly correlated with the volumetric
concentration of hydrogen in methane-hydrogen mixtures for compression ra-

tios considered.
. An optimum compression ratio may be found to produce maximum power.

. For each compression ratio when employing MBT timing, over a normal range
of engine operating conditions, maximum power corresponds to pure methane

for methane-hydrogen fuel mixtures.

. At a fixed spark timing, the addition of hydrogen to methane may increase
power output up to a certain value of hydrogen in the blend of hydrogen and

methane.

. The thermal efficiency at high compression ratio and MBT timing decreases

with hydrogen addition to methane.



Chapter 6

Borderline Knock Operation

6.1 Introduction

The recent interest in the application of natural gas as an alternative fuel for internal
combustion engines focuses attention on the high-compression ratio piston engine as
a means for the efficient utilization of gaseous fuels for power production. The power
output of these engines is severely limited by the onset of knock. Knock, which is
defined as the abnormal rapid combustion of the end-gas before the arrival of the
turbulent flame front, can impose a serious limit to the overall performance of a
spark ignition engine. There is a need to provide effective guidelines for predicting
the highest limit for acceptable performance output for any spark ignition engine
just before the onset of knock when operating on gaseous fuels. Investigating the
effects of the different operational variables on the performance of a spark ignition
engine at the borderline of knock will help engine designers, developers and operators
to provide a more suitable set of operating conditions for optimum yields from the
engine.

This chapter provides some information about engine operation close to the bor-
derline of knock. A simple procedure will be described to select a suitable set of
operating conditions for a knocking engine to get it out of knock without degrading

engine performance unnecessarily.

132
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6.2 The Effects of Engine Controlling Parameters on the

Performance at Borderline Knock

The literature indicates that generally, for gasoline operated engines, the highest
tendency to knock and hence the octane number requirement peaks at around 5%
rich of the stoichiometric {129, 130, 131]. A similar trend could be observed for a
methane fueled engine from the results of Chapter 5.

Figure 6.1 shows how the calculated critical equivalence ratio (¢ ) for borderline
knock varies with compression ratio for a constant spark timing of 17° BTDC and

three intake temperatures for the CFR engine. The squares show the limit for bor-
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Figure 6.1: Variation of the critical equivalence ratio with compression ratio at

borderline knock for different intake temperatures with methane at §,, = 17° BTDC,
900 RPM, P, = 87 kPa. The squares show the limit for borderline knock operation.

derline knock operation. Increasing the compression ratio and intake temperature
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decreases the critical value for the equivalence ratio. ¢ changes almost linearly with
compression ratio. As a reference for comparison between the influence of different
operational parameters at knock limit operation, the case of 7, = 311 K will be con-
sidered. A drop of 0.1 in the equivalence ratio (almost 11%) is needed for a unit
increase in the compression ratio to maintain borderline knocking state.

The changes in the partial derivative of the knock criterion with respect to equiv-
alence ratio, (%)a_, at borderline knock is plotted in Figure 6.2. The equivalence

ratio is varied as in Figure 6.1. (%%)q. increases with increasing compression ratio
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Figure 6.2: Variation of (0K /9¢) with compression ratio for different intake tem-
peratures with methane operation at 900 RPM, 6., = 17° BTDC, P, = 87 kPa. The
squares show the limit for borderline knock operation.

and temperature, indicating that changing the equivalence ratio has a greater in-
fluence on the tendency to knock at high compression ratios and temperatures, as

expected, due to the associated higher gas pressure and temperature.
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Spark timing has a very strong influence on knock. Advancing the spark timing
produces 2 higher cylinder pressure and temperature which occur closer to top dead
center. The increased temperature of the unburned zone increases the tendency for
autoignition and knock. The spark timing for maximum power at borderline knock

with methane operation at 900 RPM and ¢ = 0.9 is shown in Figure 6.3. It shows
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Figure 6.3: Variation of the knock limit spark timing for maximum power with
compression ratio with methane operation at 900 RPM, ¢ = 0.9, P, = 87 kPa. The
squares show the limit for borderline knock operation.

almost a linear variations of the spark timing with compression ratio for any intake
temperature with higher intake temperatures tolerating less advance. Increasing one
unit in compression ratio requires retarding the spark timing by 2 to 5 degrees of
crank angle depending on the intake temperature, e.g. increasing the compression
ratio from 13:1 to 14:1 at T, = 311 K, requires retarding spark timing by 3 degrees.

Figure 6.4 shows the changes in the partial derivative of knock criterion with
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respect to spark timing with changes in compression ratio at the knock limit. The
spark timing is chosen from the results of Figure 6.3. The increased sensitivity of
the knock intensity to the variations of the spark timing at high compression ratio
and high intake temperatures can be seen.

The type of fuel being used has a well known profound effect on the knocking
tendency of any engine. The behavior of an equivalent blend of methane and hydro-
gen under specified operating conditions has been used as a criterion for describing
the effective knock rating of a gaseous fuel in a manner similar to that employed for
the knock rating of liquid fuels through the octane number [13]. The percentage of
methane by volume in the equivalent mixture of methane and hydrogen is described
as the Methane Number (MN) of the test fuel.

The variation of the knock limited hydrogen concentration by volume in the mix-
ture of methane-hydrogen with compression ratio is shown in Figure 6.5. Increasing
the compression ratio and/or the intake temperature decreases significantly the max-
imum allowable hydrogen concentration in the mixture. At T,=311 K, changing the
compression ratio from 10:1 to 11:1 reduces the maximum hydrogen concentration
from 33% down to 18%, indicating a 45 percent decrease in the hydrogen concen-
tration for a unit increase in compression ratio. Comparing these curves with those
of Figure 5.21 indicates that, for low compression ratios, the onset of knock occurs
at higher hydrogen concentrations than those producing maximum power; but for
high compression ratios, the hydrogen concentration for maximum power is that

associated with the knock limited operation.
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Figure 6.4: Variation of (8K /00, ) with compression ratio with different intake
temperatures for methane operation at 900 RPM, ¢ = 0.9, P, = 87 kPa.
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Figure 6.5: Variation of the knock limit H, concentration in methane-hydrogen mix-
tures with compression ratio for different intake temperatures at 900 RPM, ¢ = 0.9,
8, = 17° BTDC, P, = 87 kPa.
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Figure 6.6 shows the corresponding variations of the partial derivative of the
knock criterion Kmax With respect to the volumetric hydrogen concentration in the
blend of methane-hydrogen at the knock limit ( Kmax = 1.5) with varying compression

ratio. It indicates that the engine, when operating at high compression ratios, cannot
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Figure 6.6: Variation of the partial derivative of knock criterion with respect to
H, concentration in methane-hydrogen mixtures with compression ratio for different
intake temperatures at 900 RPM, ¢ = 0.9, 6,. = 17° BTDC, P, = 87 kPa.

tolerate well the presence of hydrogen in the methane. As confirmed experimentally,
at low compression ratios it tolerates it better. Also, at any compression ratio, higher

intake temperatures increase this intolerance to hydrogen addition.
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The temperature history of the end-gas, as explained earlier, has a strong effect
on the incidence of knock due to its exponential relationship to autoignition. The
value of the intake temperature which represents the initial condition of the end-
gas has a magnifying effect on the temperature-time history. At a compression
ratio of 10:1 in Figure 6.5, changing the intake temperature irom 300 to 311 K,
decreases the knock limited hydrogen concentration from 63% to 33%, emphasizing
a drop of 30% in the hydrogen concentration for an eleven degrees increase of the
intake temperature, which corresponds for this typical case, to having the same
effect as increasing the compression ratio by a unit. Figure 5.16 showed also a
linear relationship between the critical intake temperature and compression ratio for
borderline knock for methane operation. This also confirms an 11 degrees reduction
in the critical intake temperature for a unit increase in compression ratio.

To summarize the results, for the above set of operating conditions, reducing
equivalence ratio by around 0.1 has a similar effect on the critical compression ratio
at borderline knock as retarding the spark timing by 3 degrees of crank angle or
decreasing the hydrogen volumetric concentration in the fuel by 15% or reducing the
intake temperature at a compression ratio 10:1 by 11 K. On the other hand, in terms
of the methane number, increasing the compression ratio by a unit or any of these
mentioned changes in the operational variables requires an increase in the methane

number of the fuel by 15 units.
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6.3 A Simple Approach for Choosing a Set of Operating

Conditions for a SI Engine to Get it Out of Knock

To get an engine out of a knocking state, changes in the operating conditions should
be chosen in the direction of the negative gradient of Kmax- It can be confirmed
mathematically that the negative gradient of Kma.. represents a direction of the
maximum rate of decreasing Kmax [87], which is necessary for eliminating knock
with a minjmum reduction in power output. Consequently, the following equation is
applied to choose the necessary changes in operating conditions when the engine is

knocking to get out of such a condition:

>n OKmax
— < -
Koax — Ko < ; e

where K. is the value of the knock criterion under the initial knocking conditions,

Az; (61)

K. is the value of the criterion at the onset of mild knock (assumed on the basis
of experiments when using 2 CFR engine to be = 1.50) and z; is the value of the
operating variable to be adjusted. Obviously, there are a large number of possible
scenarios that can be followed in adjusting the values of operating parameters to get
the engine out of knock. However, Equation 6.1 can be employed analytically in the
selection of the optimum changes without degrading significantly power output (W)
nor efficiency (n). Meanwhile, the partial derivative of indicated power and ther-
mal efficiency must be considered to make sure that the engine performance is not
degraded unnecessarily.

The partial derivative of the knock criterion, power output and thermal efficiency
with respect to the operational variables for some typical cases from knock free up

to severe knocking operation were calculated and are shown in Table 6.1.
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Table 6.1: The gradient of different operational parameters on engine performance.

Number | z; 74 7 Kax %“’- a%’f 1—%2*‘
(&W) | (%) ' (kW/z;) | (% [z:) | (per i)
1 ¢ 0.9 3.477 | 36.902 | 0.018 2.406 -9.838 0.354
0,: 10.0 0.027 0.277 0.036
T, | 311.15 -0.010 0.004 0.524
CR 15.0 0.032 0.557 0.059
H,% 0.0 0.769 7.568 73.357
2 ¢ 0.9 3.382 | 36.021 | 0.805 2.048 -11.578 { 9.505
0, 10.0 0.013 0.128 0.827
T, | 311.15 -0.011 -0.008 0.226
CR 12.0 0.109 0.783 2.316
H:% | 25.0 0.148 1.034 17.224
3 ) 0.9 3.109 | 34.126 | 0.841 1.679 -11.854 | 4.471
8, 10.0 0.005 0.045 0.293
T, | 311.15 -0.011 -0.014 0.116
CR 10.0 0.166 1.028 1.039
H,% | 50.0 -0.128 -2.044 6.163
4 ) 0.90 | 3.420 | 36.479 | 1.021 2.073 -12.454 | 8.294
0: 19.00 0.006 0.054 0.600
T, | 311.15 -0.012 -0.011 0.189
CR 12.0 0.109 0.790 2.308
H,% 0.0 0.181 1.426 36.982
5 ¢ 0.9 3.529 | 37.434 | 2.482 2.373 -10.666 | 13.333
0, 12.0 0.023 0.230 1.512
T, | 311.15 -0.011 0.000 0.419
CR 15.0 0.031 0.562 4.597
H,% 0.0 0.635 6.148 67.370
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Operating condition number (1) indicates a knock free operation far from border-
line knock. Numbers (2), (3) and (4) are three knock free operating conditions close
to the knock limit and number (5) is a knocking operation. The influence of 2 unit
change in the different operational variables (e.g. spark timing, compression ratio
and equivalence ratio) on engine performance, as expected, is different and varies
depending on engine operating conditions. As was explained earlier, increasing the
hydrogen volumetric concentration in the blend of methane-hydrogen increases the
power output up to a specific amount of hydrogen in the mixture, usually between
40 to 50 percent, then a further addition of hydrogen may result in deteriorating
engine performance (e.g. number (3) in Table 6.1 which has a negative value for
OW/BH,%). As can be seen, the influence of equivalence ratio on the power output
is strong and relatively small changes would affect the power output significantly.
Hence, it would be desirable to keep the equivalence ratio fixed for maximum power
and try to get out of knock, if the engine was knocking, by changing the other operat-
ing variables, to avoid a substantial drop in power. In contrast, the equivalence ratio
has less influence on the thermal efficiency near maximum efficiency operation (see
Figure 5.2). Also, changes in the hydrogen concentration in the fuel may change the
thermal efficiency significantly as explained earlier due to the effect on combustion
duration.

