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ABSTRACT

An experimental investigation into the development of the
expanding flame front in the combustion chamber was carried out
using a CFR variable compression engine. Statistical analysis of
the results imdicated that the cyclical variation of the flame
travel time followed a random distribution, but that the flame
propagation velocity had a normal distribution. The cyclical
variation of the flame propagation velocity was shown to be
caused by cyclical variation in the air-fuel ratio. The
experimental results were used in conjunction with a mathematical
model of the combustion process to derive a correlation between
the flame propagation speed and the turbulent Reynolds number.

The correlation took the form: - 2.
= —
Vit = [}1324[ D0021 h‘oﬁmuﬁ'{i—?} ] 4.5&1
T g 1

The flame speed correlation was then used in a cycle synthesis to
predict the mass burnina rates of the charge. The model predicted
successfully mass burning rates, cylinder pressures, temperature
distribution in the burnt charge and exhaust emissions levels. The
results suggested that turbulence was a secondary factor in flame
propagation after the pre-propagation period, but may be more
important at the inititation of the combustion. The experimental
results indicated that cyclical variations in cylinder pressure
are produced by post-flame reactions. The thickness of the flame
front was found to be significant and flame propagation followed
the successive self-ignition theory more closely than the
wrinkled flame front model.
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SYMBOLS
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b =]

Nu
N

Pr

I
Bc |
Rf

Rfc |
Rfh |

Area

height of cylinder head above spark plug
centre line

height of spark plug centre line above piston
crown

constant defined in text

constant

Specific Heat at constant pressure

Specific Heat at constant volume
Compression Ratio

Specific internal energy

Total Intarnal Eneragy

clearance height = a + b

clearance height at TODC

enthalpy

heat transfer coefficient

thermal conductivity :

integral length scale, length-

con rod length

mass, Aperture ratio, Molecular weight
Musselt number

Crank shaft speed RPM

Pressure

Prandtl number

heat transfer

quench layer thickness

cylinder radius

flame radius measured

flame radius calculated

flame radius subtended on the cylinder head
flame radius subtended on the piston crown
Specific gas constant

Reynolds number

Turbulent Reynolds number

flame ratio = Rf/Rc

surface area of the flame

cylinder wall surface exposed to the burnt charge
cylinder head surface exposed to the burnt charge
piston crown surface exposed to the burnt charge
crank throw

flame thickness
temperature

mean flame travzl time
turbulence intensity

flame generated turbulence
mean piston speed

laminar flame speed
turbulent flame speed
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INTRODUCTION

The work reported here was sponsored by the Science Research
Council and carried out at The City University between September
1974 and June 1977. It was a continuation of the university's
interest in combustion phenomena in the spark ignition
reciprocating internal combustion engine, and was stimulated by
a surge of interest in atmospheric pollution and exhaust
emissions.

The relationship between atmospheric pollution and exhaust
emissions is now well-established. Motor vehicle exhaust emission
standards relating to Carbon Monoxide, Hydrocarbons and Oxides of
Nitrogen have now been enforced throughout North America and
Europe. Motor vehicle manufacturers have addptgd two different but
related methods of emissions control. Initially, the exhaust gases
were treated as they emerged from the engine into the exhaust
pipe. Catalysts or thermal reactors were installed which reduced
the levels of Carbon Monoxide and Hydrocarbons discharged in to
the atmosphere. Attempts to reduce NO concentrations have been
less successful. Inherent in the installation of an exhaust
reactor unit is a reduction in the overall performance of the
vehicle and an increase in the specific fuel consumption. The
second approach examined the combustion process to determine, from
theoretical considerations, the mechanisms generating the
emissions, and thereby, to find a way of attacking the problem
at its root. The work reported here falls into the second
category.

Several mathematical models of the combustion process and
power phase of the internal combustion engine have been developed.
They serve as diagnostic tools, aid design, predict trends and
produce more information than is normally available from
experimentation. This latter aspect is particularly important as
the need to understand the combustion process becomes more
pressing.
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Combustion modelling has taken a much simplified view of
the very complex combustion process. The combustion chamber can be
regarded as a chemical reactor in which a large number of
simultaneous and sequential chemical reactions occur. The
increase in pressure and temperature during the combustion phase
produces pre-flame reactions. These include, Tow temperature
pyrolysis, slow oxidation and cool flames. Reactions of the
various species formed in the flame front continue 1in the post-
flame gases. When the flame reaches a cold surface it is extinguish-
ed as the thermal energy lost reduces the gas temperature below
that required for continued flame propagation. Consequently,
reactions of the fuel and Oxygen at these points is incomplete.
Mass transport from the low temperature regions to the burnt gases
results from turbulence and is followed by pyrolysis of the
Hydrocarbons in the Oxygen-deficient burnt gases. Conversely,
exchange of the burnt gases from behind the flame front with the
quench layer promotes partial oxidation of the Hydrocarbons in
this area. Throughout the combustion process, large thermal
gradients occur which the transport processes cannot equalise. As
the chemical composition of the burnt charge is highly temperature-
dependent, it follows that a spatial variation in the composition
of the exhaust gases will also occur.

Most models have been based on empirical or semi-empirical
relationships. The lack of fundamental data about such
phenomena as charge mixing, mass burning rates, heat transfer,
cyclical variations and so on, creates weaknesses in these models.

This work was both an experimental and a theoretical study
of combustion in a spark ignition engine. It addressed two major
issues. The first was the effect of engine operating conditions
on cyclical variations in flame propagation rates, and the second,
the question of mass burning rates and turbulent flame speed.

The cyclical variations in flame speed were found to be
strongly related to variations in the fuel-air equivalence ratio.
The combustion models based upon mean cycle data are shown to be in
error in cases where the variable of interest is not a linear

17






CHAPTER 1 LITERATURE SURVEY

INTRODUCTION

This chapter is a detailed review of the combustion phenomena
in a spark ignition engine with particular reference to cyclical
variations and combustion modelling. The scope of the review ranges
from the constant pressure bomb work of Stevens in 1927 to the
measurement of exhaust emissions in 1973 and is divided into several
sub-sections. The first sub-section is entitled Cyclical Variation
and the remaining sub-sections are Combustion Modelling, Heat
Transfer, NO Formation, and Unburnt Hydrocarbon Formation.  This
chapter is not intended to be an exhaustive review of the work
conducted in this field but it explains the current state of the art
in internal combustion engine work and provides the basis and context
for the remainder of this work.