In order to compare the influence of the different operational parameters on the
engine performance, a unique assessment procedure was needed. The value of the
knock criterion Koa, was used for this purpose. It is unsuitable to compare the
influence of each operational variable on the performance by comparing the partial

derivative of indicated power, efficiency and knock criterion with respect to the op-



143

Table 6.2: The influence of changing different operational parameters for one unit
increase in Kmax at knock limit, on engine performance for Example (4) in Table 6.1.

z; a%:‘: AW An -Awl %—,’1

EW) | (%) | (%) | (B)

] 0.121 | 0.250 | -1.502 | 7.3 | -4.1
8(Deg. BTDC) | 1.667 | 0.010 | 0.090 | 0.29 | 0.25
T, (K) 5.201 | -0.063 | -0.058 | -L.84 | -0.16
CR 0.433 | 0.047 | 0.342 | 1.37 | 0.94

H,% (by volume) | 0.027 | 0.005 | 0.039 | 0.14 | 0.11

erational variables because of the significant changes in the power output, efficiency
and knock criterion due to a unit change in some of the operational variables such as
equivalence ratio. The evaluation was based on how much each operational parame-
ter needs to be changed to produce a unit increase in the value of the knock criterion
and how these changes can affect power output and thermal efficiency. The results
are presented in Table 6.2 for the condition of number (4) in Table 6.1. Increasing
the equivalence ratio by 0.121 can increase the value of Kmax as much as advanc-
ing the spark timing by 1.667°, or increasing the intake temperature by 5.29 K, or
the compression ratio by 0.433 or the hydrogen concentration by 0.027. This illus-
trates how some operational variables are more influential in changing the engine
performance and knock intensity than others. At a lean Fuel/Air ratio such as in
this example, any change in the operating parameters, except that of the intake
temperature, to produce higher power would increase the tendency to knock and
its intensity. In contrast, for a naturally aspirated engine, decreasing T, increases
the power output and decreases the knock intensity. Hence, the lowering of intake

temperature is probably one of the best and most effective factors that can help



144

to reduce the tendency to knock while increasing power output. The intake tem-
perature however normally cannot be changed easily, promptly and independently of
other engine variables and cannot be used for transient operation, e.g. for a knocking
engine during acceleration. Note that if a mixture is too lean, decreasing the intake
temperature can reduce the power output due to the long resulting combustion peri-
ods. Hence, its practical use to control the incidence of knock needs to be considered
carefully, especially when turbo-charged operation is considered. Equivalence ratio
has a significant effect on power output, with a lesser effectiveness in changing the
knock criterion value. Therefore, it is less effective to change the equivalence ratio
to get the engine out of knock. Consequently, it is suggested to keep the equivalence
ratio at an optimum acceptable value, e.g. stoichiometric, and try to get the engine
out of knock by changing some of the other operating parameters. Spark timing is
normally the most convenient way, up to a point, to take an engine out of a knocking
state and can be used over a wide range of engine operations, transient or steady.
Changing any of these parameters to improve the engine performance somewhat in-
creases Kmax. Hence, their applicability for knock control is also limited and must
be applied cautiously.

From the above discussion, the operational variables may be ranked as follows in

the order of their suitability for getting an engine out of knock in relation to retaining
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high values of indicated power output and thermal efficiency:

( Operational Variable Power Output Thermal Efficiency )

AT, 1 2
H,% 2 3
05 3 4
CR 4 S
\ ¢ 5 1 )

These results demonstrate that to get an engine out of knock while producing maxi-
mum power, the best operational parameter to be adjusted is the intake temperature
and the worst is equivalence ratio. For maximum knock free efficiency, the best pa-
rameter for adjustment is the equivalence ratio and the worst is the compression
ratio.

Now consider the operating condition number (5) in Table 6.1, which is a knock-
ing condition. To modify operating conditions for a knock free operation, using
Equation 6.1, the following procedure must be carried out. The initial condition is
pure methane operation at 900 RPM, ¢ = 0.9, 6, = 12° BTDC,CR =15.0:1 and
T.=311.15 K with intake pressure of 87 kPa. The negative partial derivative of Kmax
indicates that some hydrogen must be taken out of the fuel to get out of knock. Since
the initial conditions chosen in this case involve pure methane operation, this point
has been satisfied to its limit and the hydrogen concentration has already been taken
out from the set of controlling operational variables. Because of the strong influence
of equivalence ratio on power output, it is kept constant at 0.9. Since decreasing
T, increases power output and decreases knock intensity, making all the necessary

reduction in Kmax through reducing intake temperature is desirable. Hence, the in-
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take temperature should be kept constant at the minimum acceptable value. In this
example, it is assumed that the intake temperature is mainly dependent on the am-
bient condition and cannot be changed. Therefore, the modified negative gradient

vector of the knock criterion K. may be written as:
S = —VKuax = —1.512¢,, — 4.597eGr (6.2)

where ej,, and eGr are the unit vectors in the direction of spark timing and compres-
sion ratio, respectively. S has the maximum rate for decreasing the value of knock
criterion [87]. Consequently, to have a knock free operation, the following equation
must be satisfied.

Keoax — Koo = 2.482 — 1.5 = )|| S| (6.3)

where ) is a scalar multiplier and [|5]| is the norm of vector S with values equal
to 0.203 and 4.84 for this specific example. The modified values for operational or

design variables can be estimated by the following equation:
T3 =Z; + AS (6.4)

where Z; stands for initial set of operational variables and ;3 is modified operational
variables. Using Equation 6.4, the modified set of operating conditions is estimated
as ¢ = 0.9, 8,, = 11.69° BTDC, T, = 311.15 K, CR = 14.07 : 1 and H,%=0.0 which
corresponds to Kma, = 0.01, W = 3.48 kW and = 36.8%. Due to the sensitivity
of the knock criterion at borderline knock to changes in operational parameters, this
answer is good enough for practical purposes and may be used for initial evaluation.

If Equation 6.1 is applied without considering the advantage and disadvantage

of changes in the different operational variables, the performance of the engine may
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be degraded unnecessarily, or would not be physically viable. Having an automated
model to optimize the engine performance without a need for considering these com-
promises is desirable. Such automated optimization models will be introduced in

Chapter 7.

6.4 Conclusions and Summary

A review of the effect of the engine operating conditions on knock limit operation
was presented. The results of this study compared closely with those found in the
literature even though the engine and/or operating conditions were quite different
in certain cases. The following may be pointed out as a guideline on the effect of

various parameters on the knock tendency of a gas fueled spark ignition:

1. Changes in the operational variables have a stronger effect on the engine knock
intensity at high compression ratio and high intake temperature, as confirmed

experimentally.

2. The gradient of Kpax with respect to various operational variable can be used
as a tool for getting a knocking engine out of knock without degrading engine

performance unnecessarily.

3. Changes in variables that have strong effects on both Kmax and power output
should be considered carefully when trying to get out of a knocking situation.
Accordingly it is recommended that the equivalence ratio may be kept constant
at an acceptable value while other parameters are adjusted to get out of knock,

so that the power output would not decrease significantly.
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4. Based on the results, guidelines on the effect of various parameters on the

apparent methane number requirement of the engine are:

[ Operational Variable Gas Fueled Engine )
T, 1.36 MN/K
B4 5 MN/degree
CR 15 MN/CR

\ é 15 MN/1%



Chapter 7

Optimization Algorithms for Engine Performance

7.1 Introduction

Optimization is concerned with achieving the best outcome of a given operation
while satisfying certain restrictions. Human beings, guided and influenced by their
natural surroundings, almost instinctively perform all functions in a2 manner that
economizes energy or minimizes discomfort and pain. The motivation is to exploit
the available limited resources in a manner that maximizes output or profit. For
example, engine designers seek always to maximize power output and/or efficiency.
Douglas Wilde [132] provides an account of the origin of the word optimum and the
definition of an optimum design. He offers the definition of an optimum design as
being “the best feasible design according to a pre-selected quantitative measure of
effectiveness.”

The modern internal combustion engine is expected to satisfy simultaneously a
large number of performance requirements that are dependent in a very complex,
and sometimes uncertain manner, on numerous design and operating variables. Ac-
cordingly, engine designers, developers and operators spend much resources, time
and effort in experimentation and control to bring about a satisfactory compromise
to achieve optimum operation with any fuel.

The phenomenon of knock represents a serious constraint on engine performance

which imposes an operational barrier to the limits of power output and efficiency

149
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of common engines. In the necessary efforts to avoid knock, empirical procedures
based on experience and trial and error are presently followed. These often lead
to engines operating under conditions that are far from those that yield optimum
performance. Clearly, it would be desirable to formulate analytical procedures that
would ensure the achievement of optimum performance features while maintaining
throughout knock free operation.

This chapter describes two analytical approaches for optimization procedures that
can be used together with the analytical model described earlier that models engine
performance and can predict the onset of knock and its intensity. One of the major
difficulties in most of the engineering problems is the existence of some local opti-
mum design configurations comparable to those giving the global optimum solution.
Furthermore, the capability of the instrumentation to control operational parame-
ters in engines is discontinuous and discrete. A suitable technique for considering
the discrete design space with some local optimum configurations is that described
as a ‘genetic’ algorithm [93]. Genetic algorithms are very successful in searching for
a set of operating conditions that are close to the global optimum solution, but they
may have difficulty in converging to the optimum solution itself. To avoid this dif-
ficulty, the genetic algorithm can be combined with a deterministic procedure such
as a Gradient-Based Algorithm. These algorithms are among the most important
methods in the deterministic category, which are very successful in searching for a
local optimum configuration. Therefore, they may be employed to find the best set
of engine operating conditions that are close to an initial setting.

It is shown that such procedures may be employed to indicate the optimum

changes to engine and operating variables for producing maximum power and/or
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efficiency of a gas fueled spark ignition engine in the absence of knock.

7.2 Penalty Function and Optimization

An analytical procedure for optimization can be converted to that of a minimization

approach which may be written in general as:

Minimizing f(@) such that:
FW(@=00 , k=1,...n (11)
g;(£) £ 0.0 , j=1,..,ng

7 denotes a set of design variables or operational parameters in case of engine control,
with components z; where ¢ = 1,...,n. §,(Z) and g;(Z) are equality and inequality
constraints, respectively [87].

The constraint requirements divide the domain of design and operating variables
into two regions, one that is feasible where the constraints are satisfied and the other
that is unfeasible where at least one of the constraints is violated. Often in most
practical problems, the minimum value of the desired function occurs at the boundary
between the feasible and unfeasible regions [133]. In a constrained optimization,
the constraints can be replaced by penalties depended on the extent or degree of
violations of the constraints. This approach replaces a constrained optimization
problem by an unconstrained one, which makes it easier to be formulated. The
penalties associated with the constraint violation have to be sufficiently high that

the constraints are only slightly violated [133]. This method is sometimes referred

to as the ezterior penalty function [87, 88, 133], since penalties are applied only in
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the exterior of the feasible region. The most common penalties function is one which
associates a penalty to be proportional to the square of a violation, which replaces

Equation 7.1 with the following equation as objective function ¥(Z,r):

Minimize  U(Z,r) = f(E)+r D Gu(@) +r < g; >’ (7.2)
k=1 =1
where r = 11,72, ... r; — oo and < g > denotes max(g(Z),0). The positive

multiplier * controls the magnitude of the penalty terms. The minimization must
be started with a relatively small value of , which is gradually increased [133]. A
typical plot of ¥(Z,r) as a function of r is shown in Figure 7.1 for the linear function

chosen as a simple example, f(z) = 4z + 1 with the constraint of z > 3.0. It can be
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Figure 7.1: Exterior penalty function for f(z) = 4z + 1 subject to z 2 3.0.

seen that as r is increased, the minimum of ¥(Z,r) moves closer to the constraint
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boundary. The curvature of ¥ near the minimum also increases. The high values
of the curvature associated with large values of r may lead to numerical difficulties,
particularly for gradient-based algorithms. By using a sequence of increasing values
of 7, the minimum value of the objective function, ¥, obtained for small values of r
is used as starting point for the search to evaluate the minimum with higher r values
which can help in eliminating the associated numerical problems {87, 88, 133, 134].
Also, by this gradual increase of the penalty multiplier =, initially, the constraints
are not penalized severely to permit the algorithm perform a more efficient overall

search to find the global optimum solution [103].