% CYCLICAL VARIATION

It is now well established that the progression of the flame
front across the combustion chamber has a marked influence on engine
performance. Early studies of flame movement in closed vessels of
various kinds consisting of constant pressure bombs and constant
volume bombs (Ref 1.1 - 1.10) yielded useful information that could
be related to the internal combustion engine cycle. This inform-
ation was later verified and extended by photographic studies of
flame development (Ref 1.11 - 1.14) across the combustion chamber.
The results of these studies showed amongst others that under con-
ditions of normal combustion the general movement of the flame front
remains consistent. Ignition is followed first by a period of slow
burning and then by a gradual increase in burning rate. At a point
approximately 10% of the distance across the combustion chamber,
the flame front reaches a maximum speed. In then continues at this
maximum speed to a noint approximately 90% of the distance across

the combustion chamber. From here on, the speed decreases rapidly
until combustion is complete.
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The relationships between the flame speed and several operating
variables were established at this time. The average flame speed
was found to increase with an increase in fuel/air ratio up to that
required for maximum power. From this point decrease in flame speed
will result from further increases in the fuel/air ratio. Increases
in the initial combustion chamber pressure and small scale turbulence
will increase the flame speed but the reverse will occur with an
increase in the initial temperature or the proportion of residual gas
present in the combustion chamber. Increases in charge temperature
are generally expected to increase flame speed but with constant
inlet and exhaust pressures an increase in inlet air temperature will
cause a decrease in the mass of charge drawn into the combustion
chamber per cycle. Since the pressure of the residual gas remains
constant and its temperature decreases there will be a slightly
larger weight of residuals in the combustion chamber.  Thus as
inlet air temperature is increased there will be-an increase in the
proportion of exhaust gases in the fresh charge. Due to its greater
dilution and higher temperature, the fresh charge will expand less
when burned, and compression of the unburned gases by the advancing
flame front will not proceed as fast or as far as with a cooler
charge. Thus, the rise in inlet temperature causes not only an
increase in the dilution but also a decrease in the average pressure
of the charge during the combustion process which more than offsets
any increase in flame speed which may result from increased charge
temperature.

Having established the basic variable dependencies further
examination of the combustion process centred around the cycle by
cycle variation or cyclic dispersion that occurs even with a well
regulated engine. This has been examined by many workers who have
studied the properties of individual combustion cycles. In their
studies of knocking characteristics of fuels, Warren (1.15) and
Curry (1.16), have shown that fast burns produce the highest and

earliest maximum pressure; slow flame speeds reduce the engine
power and represent limitations on performance with weak mixtures.
The weak mixture limit was also found to be | paarIy def1ned there

being a wide region in which the number of ineffective cycles
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prevents effective running. Also the cyclical variation of flame
speed can produce speeds as fast as those in rich mixtures.  Sum-
marising the general conclusion of the previous works it can be seen
that the variations are not due alone to fuel/air ratio variations
and are not due to variations in the ignition timing, the type of
spark, or the spark energy. The variations are related to the mean
flame speed such that fast burning fuels have less cycle by cycle
variations than slow burning fuels. The implications of these
findings are that there are other factors affecting flame speed and
cycle by cycle variations in an internal combustion engine.

An attempt to evaluate statistically the cycle by cycle com-
bustion variations was made by Patterson (1.17) who examined
pressure variations from a sample of 2000 consecutive cycles from a
single cylinder engine and also from an eight cylinder engine. His
results indicated that a major cause of cyclical variations was the
rixture velocity variations that exist within the cylinder at or
near the spark plug at ignition. Patterson suggested also that a
better understanding of the combustion problem could result in re-
ductions in exhaust emissions by eliminating cycles which burn che
charge incompletely.

These velocity gradients affect the combustion rate through
wrinkling and distorticn of the flame front. A possible mechanism
for this was suggested through the enlarging of the surface area of
the flame front increasing the rate of burning of the charge. Bolt
and Harrington (1.18) extended this work of Patterson, concentrating
on the effect of mixture motion upon the combustion process within a
constant volume cylindrical bomb. The charge motion generated with
their equipment had a variable mean velocity with a fluctuating
velocity of about constant magnitude superimposed upon it over the
whole mean velocity range. They concluded that the observed com-
bustion variations were due mainly to variations in the mean mixture
velocity. Increasal mixture velocity was seen to extend the linear
limit air/fuel ratio towards richer mixtures and affect greatly the
rate of pressure rise particularly when using weak mixtures.
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Cole and Mirsky (1.19) in their study of cycle to cycle com-
bustion rate variations attributed the effect to two factors. The
first was increased mixture velocity which, they suggested, had a
direct linear relationship with the rate of pressure rise in the
combustion bomb. The second mechanism listed as a major cause of
the pressure rate increase was direct distortion of the flame front
area. The increase in flame front area was obtained from Schlieren
photographs based upon an assumed two dimensional shape of the flame
front. Their results showed that the average increase in flame area
above that of a quiescent charge accounted for approximately 60% of
the increase in pressure rate. The remainder was due to relative
increases in mixture density and burning velocity. In conclusion
they suggested a model of flame propagation. Central to this model
is the hypothesis that the stretching or shearing of the flame front
increases the reaction zone and the turbulent -transport of unburnt
reactants species into the burnt reactants. This extrapolation of
their results to an Internal Combustion Engine suggests that the
variation in mixture velocity in the vicinity of the developing
flame front could be a major cause of cycle by cycle variations.
Control of the velocity variation in the vicinity of the spark plug
would possibly reduce cycle by cycle variations. Mori and Yamazaki
(1.20) extended this idea and produced a relationship between the
standard deviation of the flame velocity and the mean flame velocity
in a C.F.R. engine. As the standard deviation is the R.M.S. value
about the mean it is mathematically analogous to the intensity of
turbulence. A comparison of the anmalytical relationships of
Karlovitz (1.21) with the work of Mori and Yamazaki indicates that
the intensity of turbulence is very small in a C.F.R. engine. Un-
fortunately, their data only suggest a relationship. The direct
evidence of the effect of mixture motion and its variation on com-
bustion and its variation in engines was not available. Further
studies by Winsor and Patterson (1.22) using hot wire anemometers
was used to determine the relationship between combustion variations
and the mixture velocity. They argued that the sensitivity of a
developing flame front to turbulent disturbances was related to the
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relative size of the disturbances and the flame front radius.

Their measurements indicated that the eddy size in the C.F.R.
engine is approximately 0.1 in.(2.5 mm) larger than the flame
kernel in the initial developmental period. They postulated a
model based upon flame front sensitivity to eddy size during the
development stage at which point the disturbances Teading to cyclic
variation occur, After the development phase the flame front
radius was larger than the eddies that now only disturb the flame
front locally. The average flame speed at this point was dependent
upon the average turbulent velocity in the mixture. Their results
showed an increased relationship between the burn time variations
and mean flame speed in agreement with the work of other authors.

Subsequentwork by Ma (1.23) has looked at cyclical variations
in terms of 'combustion quality', with referenc to exhaust emissions
and lean burns. Initially a relationship between cycle variations
and engine performance was shown to exist but was of poor correlation.
The statistical parametersused, such as the mean and deviation of the
flame arrival distribution, were inadequate to effect a prominent
feature of the cyclic variations. Consequently the concept of
combustion quality was devised. Defining the Combustion Quality
Ratio, C.Q.R., as (intense burn cycles %)/(normal burn cycles) it
was found that this parameter was valid for a wide range of engine
parameters such as air/fuel ratio, spark timing and mixture turbu-
lence and also give a fair evaluation of the relative contribution
of a burn to the overall thermal efficiency of the engine. A
correlation with I.5.F.C. was observed. This paper points to the
possibility of the introduction of new parameters to examine engine
performance and a new approach in combustion process control.