7.3 Genetic Algorithm

Genetic algorithms [93, 135] which are among the most promising optimization tech-
niques are based on the principle of selecting the most appropriate optimum values.
They work with a population of individuals, each representing a possible solution to
a given problem. Each such individual is assigned a fitness score according to how
well it solves the given problem. To translate a problem into a suitable form, a po-
tential solution should be represented as a set of operational and design parameters
(for instance in a spark ignition engine application: compression ratio, equivalence
ratio, spark timing, etc.). These parameters are then linked in a binary string of

values:

(4,CR,6,) = (1,8,15) — 0001 1000 1111

The algorithm is composed of an evaluation procedure, an initializing step and

three operators. These operators work on a population pool of individuals which is
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made up of a number of binary strings of sets of engine operational variables.

Evaluation

The first step in every iteration is to determine how well each set of operational
variables can solve the problem. An external penalty function, as of that explained
in Section 7.2, consisting of the engine performance and violation of the constraints
is used to formulate the constrained optimization problems [87] called the objective

function.

Initiation

In the initiation step, an initial population including N sets of operating conditions
in the form of binary strings is generated by random selection of the individual bits
in a binary string of given length to compose families of strings. Each string rep-
resents a single set of the independent variables such as compression ratio, spark
timing, equivalence ratio, etc. The appropriateness or fitness of each string is then
evaluated and assessed against the objective function (Eq. 7.2), which is to be opti-
mized. The strings in the best families are given favorable weighting in a selection
process whereby pairs of strings are chosen and combined by genetic algorithm oper-
ators selection, crossover and mutation to produce a more suitable set of operational

variables.

Selection

The selection is based on retaining the most successful and fittest solution. The

standard procedure for maximizing the objective function is to define the probability
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of a particular solution survival to be:
N
P, =F[Y Fj (7.3)
1=1

where F; is the scaled fitness of solution j calculated using the following equation:
F = 1/(A+¥5(35,7)) (7.4)

A is a constant defined such that F} always gets a positive value [136].

These probability factors (P,;) are calculated for any individual string and used
to determine which member can exist in a new generation. For example, if the target
is to maximize a function, the strings or operating conditions having higher values
of P.; represent better selections for the foliowing generation. Normally, half of the
population of any generation belong to the previous one and the rest are evaluated

based on the crossover and mutation processes.

Crossover

In the crossover operator, some couples of strings are selected randomly and by
swapping parts of the strings with each other, members of 2 new generation are

formed. As an example, 2 simple one-point crossover is shown as follow:

01001101 — 01001110

01100110 — 01100101

The swapping portion is determined also randomly. Although, the members created
by the crossover are different from their parents, some of their characteristics are

inherited.
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Mutation

To provide insurance against the irrevocable loss of information and hence to main-
tain diversity within the population, a mutation stage is needed. For instance, if
every solution in the population has a “0” as the value of a particular bit, then no
amount of crossover will produce a solution with a “1” there instead. A few strings
are selected randomly and then a bit character is switched to zero or one at a location

which is selected also randomly, e.g.:
01001101 — 01000101

Obviously, although it is possible to produce improvement in fitting with such muta-
tion which cannot be produced by crossover, it is also possible to produce a sudden
deterioration. Therefore, the occurrence of this mutation should be kept at 2 small
probability (2% in our work).

A new population of possible solutions is thus produced by selecting the best in-
dividuals from the current generation and combining them to produce an improved
new set of individuals using crossover and mutation. In essence, by mixing and
exchanging components of better individuals over many generations, good charac-
teristics are spread out through the population. With the view of an optimization
perspective, by randomly generating the initial population, a broad area of search
space can be investigated, and then by retaining and using the more suitable in-
dividuals, the most promising area of this space may be explored and it is in this
sense that the genetic algorithms may more likely come up with the global optimum,
when designed well. After each cycle of selection, the fitness of each family is again

assessed by evaluating the objective function. The cycle then continues into the
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next generation. The process is terminated when convergence is detected or when

the specified maximum number of generations is reached.

7.3.1 Controlling Parameters

An efficient genetic algorithm is considered to be that which has a fast converging
rate to the optimum solution and a high possibility to find the global optimum in a
pre-defined domain. The efficiency of 2 GA is highly dependent on the values of the

algorithm control parameters. These parameters are:
e the population size N
e the crossover probability P,
e the mutation probability Pn

De Jong [137] made some recommendations based on his observations of the
performance of genetic algorithms on five optimization problems included examples
with difficult characteristics such as discontinuities, high dimensionality, and noise.

His work suggested that setting of:
(N, P., P,) = (50,0.60,0.001)

would give satisfactory performance over a wide range of problems.
Grefenstette [138] went one stage further and used a genetic algorithm to optimize

these parameters for a test bed of problems. He concluded that:

(N, P., Pa) = (30,0.95,0.01)
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resulted in the best performance when the average fitness of each generation was

used as the indicator of optimum solution, while:
(N, P., Py) = (80,0.45,0.001)

gave rise to the best performance when the fitness of the best individual member in
each population was monitored. The first one is used when it is meant to search for a
generation with good performance spread all over its members, while the second one
is for finding an optimum individual solution with the best performance. Of course,
the later is the more usual performance measure for optimization routines.

In general, the population size should be no smaller than 20 or 30 whatever the
problem being tackled and for problems of high dimensionality larger population
size (of the order of hundreds) is more appropriate. Since the controlling parameters
are problem dependent, it is recommended that the code developer should check
and find suitable values for GA parameters based on the nature of his problem and
computational facilities available to him.

In order to find a suitable set of controlling parameters for genetic algorithm to
optimize the engine power output and/or efficiency with a reasonable computational
time, some runs of the computer program were carried out with different operating
conditions for different values of GAs controlling parameters. Figure 7.2 shows the
progress in reducing the objective function of the best individual within each popu-
lation and the average fitness of each generation for one of these typical examples.
The difference between these two measures is indicative of the degree of convergence
in the population. As explained earlier, in many applications GAs locate the neigh-

borhood of the global optimum efficiently yet they may have problems, sometimes,
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Figure 7.2: Variations of the objective function and the average fitness in each pop-
ulation with the number of generations.

converging onto the optimum itself.

Increasing the population size N increases the possibility of finding the global op-
timum solution, but with a drawback of increasing the computational time. A typical
variation of the minimum objective function, for a similar optimization problem, with
generation number for two different population sizes are plotted in Figure 7.3. As
can be seen, changing the population size from 20 to 40 cannot make a significant
improvement in the GA algorithm performance for our engine problem. The same
calculations were carried out for different values of N, P. and P, to find suitable val-
ues for these parameters with a reasonable calculation time. At last, from the results,

the following set is chosen as the controlling parameters for the application of the
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Figure 7.3: Variation of the objective function with the number of generations for
two different population size.

GA algorithm to the optimization of spark ignition engine performance problems.

(N, P., Pa) = (20,0.5,0.02)

7.3.2 Formulation of the GA Procedure for Engine Application

Since there is no experimentally formulated relationship that can link all the major
operating and design parameters, optimization of engine performance is only possible,
if applied to an analytical model such as the one described earlier. The objective of
the procedure is to search for an operating condition of maximum power or efficiency
without the onset of knock. There are many factors that control the power output
of a spark ignited engine. However, it can be assumed that the main variables

controlling the engine power output with some hydrogen present in the fuel are
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equivalence ratio ¢, compression ratio C'R, spark timing 6., intake temperature T,
and the concentration of hydrogen in the binary fuel mixture H,%. The optimization
problem can be defined as minimizing the following function of optimum power

output:
f(Z) = f(¢,CR, 804, T,, Ho%) = 1/ W (7.5)

or in relation to optimum thermal efficiency:
f(&) = f(¢,CR,84,T,, H2%) = 1/ (7.6)

where W and 7 are the indicated power output and thermal efficiency at any operat-
ing condition, which can be derived from the two-zone model described in Chapter 3.

The knock free operating condition brings a constraint to the optimization prob-
lem on the value of the knock criterion, assumed to have a value at the knock limit
around 1.3, 1.e.:

Kmin S Kmax(éa CR7 ostv To1 H2%) S 1.5 (7.7)

Since the values of these chosen variables cannot be varied in practice indiscrim-
inately, permitted ranges for these operating variables are assigned based on ex-
perience and the specific requirements of the situation. These will represent the

additional constraints to be considered.

CRupin < CR < CRpa

< 6, <8 (7.8)

Stmax

Tomin S T° S Tomsx

H,, < H% < H,,,,
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The approach described in Section 7.2 is used with the optimization problem
converted to that of minimization of the unconstrained objective function shown in
Eq. 7.2. Since all these operational constraints are inequality constraints, the term
3 32(Z) in the equation becomes zero and the objective function is reduced to the
minimization of:

U@ ) = f@E) 473 < g -2 (7.9)

1=1
where £ = &(#, CR, 8., T, H2%) is the vector of operating condition. The penalty

multiplier; » = 1,73, ...,7 — o0 and < g; >= max(0,g;) when j =1,2,...

7.3.3 Results of the Application of Genetic Algorithm Only

The lower limit for Kmax is chosen 1.3 to make sure the algorithm search for the

maximum power on the verge of knock, i.e.:
1.3 < Kmax(8st, 6, H2%,CR) < 1.5 (7.10)

The permitted range of the operation condition, for the variables chosen, were as-

sumed to be as:

00< 6, <300 (degrees BTDC)
06< ¢ <10
0.0< H% <200 (7.11)

12< CR <17

The results of applying the above genetic algorithm to some typical examples
involving a single cylinder spark ignited CFR engine when operating at full throttle

on methane and hydrogen under ambient pressure are presented in the following.
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Engine speed and intake temperature are assumed to be constant at 900 RPM and
311 K.
Example 1: In this example, the operating variables are assumed to be spark tim-
ing, equivalence ratio, compression ratio and hydrogen concentration in the fuel that
can be varied within the ranges specified in Eq. 7.11. Maximum power output was
predicted to be produced at 4,, = 20° BTDC, ¢ = 1.0, H,%=0 and CR =134 :1,
associated with Kpax = 1.449, W = 3.69 kW and n = 42.7% through the employ-
ment of this procedure, just before the onset of knock. Any further changes to
these operating conditions will result either in a loss of power or a violation of the
imposed constraints, in the form of an unacceptable value for Kmax, indicating an
onset of knock, or an unacceptable value for the set of operating parameters. Max-
imum efficiency can be achieved when operating parameters are chosen such that
8,. = 23° BTDC, ¢ = 0.64, H,%=18 and CR = 13.75 : 1, corresponding to cal-
culated values of Kmay = 1.375, W = 2.68 kW and n = 46.5%. It indicates that
maximum power is associated with pure methane operation at a stoichiometric condi-
tion mainly as a result of the higher volumetric energy content of methane compared
to that of fuel mixtures of hydrogen-methane. As expected, a lean hydrogen-methane
mixture can provide a superior efficiency due to a faster lame speed and less fuel
consumption in comparison to that of pure methane with stoichiometric mixture.
Figure 7.4 shows the variations of maximum power output with changes in the
molar hydrogen concentration in the fuel mixture for a range of compression ratios
and MBT spark timing shown in Figure 7.5. Hydrogen addition to methane at
MBT timing for compression ratios less than 14.5:1 decreases power output, indicat-

ing that maximum power at a low compression ratio is associated with pure methane
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Figure 7.4: Variation of the maximum power output with compression ratio and
hydrogen concentration in the blend of hydrogen and methane at 900 RPM with
MBT spark timing, ¢ = 1.0, P, = 87 kPa, T, = 311 K.

operation, which is confirmed by the results of Example (1). Adding a small amount
of hydrogen to methane at high compression ratios (higher than 14.5:1) causes auto-
ignition and knock in the engine. To avoid this, the spark timing has to be retarded.
Hence, a decrease in power output can be observed. Increasing the hydrogen con-
centration in the fuel to higher than 20% by volume may improve power output as a
result of faster flame speed. The maximum power for optimum operating conditions
of Example (1), shown in Figure 7.4 by a triangle, emphasizes the success of the GA
algorithm in finding an operating condition close enough to optimum solution while
satisfying all the required constraints.