1.2 COMBUSTION MODELLING

Combustion modelling of internal corbustion engines has been
more compiex in the last twenty years with the development of the
digital computer and the increased demands made upon the engine
designer in the fields of economy and emissions control. The lack
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of sound experimental data and the instrumentation to obtain this
data has restricted the detail of the models. The processes of
vaporization, diffusion, flame development etc. which are an import-
ant part of the combustion process at each point location 1in the
combustion chamber are not fully understood, even in environments
more hospitable than the internal combustion engine.  Thus, the
models have generally been developed using data obtained from other
sources such as the flow in pipes, constant volume combustion and
constant pressure combustion experiments. The current lack of
knowledge therefore precludes precise prediction. However, models
based upon past experience and reasonable mathematical simulations
of the real process predict effects that can be checked on a devel-
opment engine.

The process of modelling has followed two distinct paths.
The first, based upon the first law of thermodynamics, uses simu-
lations limited to the overall thermodynamic process through the
first law energy balance or basic engine design parameters to
predict combustion phenomena. These models do not provide the
fine details of spatial resolution of state variables and as such
are not useful as detailed design tools.

The second approach adopts a highly specified multi-
dimensional model whose success lies in modelling combustion
phenomena to examine the complex interaction of numerous variables.
Attempts to describe the momentum transport properties of turbulent
flames without knowledge of the turbulent structure itself leads to
several difficulties. [Initially, experimental evidence is required
to replace the unknowns surrounding the turbulent structure. The
assumption that the effect of turbulence is to increase the
transport coefficient is wrong in that the turbulent transport
phenomena are not properties of the fluid and its thermodynamic
state alone. The physical configuration of the fluid is of equal
importance. More useful perhaps is the approach which solves the
conservation equations by assuming that each dependent variable can
be expressed as the sum of two terms, the stationary component and
the fluctuating component.  Additional experimental evidence is
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required to describe the system fully. Thus, the larger scale
models meet with the same difficulties as the first law thermo-
dynamic models with regard to lack of physical understanding.

Past workers have adopted various simplifications to account
for the many unsolved problems that exist in constructing an
accurate combustion model. These methods are listed below:

1) Constant volume models (1.24)

2) Mass burning rates determined from photographic
observations (1.25)

3) Mass burning rates determined from pressure time
data (1.26)

4)  Mass burning rates determined from arbitrary
relationships (1.27)

5) Mass burning rates determined from assured flame
profile and experimentally determined flame
velocity (1.28)

6) The use of flame propagation theory to determine
energy release rates (1.29)

Of the more recent methods that of Philiips and Orman (1.30)
is notable as marking the advent of the digital computer to this
problem: Phillips and Orman utilised the thermal theory of Mallard
and le Chatelier (1.31) modified to account for the effects of
turbulence. This is a particularly useful model to use as the flame
propagation rate is dependent upon the physical properties of the un-
burnt reactant and of the products. Whilst being the simplest to
use of the major flame propagation theories this model gives results
similar to the more complicated thermal model of Semenov (1.32).
The propagation of the flame front across the combustion chamber as
predicted by this model was in reasonable agreement with experi-
mental observations predicting trends and illustrating quantitative
changes. The complexity of the problem with respect to the effect
of pressure on the flame propagation justified the adoption of the
simpler expression of flame speed.



This approach has been adopted by several other notable work-
ers. Annand (1.33) established an approximate expression for
laminar flame speed and multiplied this by an arbitrary factor to
account for the increase due to turbulence. Lucas and James (1.34)
and Benson, Annand and Baruah (1.35) have also used this approach.
There are, however, serious short comings with this technique.

The phenomenclogical effect within the combustion chamber, such as
ignition delay and variation of the turbulence intensity are poorly
represented.

An alternative approach is to model the turbulent flame
propagation in turbulent transport terms. Turbulence models based
on solving differential equations for turbulence energy and length
scale necessitate the introduction of several empirical constants.
In some cases these can be taken as functions of other physical
properties after introducing some empirical constants. These
constants apply to basic physical properties and should have a wider
range of application than empirical constants based upon a particular
combustion system. Bracco and Sirignano (1.36 and 1.37) used a one-
dimensional model of a turbulent flame front with equal diffusivity
for heat and mass transfer. The intensity and scale of turbulence
were related to the gas and motor velocities and to the local motor
housing clearances. The turbulent diffusivity was taken to be made
up of two components; the first due to the relative motion of motor
and housing and the second decaying exponentially according to a
characteristic time particular to the inlet port dimensions, due to
the inlet flow. An extension of this approach was adopted by
Bellen and Sirignano (1.29) who suggested a simplified expression
based upon the previous work but extended in its generality to
account for the insufficient information governing the decay of the
turbulent eddies generated in the intake process. Although accept-
able as a first approach this model was tnsensitive to ignition
timing effects and the eguivalence ratio trends were unsatisfactory.
Blizard and Keck (1.38) modelled the turbulent flame propagation as
the entrainment of discrete eddies with an assumed exponential dis-
tribution of the burning times of the entrained eddies. This

26



burning law was not rigorously devised but was introduced as a con-
venient analytical form that incorporated the basic features of
turbulent combustion. The Blizard and Keck model was extended by
Tabaczynski (1.39) who postulated a detailed structure for individual
eddies together with a technique for calculating the time required to
burn an individual eddy. This model predicted the trends in
ignition delay and combustion duration and therefore in a sense
justified the intuition and -licence used in its formulation.

Considerable thought has been given to the problem of flame
propagation in spark ignition internal combustion engines by Samaga
and Murthy (1.40 to 1.43). In this model the linear burning
velocity was calculated from Semenov's (1.32) thermal model and was
augmented for engine turbulence through an empirical function of
the engine Reynolds parameter, assuming a wrinkled flame model. The
turbulence flame velocity thus utilised was then corrected for trans-
portation due to the expansion of the burning gases. The theory was
strongly dependent upon constants cbtained experimentally on a single
cylinder variable compression ratic research engine. The results of
the work were generally disappointing, there being poor agreement
between the mass burned as predicted from the model and that computed
from measured pressure data. Ignition delay was poorly represented
and predictions of overall concentration of exhaust emissions were
unreliable. Also the generality of the model was limited due to
its dependence upon empirical constants.

An expression of the burned mass can be obtained from Lavoie
and Heywood (1.44 and 1.45) from purely thermodynamic considerations.
They assumed an infinitely thin flame compressing the charge isen-
tropically thus neglecting the effects of heat transfer to the
combustion chamber walls and variable chemical reactions during the
combustion process. Initial calculations of the burned mass
fraction did not reach unity, but decreased possibly as a result of
regeneration due to the heat transfer accounted for in the cylinder
pressure data. These data were used in the calculations but
ignored in the model. Subsequent development of the model (1.46
and 1.47) took into account the effects of heat transfer and per-
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formance losses whilst retaining the perfect gas relationship of
isentropic compression.

Although the more recent models are showing good agreement with
the experimental data there are still several unresolved questions to
be answered before they become a widely applicable design tool.

The heat transfer mechanism and the effects this has on the
formation of hydrocarbon and NOx emissions is not clearly understood.
The exact rule and mechanism of turbulence in the intake and combust-
ion systems needs to be studied to determine the relationship between
these factors and the geometrical design of the engine. This would
also throw light on the validity or otherwise of the concept of mean
cycles, and repeatability in internal combustion engines.

bige:: HEAT TRANSFER

Heat transfer in the internal combustion engine has been a
topic of considerable interest. An understanding of the heat
transfer to the engine cooling system and the thermal loading of
components has stimulated a great deal of research.

Overall heat transfer coefficients for the piston crown and the
cylinder liner were proposed by Pflaum (1.48) as an extension of the
work of Eichelberg (1.49) to account for advances in design and
specific performance of engine units. The above papers and others
were critically analysed by Annand (1.50) who pointed out that the
previous work failed to meet several requirements including dimension-
al consistency. The correlations thus produced apply strictly to
overall heat transfer coefficients, other expressions of the same
general form have been used to estimate heat transfer in cycle
modelling. Krieger and Borman (1.51) have used the Eichelberg
formula in calculating approximate heat release for internal combust-
ion engines; and Danieli, Ferguson, Heywood and Keck (1.47) used a
similar formula suggested by Woschni (1.52) primarily because the
expected Reynolds number dependence was displayed and instantaneous
heat transfer rates were not required. However, it is the instant-
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aneous heat transfer coefficient that is required in detailed combust-
ion models. Important factors that were ignored in obtaining the
overall heat transfer coefficient play an important role in the com-
bustion process. The build up of boundary layers or hydrocarbon
quench layers and the effect this has on heat release and NO
concentrations in the burnt charge has generally been ignored. Also
spatial variations in heat transfer coefficient have not been taken
into account. Blumberg and Kummer (1.53) have pointed out that if
heat were drawn from the bulk gases unrealistically low values were
obtained for NO levels. It is possible therefore that the heat loss
is restricted to a thin hydrocarbon boundary layer whilst the bulk
charge remains adiabatic at a higher temperature than would be pre-
dicted from the uniform temperature case.

The exact form of the heat transfer mechanism and the effect
this has on hydrocarbon formation is however unclear, this being an
area in wnich further work is required.

1.4 NOx FORMATION IN INTERNAL COMBUSTIONW ENGINES

A great deal of work has been done to establish the mechanism
of the formation of Mitric Oxide in internal combustion engines.
Initial studies concentrated upon establishing correlations between
Nitric Oxide production and engine operating parameters (1.54 - 1.61),
From such studies it was established that modifications to the engine
operating conditions that change the combustion temperature or the
concentration of oxygen in the burnt charge affected the nitric oxide
concentration. The peak combustion temperature was found to be a
prime factor in establishing NO concentrations rather than the
equilibrium temperatures at the exhaust discharge condition.

Consideration of the non equilibrium concentrations of NO has
lead to the development of several mechanisms for the formation of NO
in the combustion chamber. It is now established that the NO formed
from reactions of NE with Oxygen is found via the extended Zeldoyich
mechanism:
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04 Ny = NO +N O 1,

2
N+0, e== N +0 e (2)
N+0OH = NO +H cad#3)

Reaction 3 was sugaested by Lavoie and Blumberg (1.61) for
near stoichiometric and fuel rich mixtures. These reactions are
relatively slow, and so the formation and decomposition of NO depend
to a large extent upon both high temperatures and the residence time
at the higher temperatures.

The simplest approximation for computation of NO kinetics is
that of the C.H.0. equilibrium. In this it is assumed that the time
required to achieve equilibrium of NO concentrations is much greater
than the time required to obtain equilibrium for the other con-
stituents in the combustion products. The concentration of all the
species and the temperature of the products being calculated from an
equilibrium basis with NO excluded from the species concentrations.

Newhall and Starkman (1.58) using an extended Zeldovich

mechanism predicted immediate freezing of the assumed equilibrium
composition at the peak temperature and pressure for the homogeneous
gases. Measured NO concentrations were considerably in excess of
equilibrium concentrations and little decomposition of NO during the
expansion stroke was observed. In conclusion they suggested that
the average or bulk peak temperature was an inadegquate representation
of the state giving rise to the maximum equilibrium NO concentrations.
They suggested that calculations of maximum equilibrium NO must be
instead based on a distribution in time and space of local peak
temperature states. Eyzat and Guibat (1.59) examined the formation
process taking account of the possibility that the formation of NO
could be rate limited thus preventing the formation of peak equilib-
rium levels particularly in weak mixtures. Unfortunately, they
linked their kinetic model to a well mixed homogeneous mixture using
the mean bulk temperature in calculating the NO concentrations.

They also pointed to the significance of the heat release rate in
determining NO concentrations.
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Lavoie, Heywood and Keck (1.44) compiled a more complete
kinetic model with an unmixed thermodynamic model. The charge was
assumed to burn in discrete elements that remained unmixed as the
burned gases were compressed and expanded. Using spectroscopic
techniques to follow NO formation in the burned gases in the cylinder
it was observed that NO concentrations are rate-controlled in the
burned gases behind the flame front and freeze early during the
expansion stroke. Measurements made at different locations in the
combustion chamber showed that a substantial temperature gradient and
hence Nitric Nxide concentration exists across the combustion chamber
as predicted by the model.

Blumberg and Kummer (1.53) extended the fundamental work of
Lavoie, Heywood and Keck (1.44) by incorporating it into a general
thermodynamic analysis of an engine cycle. They then obtained
gquantitive predictions .of the NO emission concentrations as a function
of several variables including fuel type, equivalence ratio, humidity,
E.G.R., R.P.M., compression ratio, charge inlet conditions and engine
design parameters. They did not, however, consider heat losses in
the cycle simulation but in an addendum to their work they suggested
that uniform cooling of the burnt charge does not take place during
combustion but that much of the gas behaves adiabatically with the
layers adjacent to the wall absorbing a large fraction of the heat
loss. They suggested that a reduction of 20% of the NO concentration
could be expected due to the small drop in peak pressure and temper-
ature of the adiabatic core.