Example 2: In this example pure methane operation is investigated. The acceptable
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Figure 7.5: Variations of the MBT timing for different compression ratios and hy-
drogen concentration in blends of methane and hydrogen at 900 RPM, ¢ = 1.0,
P, = 87 kPa, T, = 311 K.

values for compression ratio, equivalence ratio and spark timing are assumed to be

as of Eqgs. 7.11. The power output and efficiency are to be maximized. The results

of the optimization procedure for the power and efficiency are the following:

b & CR  Kmax W(EW) 7(%)
Maz. Power : 18 0.98 14.10:1 1.497 3.68 43.3
Maz. Effi. : 23 0.76 14.45:1 1.353 3.09 45.7

Comparing the results of Examples (1) and (2) shows that although the operating

parameters for maximum power are slightly different, the maximum power output
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has almost the same value. The results for maximum thermal efficiency show that
running an engine on only methane, instead of hydrogen and methane required for
attaining maximum efficiency, changed the equivalence ratio from 0.64 to 0.76 and
increased the compression ratio from 13.75:1 to 14.45:1. Note that the maximum
efficiency decreased with pure methane operation compared to that of hydrogen-
methane for the conditions defined for these typical examples.

Example 3: The objective of this typical example is to maximize the power output
for methane operation while introducing two constraints for the values of the knock

criterion and thermal efficiency such as:

1.3< Kpax <15

n 245

The permitted ranges for the operating parameters are assumed to be those of
Egs. 7.11. The optimum set of operating parameters to maximize power output
while satisfying both the constraints on knock criterion Knax and efficiency is found
to be as 4, = 22° BTDC, ¢ = 0.84 and CR = 13.75: 1, which is associated with
Kpax =147, W = 3.33 kW and = 45.13%, indicating that the algorithm was
successful in finding an optimum operating condition within the acceptable range of
operating parameters and satisfying the imposed constraints, if it is physically possi-
ble. Of course, any other set of operating parameters will produce either less power
or unacceptable values for the required knock criterion and/or thermal efficiency. If
it is not possible to have some of the pre-selected constraints, for example if thermal
efficiency is chosen to be greater than 60%, then the algorithm will not be able to

find a set of operating condition satisfying all the impose constraints and converge
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to a proper solution.

7.4 Gradient-Based Optimization

One of the simplest methods to minimize the objective function ¥(Z,r), with a
deterministic algorithm, is to use the negative value of its gradient in calculating
the direction for minimizing the function (87, 133]. This gradient-based algorithm
has two-phases, search direction and step size determination. After determining the
search direction, the step length can be determined in a one-dimensional minimiza-
tion problem. To search for the minimum, Cauchy’s Steepest Descent Method [139]
for solving a system of linear equations, can be used. To improve the convergence
speed, it may be combined with quadratic programming [87]. The following is a
short and brief description of these two search methods. The reader is referred to

references [90, 91] for more details.

7.4.1 Search Direction(First Order Methods)

First order methods for unconstrained minimization of a function Y(Z) uses the
gradient of the function as well as its value in calculating the move direction for
the function minimization. These methods possess a linear or a superlinear rate of
convergence [133].

Perhaps the oldest known method for minimizing a function of n variables is the
steepest descent method first proposed by Cauchy [139] for solving a system of linear

equations. It is described by the following steps:

1. Set the iteration number i equal to zero and start with an initial value for
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design operation vector Z.
2. Calculate the gradient of Y (Z).

3. Calculate § = —VY(Z) as search direction toward the minimum of Y(Z). It is
needed, because the negative of the gradient of any function has the maximum
rate toward decreasing that function {87]. If the norm of S, 151, is less than a

termination criterion e, then stop.

4. Calculate 5= s

5. Calculate the new design operational variables as z;31 = Z; + A5, where A 1s a
step size such that Y(Z) is minimized along the chosen direction by using any

one of the one-dimensional techniques.

6. Set i = 1+ 1 and repeat from step 2 until reaching the minimum of the function

Y(Z) by satisfying the termination criteria in step 3.

Figure 7.6 shows the procedure of finding the minimum of a one-dimensional
problem, using the above method. A similar procedure can be followed for a multi-

dimensional problem.

7.4.2 Quadratic Programming

The steepest descent methods described in the previous section, needs a small value
for ), therefore it needs a long computational time for finding the minimum of the
function Y(Z). In order to reduce the number of iterations required for finding the
minimum of the function Y(Z), a quadratic procedure is added to the model. In

this procedure, instead of trying to find the minimum of a function only by line
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Figure 7.6: Line search method in a one-dimensional problem.

search, three points in the acceptable interval will be found by using the line search
method (Section 7.4.1) in such a way that a minimumis located between them. Then
a quadratic function is fitted to these three points. The minimum of this quadratic
function, which can be found analytically, is accepted as the minimum of Y(Z).

A quadratic interpolation procedure starts with an interval of uncertainty [z1, z3)
and a point z, such that z; <z, < z3 and Y(z2) < Y(z1), Y(z2) < Y(z3) (see
Figure 7.7 ). The quadratic approximation g(z) = az’? + bz + cis constructed so that
it coincides with Y(z) at the three points, that is ¢(z:) = Y(z:), 2 =1,2,3. Thus, 2

uniquely defined parabola is fitted in the bracket [z;, z3] that is guaranteed to have
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Figure 7.7: Quadratic interpolation.

a2 minimum at the point.

. 1(z} — )Y (1) + (2] — 2})Y(22) + (2] — 23) Y (z3)

tT2 (z2 — z3)Y (z1) + (23 — 1)V (22) + (21 — 22)Y (23) (7.12)

The point % will be used instead of z;, z2 or z3 for a new bracket and a new
interpolation. This procedure will be repeated until the value of £ converges and its

consequence change becomes smaller than a termination criterion.
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7.4.3 Application of Gradient-Based Algorithm

As explained earlier, the objective was to find the best performance output of the
engine without encountering knock which often is associated with being on the verge
of knock. That is to search for an operating condition for maximum power or effi-
ciency just before the onset of knock. The procedure can be used not only to choose
a suitable operating condition for a knocking engine to get out of knock, but also to
modify operating conditions for a knock free engine to produce better performance.

For example, it can be assumed that the main variables controlling the power
output of a spark ignited methane fueled engine with some hydrogen addition which
can be varied independently of each other are equivalence ratio ¢, compression ratio
CR, spark timing 0., intake temperature T,, and the concentration of hydrogen
in the mixture of hydrogen and methane H,%. The optimization problem can be

defined as minimizing the following function:
fl(i) = f1(¢1 CR7 03t7 To, H2%) = Wo -W (713)

where W, is the initial indicated power output at the initial engine operating con-
dition, which can be estimated by the genetic algorithm described in Section 7.3 or
can be set by the engine designer/developer based on his experience, and W is the
indicated power output at any operating condition. The constraints are assumed
to be as of Equations 7.7 and 7.8. Therefore, by minimizing fi(Z), the maximum
possible power out close to the initial setting can be derived.

Accordingly, to obtain the desired solution, the following steps were carried out:

1. An initial value for i = (¢, CR, 84, To, H2%) and a relatively small value for

the penalty multiplier 71, e.g. 10, were chosen. This initial setting can be the
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outcome of the application of the genetic algorithm described earlier.

2. g;(£1) and fi(1) were calculated from Egs. 7.7, 7.8 and 7.13. Then ¥(z1,71)
was calculated from Eq. 7.9.

3. The gradient of ¥(Z,r) with respect to the specified variables Z was calculated
by changing just one parameter at a time and keeping the others constant and
repeating step (2).

4. The direction of the search for a minimum value of the objective function ¥

V¥ (Z,r

was calculated by using 5= —GgEHT-

5. A new operating condition associated with £ could be evaluated by Z = z1+As.
A value for A to minimize ¥(Z,r), called A\*, was found using the steepest
descent method and a quadratic algorithm. Then, a new set of operating

variables was calculated by z; = £ + A*S.

6. Steps (2) to (5) were repeated until |[V¥|| < ¢, where € is 2 small number

considered an acceptable termination parameter.

7. If the penalty multiplier » was not large enough, it was changed to a larger value

and steps were repeated, until the results converge to the required accuracy.

It is evident that this approach involving the combustion and knock engine model
together with the optimization algorithms requires extremely large computational
time even for local optimization. For example, each run on an IBM RS 6000 R30
computer operating under AIX system, which was available to us, took 1 to 2 weeks
to reach the results! Accordingly, this approach at this stage, can be applied to

engines at the design or operational modification stages only.
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7.4.4 Results and Discussion of the Application of Gradient-Based Al-

gorithm Only

Gradient-Based Algorithm may be applied alone to search for an optimum operating
condition close to an initial setting, e.g. finding a knock free operating condition close
to a knocking state. The results of applying this procedure to five typical examples
involving a single cylinder spark ignited CFR engine, when operating at full throttle
on methane at constant speed under ambient pressure, are summarized in Table 7.1.
The permitted operating conditions, for the variables chosen, were assumed to be in

the following ranges:

00< 8, <300  (degrees BTDC) (7.14)

280< T, <330 (kelvin)

In Examples (1) and (2) the power output of the engine was to be improved
by modifying only the equivalence ratio and spark timing while maintaining the
compression ratio and intake temperature constant. Example (1) shows for a typi-
cal knock free engine condition, that advancing the spark timing by 10 degrees for
a stoichiometric mixture, the power output can be increased by 10.6% just before
the onset of knock. Example (2) relates to a knocking engine. If the spark timing
is retarded by 4.75 degrees (from 23° to 18.25° BTDC) and the equivalence ratio
increased from 0.8 to stoichiometric operation, the engine not only can get out of
knock but also can produce an increase of 15% in its power output. The correspond-

ing variations with the number of iterations of the objective function, ¥, for these
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Table 7.1: Some Typical Results for Methane Operation Showing Initial and Opti-
mized Conditions. 1.0.C. stands for Initial Operating Condition and M.O.C. is for
Improved Operating Condition.

No. @ CR O To | Kmax | W

(BTDC) | (K) (kW)
1 | 1.O.C. | 1.0 15.0:1 5.00 300.0 | 0.001 | 3.36
M.O.C. [ 1.0 { 15.0:1 15.36 | 300.0 | 1.488 | 3.72
2* 1 1.O.C. [ 0.8 14.0:1| 23.00 |300.0]|1.697 | 3.22
M.0.C.|1.0|14.0:1 | 1825 |300.0]1.480| 3.71
3 | LO.C. | 1.0 15.5:1 10.00 | 300.0 | 0.003 | 3.56
M.O.C. | 1.0 | 16.0:1 12.68 1299.1 | 1.397 | 3.70
4* | 1.O.C. | 1.0} 17.5:1 10.00 | 300.0 | 5.910 | 3.68
M.O.C. | 1.0 | 15.9:1 13.11 | 298.9 | 1.500 | 3.72
5* | 1.0.C. | 1.0 16.0:1| 27.00 |280.05.078 | 4.15
M.O.C.|1.0|14.1:1 | 26.24 |280.1|1.500 | 4.04
* : a knocking condition

two examples, are shown in Figure 7.8.

Since the initial operating condition for Example (1) was a knock free condition
in a feasible region, the objective function had a low value at the beginning. It
then increased to some high value due to the violation of the constraints, and then
decreased to some lower value as compared to the initial one and finally ended
up with a knock free operating condition with better performance than the initial
operating condition. But, in case of Example (2), which involved a knocking engine,
the objective function had a high value at the beginning and after some fluctuation it
decreased to a low value with a knock free operating condition within the acceptable
ranges of operational parameters.

Figure 7.9 shows the calculated variation of indicated power with spark timing
for stoichiometric methane operation at two compression ratios of 14:1 and 15:1. The

circles show the indicated power output of the initial operating condition (I1.0.C.)
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Figure 7.8: Variations of the objective function with iteration number for Examples
1 and 2.

and the modified operating condition (M.0.C.) of Example (1) in Table 7.1. The
corresponding data of Example (2) are shown with triangles. This figure indicates
clearly how well the described algorithm can find an operating condition that is close
enough to the optimum solution while satisfying all the required constraints.

In Examples (3), (4) and (5) of Table 7.1, the operational variables were varied
subject to the limiting values of Equation 7.14. Example (3) relates to a non-knocking
engine. The results of the optimization calculation show that the compression ratio
can be increased by 0.5 and the spark timing can be advanced by 2.7 degrees, without
encountering knock to improve the power output by 3.4%. Example (4) relates to a

case involving a knocking condition. The application of the optimization procedure
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Figure 7.9: Variations of the indicated power and knock criterion with spark timing
and compression ratio for methane operation at 900 RPM, T, = 300 K and ¢ =1.0.

produces a further improvement in power output while getting out of the knocking
situation. In this case, the reason that the algorithm did not select the lowering
of T, to the minimum possible assigned value, 280 K, which would have obtained
yet higher power output, is that convergence usually takes place towards the closest
local optimum point and not necessarily to the global one. To overcome this feature,
it is suggested that the initial value for each of the main variables chosen such that

maximum indicated power is produced by each of them individually. In Example (5),
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the initial value for compression ratio was chosen at the maximum acceptable one,
16, spark timing around 27° BTDC which is close to the optimum spark timing for
power output when only spark timing is changed, and the intake temperature at its
minimum acceptable value of 280 K which would represent a strongly knocking situ-
ation. After applying the optimization procedure, the resulting optimum operating
conditions for a non-knocking condition are CR = 14.12, 6, = 26.24° BTDC and
T, = 280.14 K, which produce a reduction in power output down to W = 4.04 kW.
Any further changes to these operating conditions will result in an unacceptable
value for Kopax, indicating an onset of knock, and/or loss in power output.

In normally aspirated engines, the intake temperature is usually dictated by at-
mospheric conditions and its value cannot be varied readily. Moreover, changes in
the compression ratio can be made at the design stage but normally for operational
engines they are limited to relatively small changes such as those resulting from
changes in thickness of the cylinder head gasket. Variations in equivalence ratio,
spark timing and fuel composition (the percentage of hydrogen in this case) can
be accomplished normally more easily. Hence, in another set of examples for the
application of this optimization procedure, the following variables and limits were

assumed:

06 ¢ <10
00< 64, <250 (deg. BTDC)
00< H% <200

CR-03< CR <CR+03

Table 7.2 shows the results for two typical examples. In the first example, a
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Table 7.2: Some Typical Results of the Optimization Procedure for Mixtures of C H,
and H, at 900 RPM and T, = 300 K. I.O.C. and M.O.C. stand for Initial Operating
Condition and Improved Operating Condition, respectively.

No. ¢ CR Ose H% | Kmax | W
(BTDC) (kW)
1* | I.O.C. | 0.80 | 14.00:1 | 23.00 10.0 | 5.596 | 3.26
M.O.C. | 0.71 | 14.06:1 | 21.82 7.43 | 1.496 | 2.90
2 | 1.O.C. | 1.00 | 14.00:1 18.00 0.00 | 1.332 | 3.71
M.O.C. | 1.00 | 14.25:1 18.00 0.00 | 1.485 | 3.73
+ denotes a knocking condition.

severely knocking engine is taken out of knock by 2 combination of reducing the
equivalence ratio, a small increase in its initial compression ratio, retarding slightly
the spark timing and adding 7.4% hydrogen to the methane, while reducing the
power output. The second example indicates an initially non-knocking situation
when its power output is further increased slightly through a small increase in the

compression ratio while retaining the non-knocking status of the engine.

7.5 Modifying the Results of Genetic Algorithm with a

Gradient-Based Algorithms

As explained earlier, the genetic algorithm is efficient in finding an optimum solution
close to the global optimum one, but may have difficulty to converge to the optimum
value itself, while the gradient-based algorithm is successful in searching for the
closest optimum solution for an initial setting. Hence, if these two algorithms are
linked together, the searching for a global optimum solution will be more efficient.

In the following example, the operating variables are again assumed to be spark
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timing, equivalence ratio, compression ratio and hydrogen concentration in the fuel.
Except for that of hydrogen concentration, the acceptable ranges of the operational
variables are as of Eq. 7.11, except for the hydrogen concentration which can be varied
between 0% to 80% by volume. The constraint for the knock criterion is assumed
to be 1.3 < Kmax < 1.5 (Eq. 7.10). The intake tcmperature is assumed to be 300 K.
The maximum power output is predicted to be produced at 6, = 4° BTDC, ¢ = 1.0,
H,%=31 and CR = 15.5 : 1, associated with values of Kmax = 1.35, W = 3.91 kW
and n = 36.20% through the employment of the genetic algorithm after more than
200 generations.

Having the output of the application of genetic algorithm as an initial guess for
the gradient-based algorithm, the optimum operating condition for the engine is
estimated as 4,, = 4.1° BTDC, ¢ = 1.0, H,%=31.25 and CR = 15.50 : 1, which is
corresponding to Kpax = 1.49, W = 3.912 kW and 7 = 36.23%. This shows a little
further increase in power output and thermal efficiency and shows how the genetic
algorithm is successful in searching for global optimum operating conditions. Since
the genetic algorithm was allowed to perform many iterations and get closer to the
global optimum, the application of the gradient-based procedure did not produce a
big change in the estimated optimum operating condition.

The real benefit from combining the two optimization algorithms is reducing the
computation time. The gradient-based algorithm is faster than the genetic algo-
rithm in converging to the optimum solution. In the following example, there are
three constraints on the knock criterion, minimum acceptable thermal efficiency and
maximum peak pressure in the cylinder. It was tried to find the maximum power out-

put from the engine in the same acceptable operational variables as of the previous
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example, with the following constraints:

1.3< Kpax £1.5

38%

IN

n

Poax < 6(MPa)

To reduce the computational time to almost half, the optimum operating condi-
tion found by the genetic algorithm after 80 generations is used in the gradient-based
algorithm approach. These initial and modified operating conditions by the gradient-

based algorithm are shown in the following:

é CR 6. Hy Kuw W 1 Pou |
(BTDC) (%) (kW) (%) (MPa)
1.O.C. from GA 0.760 15.00:1 8.00 24 0.12 3.25 38.23 4.10

M.O.C. by GB 0.814 15.52:1 8.01 20 1.50 3.45 3823 4.34

This indicates the success of the above optimization procedures in finding an op-
timum solution in a reasonable computational time, while satisfying all the imposed

constraints.

7.6 Conclusions

The optimization algorithms developed in association with the simple two-zone
model, describing the combustion processes in a spark ignition engine fueled with
methane and capable of generating important performance parameters and testing

for the occurrence of knock and its intensity, appear to be powerful tools for selecting
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the optimum operating conditions of a spark ignition engine while satisfying some
imposed requirements. The specific examples corsidered, showed that maximum
power can be achieved with pure methane operation at compression ratios around
14:1 when operating at MBT timing and chemically correct mixtures, while maxi-
mum efficiency is associated with lean hydrogen-methane operation. The addition of
some hydrogen to methane allows for higher efficiency but with a lower compression
ratio compared to that of pure methane. Furthermore, a solution that is closer to
the global optimum can be obtained by selecting initial operating conditions for a
gradient-based algorithm either from the output of the genetic algorithm or such
that maximum power is produced by each of the operational variables individually

followed by application of the gradient-based algorithm.



Chapter 8

Knock Rating of Gaseous Fuels

8.1 Introduction

Knock which is encountered usually with high load operation of spark ignition en-
gines, is one of the main acknowledged barriers to the improvement of engine effi-
ciency and power. It is believed to be caused mainly by autoignition of the unburned
mixture in the end gas. The onset of knock involves exceedingly rapid combustion
of the gaseous fuel-air mixture. It is associated with increased heat transfer to the
cylinder walls, excessively high cylinder pressure and temperature levels, which can
be destructive when persisting to engine components, particularly the piston.

One of the most important factors is the fuel resistance to knock. The terms
‘knock limit’ and ‘knock rating’ need to refer to a specified engine and defined engine
operating conditions. There have been a number of attempts to establish standard
procedures for knock rating of fuels in the past such as through the use of the “octane
number” and “methane number” [13, 61, 140]. However, these tend to be entirely
empirical and there is still a need to develop more reliable and more widely applicable
procedures for knock rating of fuels, especially of the gaseous type.

This chapter provides a comparison between two different knock rating procedures
proposed for gaseous fuels in the past. One procedure is based on the use of mixtures
of hydrogen and methane and the other involves the use of normal butane and

methane as reference fuels for knock rating in a CFR engine. Blends of ethane-

182
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methane and propane-methane are also considered.

8.2 Background

The motor octane number (ON) is defined primarily by the standard ASTM proce-
dure for knock rating of liquid fuels. It uses iso-octane (2, 2, 4 trimethyl pentane)
and n-heptane as the reference fuels, where a 100 percent iso-octane equals “100 ON”
and 100 percent n-heptane equals “zero ON”. The lesser known methane num-
ber (MN) scale [61] is based on the molar percentage of methane in 2 methane-
hydrogen fuel mixture, with a “100 MN” being given for neat methane and “zero MN”
for pure hydrogen. A methane number is usually assigned to a gaseous fuel on the
basis of the percentage by volume of methane in a blend of hydrogen and methane
that exactly mé.tches the knock intensity of the unknown gas mixture under a spec-
ified set of operating conditions in a knock testing engine. In contrast, the butane
number (BN) method [13] is based on molar blends of methane and butane with neat
methane equal to “zero BN” and “100 for pure butane”. Table 8.1 is a listing of the
corresponding knock rating according to these differing methods for C; to C4 normal
paraffins, which make up most of natural gases and represent the major contributors
to the combustion characteristics of the natural gas.

Leiker et. al. [61] developed the methane number experimentally and provided
a correlation to predict the methane number of a gaseous fuel from a knowledge of
its composition. Ryan et. al. [13] examined different knock rating methods, such as
the methane, butane and octane numbers and indicated the existence of a linear re-

lationship between octane number and methane number. They suggested that “The
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Table 8.1: Knock rating for C; to C4 normal paraffins.
Data from reference [13].

Gas Formula | Motor Octane No. | Methane No. | Butane No.
Methane CH,4 122 100 0.0
Ethane C.Hs 101 44 7.5
Propane CsHg 97 34 10
Butane C4H1o 89 10 100

Table 8.2: CFR/RDH engine operating conditions for methane number rating.
Data from references {13, 61].

Engine Parameter | Set Point
Equivalence Ratio 1.0
Speed 900 RPM
Spark Timing 15° BTDC
Intake Temperature 21° C

methane number appears to be the the best choice for rating the knock sensitivity
of natural gases”. Their tests were carried out at a constant spark timing and their
results were based on the critical compression ratio for the knock limit. Their test
conditions for the methane number rating procedures are listed in Table 8.2 for a
naturally aspirated engine. A linear relationship was found between the methane
number and the compression ratio for the specified test procedure.