In a later paper Blumberg (1.60) applied this model to a
stratified charge engine in which the charge was sub-divided into
discrete elements maintaining their integrity throughout the portion
of the cycle during which the NO reactions are active. At a point
in the expansion where all the elements of the burned charge were at
a sufficiently low temperature so as to ensure freezing of the NO
reactions the element was mixed and the burned charge expanded as a
uniform mixture to the exhaust conditions. Heat transfer was also
ignored in this paper. Lavoie and Blumberg (1.61) provided a test
of the computer model of Blumberg by comparing its predictions with
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experimental data from a single cylinder Ford PROCO engine. They
concluded that the Blumberg model if modified to account for flame
formed NO for rich and lean engine operation and wherever NO concen-
trations were less than 100 ppm, provided a good quantitative picture
of NO formation. Further improvements in the quantitative accuracy
would, however, require consideration of heat transfer effects and a
better estimate of flame formed NO. The model over-predicted NO
concentrations by a factor of 2.

Annand (1.62) questioned the simplifications used by previous
workers in calculating the high non-equilibrium concentrations found
in exhaust gases. These simplifications were:-

1) HNeglecting reactions involving Nzﬂ

2)  Assuming quasi-equilibrium values of N and N,0

3) Neglecting the reaction N + OH & NO + H

4) Neglecting that part of the departure from equilibrium
in the burned gases which results from the slow recombination, during
expansion, of atomic hydrogen, atomic oxygen and the hydroxyl radical,
the outcome of which is the survival of excess carbon monoxide in the
exhaust. His work indicated that the departure of CO from equilib-
rium was insignificant in the formation of NO in spark ignition
engines. The quasi steady approximation of N and NZD is satisfactory
at engine conditions. The reaction N + OH = NO + H cannot be dis-
regarded without appreciable error especially in rich mixtures and,
finally, the exclusion of HEG reactions produces a very small under-
estimation of NO.

The large errors in calculating the percentage concentration of
NO in exhaust gases, particularly in fuel rich flames, lead to the
fundamental assumption of the validity of the extended Zeldovich
mechanism being gquestioned as the correct and only mechanism of NO
formation. Fenimore (1.63) suggested that the flame did not follow
the NE - DZ - NO system but that ‘prompt NO' is formed in the primary
reaction zone involving reactions with the hydrocarbon fuel such as
CH + N2=5-HCN + N and EE + N, = 2CN.  The N atoms then form nitric
oxide through the Zeldovich mechanism. The possibility exists that
the quickly formed NOmight be a significant but not major part of the
total.
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A radical overshoot model developed by Homer and Sutton (1.64)
showed that a significant part of NO is formed very early in the
flame as a result of the overshoot of oxygen atom concentrations
above the equilibrium level. The extension of this radical over-
shoot model to a variety of combustion systems would reguire a know-
ledge of the extent of the radical overshoot in the corresponding
flames. In many practical combustion systems, where the gas temper-
ature is known only to within 100°K the detail of this approach may
be unwarranted, and the far simpler equilibrium oxygen atom model
will suffice. Undoubtedly there are radical overshoots in some
hydrocarbon flames and they will contribute to the rate of NO form-
ation very early in the flames, as suggested by Homer, Jenkins and
Sutton (1.65). They could form part of the 'prompt NO' reported by
Fenimore but not all, since the amount of 'prompt NO' was shown to be
greater at high pressures, whilst the effect of any radical overshoot
would decrease as pressure increased.

Potential modifications to the reaction mechanism to account
for the formation of NO are therefore limited by the absence of
fundamental combustion data from within the combustion chamber.
However, it can be said that heat transfer will have an effect on the
NO concentrations and it may, therefore, be unrealistic to examine
the various fluid dynamic and thermodynamic mechanisms occurring
simultaneously in the combustion chamber in isolation. Danieli,
Ferguson, Heywood and Keck (1.46 - 1.47) have made an initial
approach, integrating heat transfer, hydrocarbon formation and NO
formation into a combined model. This model lacks detail and leaves
room for development.

s UNBURNT HYDROCARBON FORMATION

It is now generally accepted that the unburnt hydrocarbon
emissions present in the exhaust gases of spark ignition engines are
due to the quenching of the flame at the cylinder and piston surfaces
and in piston ring and spark plug recesses. The guenched hydro-
carbons are swept from the walls and undergo mixing with the burnt
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charge with subsequent oxidation. The models proposed to date of

| quenching in engines have treated the formulation of a quench layer
thickness largely empirically with data obtained using parallel
plates. This approach is fundamentally incomplete as factors such
as turbulence and species diffusion must also play a part in the
quenching process.

The fundamental work of Daniel (1.66) based on Friedman and
Johnston (1.67) on the quexhing coefficient established the principles
upon which subsequent theories of hydrocarbon quenching were based.
Experimental evidence indicated that the quench distance calculated
from burner data at the same temperature and pressure'wa5 in agreement
with that observed in an internal combustion engine. The observed
quench distances were of the right order of magnitude to account for
all of the unburnt hydrocarbons found in the exhaust gases. This was
in contrastwith the previously held view that pockets of partially
reacted mixture passed through the highly turbulent flame front, as in
Wentworth and Daniel (1.68). This theory was more thoroughly exam-
ined by Gottenberg, Olson and Best (1.69) with experiments closely
approximating engine combustion in which they could study the effects
of varying surface-to-volume ratio and turbulence level. A direct
linear relationship was obtained between the surface/volume ratio of
a combustion chamber and the total concentration of unreacted hydro-
carbons in the combustion products. A direct linear relationship
was also found to exist between a representative measured quench
distance and the quantity of unreacted hydrocarbons in the combustion
products. Hydrocarbon concentrations decreased as the overall re-
action rate increased. A theoretical analysis of hydrocarbon concen-
trations in combustion products has been presented by Agnew (1.70).
Comparisons between the simple quench theory and experimental results
were inconsistent suggesting a modification to the simple quench
theory. More consistent results were obtained when the pressure
dependence of the quenching distance was revised to accommodate the
high pressures encountered in a constant volume process. The un-
burned hydrocarbons produced in or near quench layers, it was suggest-
ed, react during the post-flame reaction process such that the
concentrations of hydrocarbons in the combustion products is signifi-
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cantly lower than that predicted by quench theory alone. The
effectiveness of these post-flame reactions depend upon the temper-
ature/time history of the combustion chamber gases subsequent to
flame extinction. The implication is that a large displacement low
compression ratio engine would produce an exhaust with an unburned
hydrocarbon concentration lower than that of a small displacement
high compression ratio engine. Daniel (1.71) outlined a much more
complex model, which included the effects of in-cylinder diffusion
and the burn up of both the quench layer and ring crevice hydro-
carbons, blow by, rate of combustion, variable fraction of hydro-
carbons exhausted and exhaust port burn up.

The model was instructive in pointing out the general complexity
of the hydrocarbon emission process and in identifying probable
quantitative effects of the many physical phenomena involved. Un-
fortunately, most of the parameters defining the model were not based
on fundamental data but were obtained by means of a multi-variable
fitting technique which matched predicted results to a limited matrix
of data points for a given engine. Regarding wall-quenching hydro-
carbons however, the calculations were based on the two-plate data of
Friedman and Johnston (1.67). The results were generally similar to
those of Agnmew (1.70) in that calculated in-cylinder hydrocarbon
concentrations were always higher than exhaust levels by an amount
which was greatest under lean conditions.