Another procedure, which is used widely by researchers, is to use variable spark
timing and to present the results based on either the knock limited spark tim-
ing (KLST) for each compression ratio [60] or the knock limited compression ra-
tio (KLCR) for a preset variable spark timing as a function of compression ratio [57].
These types of procedures are closer to the real engine operations, since usually op-

erating conditions are chosen such that the engine produces maximum power.
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8.3 Test Procedure

For the variable spark timing procedure followed in this investigation, the tests were
carried out with constant values of compression ratio of 8.5:1 and 11:1 for equiva-
lence ratios of 0.8 and 1.0. After setting the fuel composition and mixture strength,
the spark timing was changed to the point of borderline knock. The results, there-
fore, can be presented in the form of knock limited spark timing against volumetric
concentration of the additives (hydrogen, ethane, propane and butane) in a binary
mixture with methane for different compression ratios and equivalence ratios. This
method has been used also by other researchers such as in reference {60].

To compare our results with those of others [13, 61], the test conditions for knock
rating with constant spark timing were chosen as listed in Table 8.2. All the data
were collected at 900 RPM. In order to consider the effect of equivalence ratio, the
tests were carried out with equivalence ratios 0.8 and 1.0. In this procedure, the
variations of knock limited compression ratio with changes in the fuel composition

were investigated.

8.3.1 Observation of Knock

Examination of several methods of observation of knock led to the adoption of direct
visual assessment of an oscilloscope display of the cylinder-pressure variations with
time. As the spark timing was advanced (or the compression ratio was increased)
from a knock free setting, the onset of knock could be identified by the appearance
of high frequency pressure oscillations near the beginning of the expansion stroke.

Because of the cyclic variability of combustion, the knock oscillations would appear
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at first only on a small proportion of cycles. Increasing the advance of spark timing
(or compression ratio) would increase the proportion of knocking cycles and the
intensity of oscillations. The knock boundary was taken to be the ignition timing
(or compression ratio) at which clearly perceptible oscillations occurred on 10 to 20
percent of the cycles. After detecting the knock limit operation, the variations of
pressure with crank angle, for 100 consecutive cycles, were recorded by computer to

confirm and check the above condition for knock limit with sufficient accuracy.

8.4 An Examination of the Methane Number

Figure 8.1 shows the variations of the calculated compression ratio for different values
of the knock criterion, Kmax, plotted against methane number at the conditions
described in Table 8.2. The experimental points for the knock limit obtained in our
laboratory are shown too. For high methane numbers, which are associated with
high compression ratios, the range of compression ratio from light knock to heavy
knock operations (corresponding to a2 Kmax between 0.5 to 2.0) is narrow; while at
low methane number (i.e. with high concentrations of hydrogen), this range is wider
due to the corresponding low compression ratios. Good agreement with experiment
for the knock limit can be observed for high methane numbers. For low methane
numbers, the test data show some deviation from the values predicted by the two-
zone model. This is believed to be due to the difficulty in recognizing the borderline
of knock experimentally for a mixture with high concentration of hydrogen, because
of the fast flame speed and the associated high rates of combustion heat release.

The corresponding power output is plotted in Figure 8.2. The associated com-
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Figure 8.1: Compression ratio variations with the methane number for different
values of the knock criterion at 900 RPM, ¢ = 1.0, 6,, = 15° BTDC, T, = 300 K,
P, = 87 kPa. Experimental points for borderline knock are shown by triangles.

pression ratio with any operating condition is shown by a number beside that point.
Indicated power increases with increasing methane number due to the higher asso-
ciated compression ratio and energy content of the charge mixture. It shows that,
at high compression ratios, the indicated power is not sensitive to the values of the
knock criterion and the associated methane number of the mixture. This is believed
to be due to an increase in the rate of change in the value of knock criterion at high

compression ratios, causing its value to increase from 0.5 to 2.0 for a small change
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Indicated Power (kW)
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Figure 8.2: Knock limited power output versus methane number for different val-
ues of the knock criterion and compression ratios, shown by numbers beside the
associated points, at 900 RPM, ¢ = 1.0, 6,, = 15° BTDC, T, = 300 K, P, = 87 kPa.

in the operating condition.

8.5 KLCR with MBT Spark Timing

The calculated MBT timing based on the two-zone combustion model, shown in Fig-
ure 5.23, has been used for this purpose. The variations of knock limited compres-

sion ratio (KLCR), associated with Kmax = 1.5, and the corresponding spark timing
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versus hydrogen molar concentration in blends of methane-hydrogen are plotted in

Figures 8.3 and 8.4. The KLCR decreases slightly when the fuel composition is
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Figure 8.3: Variation of the knock limited compression ratio with hydrogen molar
concentration in methane-hydrogen mixtures (i.e. 100-MN) with MBT timing at
900 RPM, ¢ = 1, P, = 87 kPa, T, = 300 K. The experimental points are also shown.

changed from pure methane to a mixture of 20% hydrogen-80% methane. Then, it
becomes almost constant for a mixture with more than a 20% volumetric concentra-
tion of hydrogen. The occurrence of knock and its intensity is related to the times
required for flame propagation and self-reaction. The addition of a small amount of

hydrogen to methane, as shown in Chapter 3, does not change significantly the com-
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Figure 8.4: Variation of the MBT timing at knock limited compression ratio with
hydrogen molar concentration in methane-hydrogen mixtures at 900 RPM, ¢ =1,
P, = 87 kPa, T, = 300 K.

bustion duration, but it tends to improve the reactivity of the mixture and reduces
the self-reaction time, mainly due to an increase of hydrogen based radicals in the
mixture. Therefore, the KLCR decreases slowly with the addition of some hydrogen
to pure methane. For a mixture with a high concentration of hydrogen, the effective
flame speed increases markedly, and the reduction in the combustion duration be-
comes the dominant phenomenon, leading to some reduction in the knock intensity

of the mixture. Thus, the KLCR does not change significantly for methane-hydrogen
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mixtures having more than 20% hydrogen.

The knock limited power output with MBT timing and MBT-5° are shown in
Figure 8.5. The triangles show experimental data for MBT-5° spark timing. It
shows a slight decrease with increasing the relative concentration of hydrogen in the
mixture, mainly because of the reduction in the energy input with a small lowering

of the knock limited compression ratio.
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Figure 8.5: Variation of the indicated power at knock limited compression ratio with
hydrogen volumetric concentration in methane-hydrogen mixtures and MBT timing
at 900 RPM, ¢ = 1, P, = 87 kPa, T, = 300 K. The experimental points for spark
timing equal MBT-5° are shown.
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8.6 Knock Limited Spark Timing (KLST)

The analytical consideration of the engine performance and the incidence of knock
when using the fuels ethane, propane and butane requires further modifications in the
chemical kinetic model and the combustion duration correlation. This was judged
to require very significant additional computational and experimental efforts be-
yond this project, particularly when high reliability in such a prediction is to be
maintained. Accordingly, it was decided to approach this extension to the original
objectives of the project only experimentally. For the sake of consistency, the data
for the methane-hydrogen mixture, when compared to those of methane and other
gaseous mixtures, were also those derived from experiments carried out similarly in
the CFR engine.

The knock limited spark timing (KLST) at different compression ratios and equiv-
alence ratios of 0.8 and 1.0 are plotted in Figure 8.6 against volumetric hydrogen
concentration in blends of methane and hydrogen. The thin and bold lines show the
data for compression ratio 8.5:1 and 11:1, respectively. The KLST decreases almost
linearly with increasing the volumetric concentration of hydrogen in the mixture,
then begins to drop significantly when the volumetric concentration of hydrogen
increases beyond 80%. The linear relationship shown is due to an almost linear
reduction in the combustion duration with increasing hydrogen concentration in
the mixture while affecting the reactivity rate only slightly. The equivalence ratio
does not affect the KLST significantly, specially for the high compression ratio of
11:1 shown. For a stoichiometric mixture of 50% methane and 50% hydrogen, the

KLST is retarded from 19° to 9° before top dead center when the compression ratio
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is changed from 8.5:1 to 11:1, while it changes only from 19° to 16° BTDC for a
CR = 8.5 : 1 when the equivalence ratio is varied from 0.8 to 1.0. The rate of
change in the KLST increases with increasing hydrogen concentration in the mix-
ture, particularly for more than 80% hydrogen by volume in the mixture. Retarding
the spark timing somewhat to avoid knock increases the charge temperature during
flame initiation and propagation and speeds up the reactivity of the mixture when
it contains a high concentration of hydrogen, producing a rapid drop in the KLST

value for mixtures with more than 80% hydrogen.
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Figure 8.6: Variation of the KLST with volumetric hydrogen concentration in
methane-hydrogen mixtures at 900 RPM, P, = 87 kPa, T, = 300 K.

Changes in the KLST with changes in the volumetric concentration of ethane,
propane or butane in their binary mixtures with methane are shown in Figures 8.7,
8.8 and 8.9. The effect of equivalence ratio on the KLST remained similar when the

hydrogen concentration in hydrogen-methane mixtures increases, while it becomes
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Figure 8.7: Variation of the KLST with volumetric concentration of ethane in a
mixture with methane at 900 RPM, P, = 87 kPa, T, = 300 K.

larger when the concentrations of ethane, propane and butane increase in their binary
fuel mixtures with methane. This is believed to be due to the higher energy content
of the mixture, causing higher temperature and pressure in the end gas. This is more
pronounced for butane-methane mixtures. The addition of ethane, propane or butane
to methane decreases the KLST throughout. In contrast to the addition of hydrogen
to methane, the rate of drop in the KLST decreases with increasing the additive
concentration in the mixture. It can be due to the lowering of the cylinder charge
temperature during flame initiation and propagation compared to that obtained with
pure methane operation, because of the lowering of the effective polytropic index as

high concentrations of the ethane, propane or butane are employed.
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Figure 8.8: Variation of the KLST with volumetric concentration of propane in a
mixture with methane at 900 RPM, P, = 87 kPa, T, = 300 K.
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Figure 8.9: Variation of the KLST with volumetric concentration of butane in a
mixture with methane at 900 RPM, P, = 87 kPa, T, = 300 K.
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Figure 8.10 shows the calculated variation of the polytropic index with changes
in the volumetric concentration of the fuel additive to methane in a stoichiomet-
ric methane-additive mixture. The addition of ethane, propane or butane to the

methane decreases the effective polytropic index. Therefore, the charge tempera-
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Figure 8.10: Variation of the effective polytropic index with volumetric concentration
of the additives in a mixture with methane at 900 RPM, CR =8.5:1, P, = 87 kPa,
T, = 300 K.

ture at top dead center, for constant compression ratio operation, decreases with
increasing concentration of ethane, propane or butane in the charge. In view of the
exponential dependence of the reaction rate on temperature, this will reduce the
auto-ignition reactions of the end gas and will bring about a reduction in the inten-
sity of knock in the engine. In the case of hydrogen-methane, the charge temperature
increases a little due to the increasing effective polytropic index with the addition of
hydrogen to methane.

The KLST for pure methane operation with an equivalence ratio 0.8 is less than
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that of a stoichiometric mixture at a compression ratio of 11:1, mainly because
of the longer combustion duration at an equivalence ratio of 0.8 (see Figures 8.7
and 8.8). At high compression ratios, the temperature is high and is not strongly
dependent on the equivalence ratio. Therefore, the time required for self-ignition
of the mixture does not change significantly with changing mixture strength. Since
combustion duration increases for lean mixtures, the intensity of knock increases and
consequently, the KLST decreases.