Other factors such as surface temperature and surface finish
have been shown to have an inf luence on hydrocarbon emissions.
Wentworth (1.72) studied the effect of variable wall temperature aon
an engine run at a constant load. Hydrocarbon concentrations were
shown to decrease by a factor of 2, half of which was attributed to
the increase in wall temperature and the remainder being due to
oxidation of the quench layer during the expansion and exhaust stroke.
The mechanism of the removal of the quench layer from the combustion
chamber surfaces has been studied by several workers. Daniel and
Wentworth (1.73) showed the presence of non-uniformities in the con-
centrations of the hydrocarbons in the exhaust gases. Tabaczynkski
(1.74) proposed that the quench layer in the surfaces adjacent to the
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exhaust ports is entrained in the blowby gases and leaves the cylinder.
As the piston moves up the cylinder the effect of the moving wall is
to impart a rolling motion to the quench layer that manifests itself
as a scraping vortex. The size of this vortex at typical engine
Reynolds number is several times the clearance height.  Thus,

towards the end of the exhaust stroke a major part of this hydro-
carbon vortex exits the cylinder. The surface/volume ratio of the
vortex has an effect on the oxidation of the hydrocarbons during the
exhaust process. Hicks, Probstein and Keck (1.75) have developed an
aerodynamic model of the entrainment of the quench layer during blowby
and exhaust. The area from which the quench layer is swept is shown
to be proportional to the cube root of the ratio of the guench layer
thickness to the thickness of the viscous boundary layer. The
hydrocarbon emissions were shown to be dependent upon the product of
the hydrocarbon density at the time of quench, .the quench area the

the thickneés of the quénch layer. d

The introduction of large scale organised turbulence in the
combustion chamber as a means of reducing hydrocarbon emission con-
centrations has been suggested by Panduranga (1.76). At first sight
it would appear that the turbulence should increase the hydrocarbon
concentrations because of the more effective heat transfer enhancing
wall quenching. However, the increase in quench thickness is more
than offset by the decrease due to tangential turbulence.

The incorporation of the quench losses into a combustion model
has been performed by Danieli, Ferguson, Heywood and Keck (1.47).
In this model the quench layer thicknesses were based on exponents
derived from Friedman and Johnson's (1.67) work and that of Green
and Agnew (1.77). The model assumed that the mass quenched was
independent of wall temperature and of turbulent scaling in the
boundary layer. Although being over-simplified reasonable results
were obtained and a pointer to the formation of a mathematical
technique was given.
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CHAPTER 2 DESCRIPTION OF EQUIPMENT

INTRODUCTION

The majority of the experimental equipment used was obtained
from normal commercial sources being generally well known. The
exception was the Combustion Interval Meter which was designed and
built specifically for this research. Several modifications were
also made to an otherwise standard CFR research engine to enable the
development of the flame front within the combustion chamber to be
examined.

The CFR engine has been a familiar instrument in laboratories
for several decades. It was designed initially for knock rating
of fuels and is now accepted universally as a standard piece of test
equipment. The specific performance of the engine is low however
and efficiency has been sacrificed for stability of running and
reliability. The operating conditions in terms of crankshaft
rotational speed, combustion duration time, specific power output
etc. are not representative of currently produced commercial units,
but it is generally accepted that the combustion process can be
explored successfully with this machine. Indeed the free availa-
bility of a large amount of experimental data on fundamental aspects
of I.C. engine work performed with this unit is a great asset. A
basis of comparison exists with the CFR engine which would not be the
case for any commercially available multicylinder engine.

The experimental equipment centred around the CFR engine was
designed specifically to enable constant operating conditions to be
maintained during the examination of the combustion process, and to
allow rapid collection of data.

2.1 THE CFR EXPERIMENTAL ENGINE

A suitably instrumented CFR variable compression ratio engine
was adapted for use in this series of experiments. This is a well
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established basic research tool and is used in various forms as an
international standard for the rating of petrol, aviation and diesel
fuels. The basic dimensions of the engine are listed in Table 2Z.1.
A schematic diagram of the test bed layout is shown in Figure 2.1.
Figure 2.2 is a photograph of the testbed. The following describes
only the details of the engine of particular importance to this work
along with modifications made to the standard unit.

2l The Multihole Cylinder

The variable compression ratio cylinder used in this series of
engines is of one piece, with a cast iron cylinder head. The valve
operating mechanism is mounted on a carrier situated on the top of the
cylinder head and is of such a design as to maintain constant valve
clearance irrespective of the vertical position of the cylinder
relative to the crankcase. The multihole cylinder as used in this
study is shown in section in Fiqures 2.3 and 2.4, The sparking plug
was situated in port A (Figure 2.3) in a brass insert also housing an
ionisation gap (Figure 2.5). A second ionisation gap was situated
in port D. The remaining ports, B, C, E and F were used to house
thermocouples described in a later section. A piezo-electric pressure
transducer mounted in a water cooled adaptor was located as shown in
Figure 2.4. The design of the adaptor and the choice of the pressure
transducer are discussed in Appendix 1.

Modifications were made to the cylinder head as shown in Figures
2.4 and 2.5 to facilitate the location of four ionisation gap trans-
ducers on a diameter running through the spark plug port. The design
of the ionisation gaps has been developed in the Mechanical Engineering
Nepartment over several years. A full account of this work and the
installation of the transducers in the cylinder head has been given by
Ellison (2.1).

- 0 O The Engine Cooling System

A water filled gravity return evaporative cooling system was
- used with this engine. The advantage of this arrangement is its
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ability to maintain the cylinder head jacket temperature within very
close limits irrespective of the operating conditions. The surge
chamber and condenser unit were attached to the cylinder head. The
mass flow rate and the temperature change of the cooling water used
with this system was recorded. A schematic diagram of the cooling
system is shown in Figure 2.6.

el i The Ignition System

A 110 volt condenser discharge ignition system as normally fitted
to the CFR engine was used throughout the experimentation. This
system eliminates irregularities due to breaker point arcing as the
spark occurs at the make of the contact not the break as in a normal
system. A neon indicator on the front of the crank shaft, activated
from an induced E.M.F. from the H.T. lead, indicated on a fixed scale
the point of ignition. - The ignition timing was varied by rotating
the contact breaker housing around the breaker cam. The contact break-
er housing was then locked firmly into position. A Champion RJ11
sparking plug with an electrode gap of 0.025 in. as recommended by the
manufacturer was used. The contact breaker point gap was set at
LEdS in.

2.1.4 The Carburation and Air Intake System

A three bowl "Scentspray" type variable level carburettor with
single venturi and fixed jets was fitted to the engine. The air-fuel
ratio was varied by changing the height of the float chamber above the
metering jet. This level was indicated on a graduated sight glass.

A horizontal air bleed tube in the venturi permitted the use of large
size, clog free, jets making the mixture adjustment very sensitive.

An A.S.T.M. ice tower was installed upstream of the carburettor
which saturated the air supply with a moisture content of 26 to 28
grains/1b. An Alcock viscous flow air meter was situated in the in-
take line between the ice tower and the surge tank mounted above the
carburettor, The calibration curve of the flow meter is shown in
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Figure 2.7. A heater unit set into the surge tank and controlled from
the main console was used to condition the air inlet temperature. A
mercury in glass thermometer placed in the line between the surge tank
and the carburettor indicated this air inlet temperature. A schematic
diagram of the air intake system is shown in Figure 2.8.

. The Dynamometer Control Unit

The engine was connected through a flywheel coupling to a D.C.
motor generator set manufactured by The Louis Allis Co. of Wisconsin.
The complete package consisted of load resistors, revolution counter
and control panel for the dynamometer containing all the necessary
meters, switches, circuit breakers and resistors. The dynamometer
unit, rated at 8HP, was designed to permit a complete study of fuel
and engine characteristics at variable speeds and loads to a maximum
of 4000 RPM and 8HP. The power output of the engine can be deter-
mined from the following relationship:

B.H.P. = WN/6000
where N is the engine speed in RPM and W is the load indicated by
the Fairbanks-Morse weighing system used with this dynamometer. A

complete description of the dynamometer system can be obtained from
Ellizon (2:1).

Fpt COMBUSTION CHAMBER PRESSURE MEASUREMENT

It is evident after examining the problems of cyclical variat-
ions that the conventional technique of recording the cylinder
pressure diagram on an oscilloscope screen obscures a significant
cyclical pressure variation. It was decided therefore to record the
pressure diagram on an ultra-violet recorder. The large trace thus
obtained allowed a close examination of the variations and the
relative fineness of the trace reduced the area of uncertainty. The
traces obtained were to a base of crank angle degrees produced by a
deqree marker described in a later section. The remote control
facility enabled the Bryans Southern series 70-430 U.V. recorder to
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be used in conjunction with the combustion interval meter and the
TRt dndicator.

Calibration of the pressure measuring system against a dead
weight tester was performed in the usual manner for the piezo-electric
pressure transducer used. The output signal of the charge amplifier
was varied to suit the characteristics of the U.V. recorder. An
initial estimation of the maximum cylinder pressure was obtained from
oscilloscope recordings made at an earlier date. The details of the
calibration are given in Appendix 1. A schematic diagram of the
pressure measuring system is shown in Figure 2.9.

A Kistler type 701A quartz pressure transducer
installed in a water cooled housing (Figure 2.10) was used to form
the mechanical-electrical interface. The choice of pressure trans-
ducer and the design of the transducer installation are discussed in
Appendix 1.

2.3 THE COMBUSTION INTERVAL METER

The combustion interval meter was designed to present, as a
digital reading, the time lapse between the point of ignition and
the arrival of the subsequent flame front at an ionisation gap set in
the combustion chamber wall. An examination of the rate of flame
front propagation and the development of the flame front at several
locations in the combustion chamber is possible with the six input
channels designed into the instrument. The logic controls also
permit the instrument to be used independently or to be interfaced
with other instruments.

2Bl Principle of Operation

The instrument accepts two types of signals. The first denot-
ing the instant of ignition was obtained from the ignition system and
the second registering the arrival of the flame front at a particular
point in the combustion chamber was obtained from an ijonisation gap.
The basic pulse forms of these signals were modified in the instrument
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to square wave form, the leading edge of each corresponding to the
point of interest. The time interval between the occurrence of the
two leading edges thus represented the variable of interest. This
time interval was displayed as real time rather than in terms of
crank angle degrees as has been done with similar instruments.

T he successful operation of the instrument is
therefore dependent on the user being aware of such variations in
crankshaft rotational speed as occur around T.D.C. on the compression
stroke.

The logic controls have been designed to display the interval
times for one combustion cycle or alternatively the average lapse
times for up to 256 successive cycles. The manual
controls include a disabling switch to isolate the meter from the in-
put signals whilst the operator is examining the lapse time data. In
the event of the instrument not registering a complete set of ionis-
ation gap signals as selected by the operator, to a maximum of six per
cycle, an LED warning system is activated to inform the operator of an
error. The instrument can then be enabled to store and display a new
set of data.

2,32 Functional Operation

The front view of the instrument is shown in Figure 2.11. The
signal marking the occurrence of the ignition spark was obtained from
a2 small current transformer threaded onto the H.T. lead of the spark
plug. This signal is modified and shaped to trigger a gating circuit
controlling the registration of pulses produced by a crystal controlled
oscillator into cascaded B.C.D. counters, four for each ionisation gap
circuit. These pulses cease to be registered in the counter circuits
at the arrival of a conditioned signal from the ionisation gap input
channel. The ionisation gaps, situated in the cylinder head, were
polarised by a steady potential 20 volts supplied from with the
instrument. The lapse times are displayed on seven segment L.E.D.
indicators driven from a B.C.D. decoder. The instrument was designed
to record a pulse count of 9999 pulses but the least significant digit
~ was not displayed as the uncertainty in calibration of the oscillator
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did not justify the inclusion of this count. The frequency of the
oscillator was varied by adjusting a resistor set into the front of
the instrument. Calibration was performed against a time mark
generator or other suitable instrument.

The instrument is complete with its own inbuilt power supply
operating off 230 volts AC. A block diagram of the meter is shown
in Figure 2.12.

g I Operating Notes

Connections to the ionisation gap inputs were made through
screened coaxial cables to sockets on the frant panel of the instru-
ment. The ignition pulse input is situated at the rear panel. An
additional socket was positioned on the rear of the meter for connect-
ing the T.D.C. indicator when used in association with the combustion
interval meter. Switches to the left of the L.E.D. displays on the
front panel disengage individual ionisation gap circuits from the
operating mode. In the event of an ionisation gap failure in the
middle of a test the circuit can be isolated and the testing continued
with the remaining ionisation gap transducers.

Under normal operating conditions the lapse time will be dis-
played for a period of 10 seconds before they are cancelled and a
second set of data recorded and displayed. Should the operator wish
to retain the display for longer than 10 seconds, the hold switch can
be used to hold the display and prevent further data being stored.

Calibration of the instrument can be achieved by applying
signals for which the lapse time is known to the input sockets. Such
signals can be derived from pickups placed a known distance apart
and operated by a reference mark on a rotating disc or alternatively
they can be derived from an electrical source.