To compare the influence of different gases on KLST, the data are replotted in
Figures 8.11 to 8.14. The thin lines show the data for a compression ratio of 8.5:1,
while the bold lines are for 11:1. Ethane has the most advanced KLST, while butane
has the most retarded one. The KLST for propane is less than that of ethane and
higher than that of hydrogen. At high concentrations of additives in the fuel, the rate
of decrease in KLST tends to decrease in comparison to that for low concentrations
of the additives, except for the hydrogen-methane mixture. This, as stated earlier,
is probably due to the effect of the lower polytropic index, producing a lower charge
temperature. The KLST for ethane and propane has the lowest sensitivity to their
volumetric concentration in the mixture. Changes in the composition of blends of
hydrogen-methane do not show a strong effect on the KLST, particularly for the high
compression ratio (C R =11:1); while the concentration of butane in butane-methane
mixtures has significant influence on the KLST throughout and can distinguish the
knock intensity of the engine for the whole range of butane concentration in the mix-
ture. Consequently, a butane-methane mixture looks to be a better reference mixture

for the knock rating of gaseous fuels, compared to the other mixtures examined.
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Figure 8.11: Variation of the KLST with volumetric concentration of additive to
methane at 900 RPM, ¢ = 0.80, CR =8.5:1, P, = 87 kPa, T, = 300 K.
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Figure 8.12: Variation of the KLST with volumetric concentration of additive to
methane at 900 RPM, ¢ = 0.80, CR =11:1, P, = 87 kPa, T, = 300 K.
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Figure 8.13: Variation of the KLST with volumetric concentration of additive to
methane at 900 RPM, ¢ = 1.0, CR =8.5:1, P, = 87 kPa, T, = 300 K.
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Figure 8.14: Variation of the KLST with volumetric concentration of additive to
methane at 900 RPM, ¢ = 1.0, CR =11:1, P, = 87 kPa, T, = 300 K.
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An ideal procedure for knock rating of gaseous fuels should provide a similar
effective temperature for different fuel compositions during flame propagation to be
able to compare better their reactivity as well as the effective rate of flame propa-
gation. Therefore, keeping the compression ratio constant while changing the fuel
composition may not be a suitable approach to investigate changes in the KLST.
An improvement in the comparative aspects of the results can be achieved, if the
compression ratio is modified for any composition according to the following rela-

tionship:

T;DC - CRm‘Ym—l = CRref‘Yfef-l (8.1)

where v = Cp/Cv and CR is compression ratio. T, and T'rpc are the initial temper-
ature and the charge temperature at TDC. Subscript ‘m’ stands for the mixture of
the additive-methane-air and subscript ‘ref’ is for methane-air mixture.

Figure 8.15 shows the required modified compression ratio with the volumetric
concentration of the additives in their stoichiometric mixtures with methane for
CR..s equals to 8.5:1 and 11:1. It can be seen that the compression ratio needs to
be reduced as the hydrogen concentration in its blend with methane is increased,
while the compression ratio needs to be increased for binary mixtures of ethane,
propane or butane with methane.

On this basis, the variations of the KLST with the volumetric concentration of
the additives to methane with the compression ratios modified in accordance with
Equation 8.1 are plotted in Figures 8.16 and 8.17. Thin and bold lines show the data
for the original geometrical compression ratio 8.5:1 and 11:1, respectively. As ex-
pected, hydrogen has the highest KLST, while butane has the lowest. The KLST for

ethane is higher than that of propane. A similar trend to that of constant compres-
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Figure 8.15: Variation of the modified compression ratio with volumetric concentra-
tion of additive to methane at 900 RPM, ¢ = 1.0, CR =8.5:1 and 11:1.

sion ratio can be observed, except for hydrogen-methane mixtures with compression
ratio 8.5:1. For the modified compression ratios and a C R,y =8.5:1, the KLST de-
creases for hydrogen-methane mixture with increasing concentration of hydrogen in
the mixture and then increases due to the associated low compression ratio. The
KLST does not change significantly with changes in the volumetric concentration of
the additive in the mixture for a blend of more than 40% of ethane and propane. A
butane-methane mixture has the strongest effect on the KLST, which should make

it a suitable fuel combination for the knock rating of gaseous fuels.
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Figure 8.16: Variation of the KLST with volumetric concentration of additive to
methane with modified compression ratio at 900 RPM, ¢ = 1.0, CR = 8.5 : 1,

P, =87 kPa, T, = 300 K.
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Figure 8.17: Variation of the KLST with volumetric concentration of additive to
methane with modified compression ratio at 900 RPM, ¢ = 1.0, CR = 11 : 1,

P, =87 kPa, T, = 300 K.
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8.7 KLCR with Constant Spark Timing

The variations of the knock limited compression ratio (KLCR) at a constant spark
timing of 15 degrees BTDC with the volumetric concentration of the fuel additive
in a binary mixture with methane are plotted in Figures 8.18 and 8.19. The knock
limited compression ratio decreases with increasing concentration of the additives in
their blends with methane. The linear relationship, reported in reference [61], for
hydrogen-methane mixtures is confirmed, while ethane, propane and butane blends
with methane did not produce a linear variation of the knock limited compression
ratio. The linearity of the KLCR with hydrogen-methane mixtures is mainly due to
the almost linear variation in the associated combustion duration. The corresponding
combustion duration variation for mixtures of other fuel additives with methane
tends to be in comparison relatively small while the corresponding variations in the
auto-ignition reaction rates are very much more substantial.

Changes in the concentration of ethane and propane in their blends with methane
do not show a significant effect on the KLCR for lean mixtures (¢ = 0.8), while
for hydrogen and butane a similar and significant effect on the KLCR for different
equivalence ratios can be seen. Therefore, for a constant spark timing procedure, it
appears that a mixture of either hydrogen-methane or butane-methane can better
represent the knock rating of a gaseous fuel than an ethane-methane or propane-

methane mixture.
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Figure 8.18: Variation of the knock limited compression ratio with volumetric concen-
tration of additive to methane at 900 RPM, 4,, = 15° BTDC, ¢ = 0.8, P, = 87 kPa,

T, = 300 K.
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Figure 8.19: Variation of the knock limited compression ratio with volumetric concen-
tration of additive to methane at 900 RPM, 4,, = 15° BTDC, ¢ = 1.0, P, = 87 kPa,

T, = 300 K.
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To compare the effect of equivalence ratio for butane-methane and hydrogen-
methane mixtures on knock limited compression ratio, the data from the previous
figures for these two mixtures with 8, = 15° BTDC are re-plotted in Figure 8.20.

In the case of hydrogen-methane, the equivalence ratio has almost a similar effect

o 25 50 75 100
Additive/(CH,+ Additive) (%)

Figure 8.20: Variation of the knock limited compression ratio with volumetric con-
centration of the additives to methane for different equivalence ratios at 900 RPM,
8, = 15° BTDC, P, = 87 kPa, T, = 300 K.

throughout, while its influence on KLCR is changed, becoming greater when the
concentration of butane in its mixture with methane increases.
8.8 Summary and Conclusions

The KLCR and KLST decrease with increasing concentration of the additives with
methane and increasing equivalence ratio. The corresponding changes for ethane and

propane additions have a relatively small effect on the KLCR or KLST, which make
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them less suitable for the knock rating of gaseous fuels. Hydrogen-methane mixtures
show different influence on KLCR and KLST based on the chosen knock rating
procedure and the concentration of the hydrogen in the mixture. For a constant spark
timing, the variation of the KLCR with changes in the volumetric concentration of
hydrogen in the mixture is linear, while the changes of KLST at constant compression
ratio is not. Hence, the results of knock rating a fuel with methane and hydrogen is
related to the procedure employed.

A mixture of butane and methane may be considered to be a superior choice for
knock rating of gaseous fuels, since the variations of KLCR and KLST with butane
concentration in the mixture show a similar trend with sufficient sensitivity to the

mixture composition.



Chapter 9

Conclusions and Recommendations

9.1 Introduction

The primary objectives of the present work, as indicated earlier, were the investi-
gation of the effect of different operational variables on the performance and knock
intensity of a spark ignition engine fueled with gaseous fuels such as methane, propos-
ing some analytical approaches for optimizing the engine power output and/or ef-
ficiency while considering the occurrence of knock and evaluating different knock
rating methods for gaseous fuels, used by others.

Most of the knock prediction models, reported in the literature, require experi-
mentally based data, such as the pressure-time history. However, during knocking
combustion, the unstable variations of the state parameters make the experimental
data unstable and consequently inaccurate, producing unacceptable uncertainties in
the predicted results. Moreover, such models cannot be used to predict knock under
operating conditions where no experimental data are available.

The two-zone model described in this work is a total predictive model except
for emissions. It does not require direct experimental data and in principle it can
be applied to any operating conditions. The model not only establishes whether the
engine is to knock or not, but can also provide quantitative information about how far
the engine is from the onset of knock for a.ny given set of operating conditions. With

the established energy based knock criterion, the operating conditions for borderline
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knock and the extent of the knock free region can be explored without expensive and
time consuming experiments. The computer program developed is generally easy to
use and does not need to deal with elaborate computations for predicting turbulent
flame propagation.

Two comprehensive automated procedures for optimizing the engine performance
with some pre-defined constraints were also presented. It was shown that these
procedures can be linked to the two-zone combustion model to search efficiently for
either local or global optimum operating conditions for the engine.

The ability to predict engine knock quantitatively without direct experimental
data, and the relative ease and universality of application over a range of engine
operating conditions makes this model a useful and attractive tool for engine design-
ers, operators and researches. In particular, it would enable specific guidelines to be
drafted for the effective conversion of existing engines to gaseous fuel operation.

Some of the limitations of this model, which come largely from the theoretical

basis and the associated assumptions of the model are the following:

e In the two-zone model, the combustion chamber is divided into two sections,
and it is assumed that each section has uniform temperature and pressure. The
unburned zone chemical reaction activities were predicted with de-coupled cal-
culated uniform unburned gas temperature and pressure. This assumption
ignores the turbulent nature of the flow in the cylinder and the fact that the
flame front is uneven due to turbulence and the end-gas temperature is not
necessarily uniform. Some regions that have higher temperatures may lead

to an earlier autoignition and knock than when predicted on the basis of a
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uniform temperature assumption. Moreover, instead of somehow calculating
directly turbulent lame propagation rates and the associated flame front area,
an effective energy release pattern was used. This approximation of the real
combustion process in the spark ignition engine, though it facilitates the mod-

eling process, has its obvious limitations.

It was assumed that the cylinder wall temperature is constant and equal to
the coolant temperature for lack of better and more realistic representation. In
reality, the cylinder wall temperature not only is varying but also may differ
from one location to another which affects the amount of heat transfer from
the unburned zone to outside. Moreover, when the engine begins to knock
the excessive heat transfer to the wall in the region of the end-gas cannot be
modeled realistically. These assumptions affect the unburned gas temperature

and the accuracy of prediction.

In simulating the end-gas chemical reactivity, the end-gas temperature was
modified when its calculated temperature rise due to the chemical energy re-
lease was significant in comparison to that due to the normal combustion. No
modification was considered necessary for the cylinder pressure. Furthermore,
the normal combustion process was assumed not to be affected directly by the
end-gas reaction activity. Since, in a real engine, the combustion and autoigni-
tion are inevitably interactive, this approach brings in some unknown errors in

the predicted results, particularly when knock is encountered.

The reaction scheme used in this model has been developed to describe the

end-gas autoignition reactions of methane and hydrogen mixtures with air.
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However, for other higher hydrocarbons, further experimental data are needed
to validate better the combustion period correlations and to use a more com-
prehensive kinetic scheme [108]. Hence, the application of the model to higher

hydrocarbon fuels has its limitations and needs to be carried out more carefully.

Despite these limitations the provision of a generalized model such as the one
described can be viewed as a very effective tool in lieu of direct experimentation for
projecting and optimizing the performance of a wide range of engines when operating

on natural gas and some other common gaseous fuels.

9.2 Conclusions

The simple two-zone model describing the combustion processes in a spark ignition
engine can generate important performance parameters, such as the temporal vari-
ations in cylinder pressure, the two zone temperatures, power output and efficiency
for different values of intake temperature, intake pressure, spark timing and speed, as
well as the effects of changes in some design parameters, such as compression ratio,
for a spark ignited engine. The results calculated according to this model showed
good agreement with the relevant experimental data. The model can also be used to
test for the occurrence of knock for any set of operating conditions while employing
detailed reaction kinetics for the reactions of the end-gas region. When knocking 1s
encountered, the value of the knock criterion, K, builds up to a sufficiently high value
that exceeds an acceptable limit. Under normal operating conditions, the value of K
remains at a comparatively low level throughout the combustion period. Its corre-

sponding calculated value can provide an indication of the intensity of the resulting
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knock when it occurs. For the CFR engine tested, the knock free limit operation was
found to be associated with a maximum value of K that is less than 1.5. The larger
the value of K, the bigger the potential intensity of knock.

Procedures were extended to consider operation with fuel mixtures and also to
select optimum changes to key operational parameters to get the engine out of a
knocking situation with a minimum degradation of engine power and efficiency. The
gradient of the knock criterion Kmax Wwas found to be a proper tool for this purpose.
Parametric considerations show that some variables, e.g. equivalence ratio, have
significant effects on both the onset of knock and power output. Therefore, changes
in their values should be considered carefully when needed to get the engine out
of knock. Accordingly, to avoid a significant drop in the power output, it is rec-
ommended that equivalence ratio must be kept constant at a maximum acceptable
value while other parameters are adjusted to get out of knock.

Some important engine operational parameters (e.g. MBT timing) can be es-
timated by the two-zone model. It was found that the MBT spark timing can be
correlated approximately linearly with the volumetric concentration of hydrogen in
methane-hydrogen mixtures for any compression ratio.

The optimization algorithms developed in association with this two-zone combus-
tion model, may be considered as a powerful tool for predicting optimum operating
conditions of a spark ignition engine while satisfying a set of imposed requirements.
The specific examples considered showed that maximum power can be achieved with
pure methane operation at compression ratios around 14:1 and a chemically correct
mixture, while maximum efficiency is associated with lean hydrogen-methane opera-

tion. The addition of some hydrogen to methane produces a higher efficiency with a
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lower compression ratio compared to that for pure methane. A solution that is closer
to the global optimum can be obtained from a gradient-based algorithm by selecting
initial operating conditions either through the application of the genetic algorithm
to a similar problem, or such that maximum power is produced by each of the opera-
tional variables individually followed by application of the gradient-based algorithm.
An insight into the nature of the problem shows the genetic algorithm is the most ap-
propriate search technique for the global optimum solution, while a gradient-based
method can be applied successfully to search for an optimum operating condition
close to an initial setting.

The incidence of knock is strongly dependent on the type of the gaseous fuel being
used. The effect of various parameters on the apparent methane number requirement
of the engine were also investigated and compared with experimental data. Good
agreement was observed throughout. The knock region for methane operation is the
narrowest among various gaseous fuel-air mixtures investigated and does not change
substantially with moderate changes in the intake temperature or the concentration
of methane in the mixture. The disagreement between the experimental and analyti-
cal results for 2 blend of methane and hydrogen with a high volumetric concentration
of hydrogen is believed to be due to the very high rate of energy release resulting
from rapid flame propagation, which makes it difficult to recognize the borderline
of knock experimentally. A comparison between methane number procedure and
other knock rating procedures was outlined. In contrast to methane-hydrogen mix-
tures, the concentration of butane in methane-butane mixtures has a strong effect on
the knock limited operating conditions; which perhaps indicates that methane and

butane can be a more suitable mixture for knock rating of the gaseous fuels.
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9.3 Recommendation for Future Work

The present research has made some contributions towards improving our under-
standing of the combustion process in a spark ignition engine and its influence on
the engine performance and its knock intemsity. But, there is still much need to
continue with similar attempts to improve the present model.

There is a need for further analytical and experimental work to investigate the
combustion process and the occurrence of knock especially due to cyclic variations
in spark ignition engines. Experimental verification needs to be made of important
parameters such as the charge temperature, pressure, fuel composition, etc. The
application of the model shall be extended beyond the present four stroke and single
cylinder engine. It needs to consider a wider range of engines that would include
different sizes and applications of both four and two stroke engines as well as turbo-
charging.

The present two-zone model was developed mainly for methane-hydrogen mix-
tures. However, the model can be applied to more complex fuels and their mixtures,
such as propane, butane, etc., when the appropriate kinetic schemes and data are
made available. Thus, the knock performance can be investigated for the gaseous
fuels of different composition.

The effect of the end-gas reaction activity on the whole combustion process is
not fully considered. The interaction effect between the end-gas reaction and normal
combustion in the two-zone model can be investigated more by considering its effect
on the cylinder pressure.

The knock model described did not consider in detail the intake and exhaust
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processes (e.g. the effect of scavenging process, turbocharging, intercooling, etc.).
Further work is needed to include a more comprehensive modeling of these processes.
Also, it needs to have more detailed accounting for the variations in gas motion (e-g.
swirl and squish).

In the present work, the intake temperature was assumed to be equal to the lab
temperature. Actually, due to the heat transfer from the engine block to the intake
manifold, the mixture temperature increases a few degrees. A simple calculation
showed that this temperature rise can be up to 10 degrees kelvin. The model needs
to be modified to consider the influence of manifold processes including heat transfer

on the charge temperature.
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Appendix A

The physical properties and the chemical kinetics

schemes used in the two-zone model

The two-zone predictive model explained in Chapter 3 includes a chemical kinetics
scheme of 155 reaction step and 39 species to predict the reactivity of the end-gas.
The physical properties of these 39 species are shown in Table A.1. Figure A.l and
Table A.2 show the flow chart and the relevant information of the chemical kinetic

scheme.
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Table A.1: The physical properties of the species considered in the chemical kinetic

scheme

No. Species Chemical Formula | Molecular Weight | Element Count
C H O N

1 | Methane CH, 16.0430 1 4 0 O
2 | Ethynyl C.H 25.0303 2 1 0 O
3 | Acetylene C.H, 26.0382 2 2 0 O
4 | Vinyl C.Hj3 27.0462 2 3 0 O
5 | Ethylene C.Hy 28.0542 2 4 0 O
6 | Ethyl C.Hs 29.0622 2 5 0 O
7 Ethane CaHs 30.0701 2 6 0 O
8 | Methylidene CH 13.0191 1 1 0 O
9 | Methylene CH, 14.0270 1 2 0 O
10 | Ketene CH,CO 42.0376 2 2 1 0
11 | Formaldehyde CH,O0 30.0265 1 2 1 O
12 | Methyl CHj 15.0351 1 3 0 0
13 | Acetaldehyde CH3;CHO 44.0536 2 4 1 0
14 | Acetyl CH3CO 43.0456 2 3 1 0
15 | Methyloxide CH30 31.0345 1 3 1 O
16 | Ketyl CHCO 41.0297 2 1 0 O
17 | Carbon Monoxide Cco 28.0106 1 0 1 O
18 | Carbon Dioxide CO, 44.0100 1 0 2 O
19 | Hydrogen Atom H 1.00797 0o 1 0 O
20 | Hydrogen Molecule H, 2.01594 0 2 0 O
21 | Steam H,O 18.0153 0o 2 1 0
22 | Hydrogen Peroxide H,0, 34.0147 o 2 2 O
23 | Formyl HCO 29.0185 1 1 1 0
24 | Hydroperoxo HO, 33.0068 0 1 2 O
25 | Oxygen 02 31.9988 0 0 2 O
26 | Oxygen Atom Q) 15.9994 0o 0 1 0
27 | Hydroxyl oH 17.0074 0 1 1 0
28 | Carbon C 12.0110 1 0 0 O
29 | Cyanogen CN 26.0180 1 0 0 1
30 | Nitrogen N, 28.0134 o 0 0 2
31 | Nitrogen Atom N 14.0067 0 0 0 1
32 | Hydrogen Cyanide HCN 27.0260 1 1 0 1
33 | Hydrogen Isocyanate | HCNO 43.0250 1 1 1 1
34 | Nitric Acid HNO3 63.0130 0 1 3 1
35 | Imidogen NH 15.0150 0 1 0 1
36 | Nitrogen Oxide NO 30.0060 0 0 1 1
37 | Nitrogen Dioxide NO» 46.0060 0 0 2 1
38 | Nitrous Oxide N.O 440130 0 0 1 2
39 | Nitrogen Trioxide NOj3 62.0050 0o 0 3 1
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Figure A.1: The flow chart of the chemical kinetic scheme used in the Two-Zone
Model. :
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Appendix B

Air and Fuel Metering

(A) Viscous Flow Air Meter

A laminar flow meter was used for measurement of the air flow rates into the engine.
The two pressure taps were connected to an inclined manometer containing “Meriam
Oil”. The meter was calibrated as installed on the engine using the sharp edged
orifice plate method. The calibration of the air meter was carried out in situ, i.e.
as installed in the intake air ducting system. During the actual calibration of the
meter, a large tank was attached upstream of it to dampen the pulsation. The orifice
installation was attached to the side of the tank and upstream of it. A schematic
representation of the calibration set-up is shown in Figure B.1.

As the engine was running at a constant speed of 900 RPM, varying the air flow
rate was possible by either using a throttle valve installed downstream of the air
meter or feeding the engine gaseous fuel from the fuel control panel and therefore
fulfilling the breathing capacity of the engine partially with the fuel, resulting 1n
relatively lower air flow rates.

The resulting calibration curve for the air meter is plotted in Figure B.2. It shows

also the straight line curve fitting equation, used in this research, to these data.

242



@

Wide 0Open

243

Air h Throttle Valve Alr Mixture
N —~ S~
“1 Meter - Heater < Heater
N\
=L ®
t Fuel \/ I
Orifice-Plate
Settling |t 1 L
Tank
AP

@ designates thermocouples

Figure B.1: A schematic diagram of the air meter calibration set-up.



244

300 : —

Y=1.291025"X+12.89511

200 -

100 -

Air Mass Flow Rate [g/min]

50 100 150 200
Manometer Reading above 2500 (X) {mm Oil]

Ol -

Figure B.2: Calibration curve for the Meriam Oil Manometer.
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(b) Fuel Metering System

The engine was operated with processed natural gas as the main fuel. Its composi-
tion typically is shown in Appendix (C). The fuel was metered by choked nozzles.
These nozzles were calibrated with a wet test meter using air as the working fluid.
The results were then converted to yield flow rates for the fuel using the equation
suggested by Karim and Klat [141]. Nozzles were manufactured for the fuel as well
as for the additive gases to investigate the effects of changes in fuel composition. A
separate panel, similar to the fuel metering panel, was used for supplying additives
to the engine. It should be noted that the calibration of all choked nozzles were
done while they were mounted on the panel where they were eventually used. This
assured consistency and eliminated the need to consider the accuracy of the pressure
gauges or the effect of the panel piping geometry, etc. on the gas flow rate.

The calibration curve for the processed natural gas nozzle used in this research
is shown in Figure B.3.

Figures B.4, B.5 and B.6 show the calibration curves and the corresponding linear

curve fitting equations for the additives line.
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Figure B.4: Calibration curve for Additives, Nozzle 1.

246



Additive Mass Flow Rate [g/min)

25 :
!
| v=0.7622924"X+0.2047194 :
[
T o L FOrHa M=Y"0.93853 )
£ C,Hg: M=Y"0.94314 1
2 C H,: M=Y"0.92555 f
T 15 - ) " -
57 C.H,o: M=Y"0.91492 ;
i r |
2 10 | :
2 g
= 7 ;
@ . .
2 |
5 ; ?

g 57

: :
, ‘
0 - ‘

0.0 20.0 30.0

10.0
X=P/(T>%) [kPa/K>%

Figure B.5: Calibration curve for Additives, Nozzle 2.
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Figure B.6: Calibration curve for Additives, Nozzle 3.
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Appendix C
Fuel Composition
The gaseous fuels used are processed natural gas, hydrogen, ethane, propane and

butane. The typical composition of the processed natural gas is listed in the following

table. The others have more than 99% purity and are considered to be pure hydrogen,

propane, ethane and butane.

Composition of the Processed Natural Gas

Specie Formula | Molar Concentration
Methane CH, 93.07%
Ethane C2Hs 5.74%
Carbon Dioxide | CO; 0.16%
Nitrogen N, 1.03%
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IMAGE EVALUATION
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