2.4 THE CRANK ANGLE INDICATOR AND T.D.C. INDICATOR

The crank angle indicator was a proprietary unit manufactured
by Southern Instruments Limited. [t consisted essentially of a






signal generator coupled to a signal conditioning and amplification
unit. The output from the amplifier was a low voltage signal
resembling an inverted V when viewed on an oscilloscope screen, with the
centre of the V representing a datum point. The signals were produced
by a magnetic pickup sensing strips of a ferrous material set into the
circumference of a Tufnol wheel at 20° intervals. An extra three
strips were inserted to produce a group of five strips at 10 intervals
the centre one then representing T.D.C. The unit was connected to

the free end of the dynamometer shaft through a torsionally stiff coupling
and was aligned to marks of crank angle degrees and T.D.C. engraved on
the engine flywheel. The assembly could be aligned to be within an
error of less than 0.25 units of the flywheel. Prior to assembly the
spacing of the metal inserts in the Tufnol wheel were examined by
rotating the wheel in a dividing head. The nominal accuracy of these
units is <0.1% to which the wheel conformed.

Examination of the rotational speed of the engine with high speed
photography showed that the variations in the rotational speed were
large around the region of T.D.C. on the compression stroke. [t was
therefore decided to measure the lapse times between the point of
ignition and T.D.C. A measuring system based on the combustion
interval meter was therefore constructed with a resolution of 0.01 ms.
This unit could be used in conjunction with the combustion interval
meter using the oscillator of the latter instrument as the frequency
standard or it could be used independently using its own internal
oscillator, The initiation pulse was derived in the same way as
that for the combustion interval meter from the ignition system and
the terminating pulse was obtained from a photocell system triggered
! 1 1

In addition to the above standard neon indicator as normally
used for indicating ignition timing on the C.F.R. engine was retained.

2.5 THE PISTON AND PISTON TEMPERATURE MEASURING EQUIPMENT

The cast-iron piston had a fully floating gudgeon pin of 1.25in.
diameter and was fitted with five compression rings. The top land
of the piston was large compared with modern designs with a large
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quench zone for the collection of unburnt fuel. The very adeguate oil
supply system and oil temperature control system coupled with the
relatively low power output of the engine practically eliminated the
possibility of overheating and subsequent breakdown of the piston.

A series of chrome/alumel thermocouples was installed in the
piston crown on a diameter running from the spark plug (Figure 2.13).
The problems of monitoring the piston temperature of an internal
combustion engine has been the topic of much study (References 2.2 and
2.3). The difficulty of extracting the thermocouple signals from
within the crankcase has been solved in several different ways, each
having its own merits and demerits. A continuous signal could be
obtained through the use of a radio-link system or the use of contin-
uous thermocouple leads arranged on some form of linkage. The first
mentioned method was disregarded because several channels were required
and the problems of modulating the thermocouple signal on an RF carrier
made the system unattractive. The possibility-of an engine strip and
rebuild, part way through the experimentation, due to fracture of one
of several thermocouple leads precluded the use of the second method
mentioned above and an intermittent contact system was adopted in this
instance.

L The Intermittent Contact Temperature Measuring Technique

The intermittent contact system for monitoring piston crown
temperatures owes much of its development to BICERA and Ricardo and
Co.Ltd. A brief account of this technique is given in Reference 2.3.
The technique is essentially the insertion of the thermocouple bead
into the piston crown with the leads terminating in resiliant contacts
at the piston skirt. At around B.D.C. these contacts engage with
impact contacts and thus complete a normal type of thermocouple
temperature measuring circuit,

The thermocouple leads of 24swg were initially silver-soldered
into conical housings (Figure 2.14) which in turn were inserted into a
taper reemed hole in the piston crown with the leads hanging inside
the piston skirt (Figure 2.15). The thermocouple leads were then run
across the underside of the piston crown and down the skirt, being
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FIGURE 2.13

POSITION OF THERMOCOUPLES IN THE

PISTON CROWN
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FIGURE 2.14  INSERTION OF THERMOCOUPLES IN

PISTON CROWN
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FIGURE 2.15 THERMOCOUPLE LEADS HANGING INSIDE THE

PISTON SKIRT
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secured with a strap located in one of the piston ring grooves and
recessed below the surface. The leads then terminated in silver steel
contacts (Figure 2.16) supported in but insulated from a machined ring
(Figure 2.17) situated at the base of the piston skirt. At around
B.D.C. these contacts are brought into contact with berrilium-copper
impact spring type contacts (Figure 2.18) situated on hangers in the
crankcase mouth (Figure 2.19). The sandwich plate positioned between
the crankcase and the cylinder of the C.F.R. engine was slightly modi-
fied as shown in Figure 2.20 to accommodate the hangers. Chromal-
alumel leads were then drawn from the spring contacts to emerge through
a gland set (Figure 2.21) in the crankcase and then to a conventional
measuring system as shown in Figure 2.22.

P4 Calibration of the measuring system

As the-total contact time of 40 crank angle degrees at a rotat-
ional speed of 900 RPM was only 0.711 ms. a calibration procedure was
adopted to establish the overall integrity of the system. A solar-
tron digital volt meter was chosen to display the thermocouple E.M.F.
so it was essential to provide an arrangement at the signal input to
enable the D.V.M. to lock on to the maximum signal voltage. The
system adopted, that of placing a capacitor in series with the D.V.M.
so that effectively the D.V.M. was registering the charge across the
capacitor was optimised during this work.

A test rig to represent the intermittent contact system with a
variable contact time of from 0.5 to 3.0 ms. was constructed and the
calibration of a thermocouple connected to the contacts and thence a
D.Y.M. via the capacitor was compared with that of a normal thermo-
couple connected to the same D.V.M. at the same temperature. In both
cases an ice junction was utilised. Various capacitors were used in
the circuit, 10 uf being found to produce the maximum stability of the
D.V.M. The calibration of the thermocouples in the piston was then
performed with the piston inserted in a fluidised bed calibration bath
against an NPL mercury in glass thermometer. An initial calibration
was performed with the contacts of the test rig closed and then a
series of points for several contact speeds were recorded. At higher
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FIGURE 2.16  SILVER STEEL CONTACTS AT THE BASE OF

THE PISTON SKIRT

73






PIGURE 2.18  BERRILIUM-COPPER IMPACT SPRING TYPE CONTACTS
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THE CRANKCASE MOUTH

HANGERS IN

FIGURE 2.19
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FIGURE 2.21  GLAND SET IMN CRANKCASE
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FIGURE 2.22 CONVENTIONAL THERMOCOUPLE MEASURING SYSTEM
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speeds an upper limit was reached due to contact bounce. This 1is an
inherent fault of the leaf spring type contacts that may be overcome
with the adoption of contacts with a piano-key type of operation. The
calibration curves of the piston thermocouples are shown in Appendix 1.

2.6 THE COMBUSTION CHAMBER SURFACE THERMOCOUPLES

Measurement of a combustion chamber surface temperature that is
exposed to a rapidly varying temperature field is a severe problem.
Uncertainty with regard to the exact location of a thermocouple bead
can lead to large errors both in the amplitude of the temperature
variation and the phase relationship of the temperature field and the
thermocouple signal. Table 2.2 shows this clearly. An error in the
location of the bead of 0.005 in. for example will reduce the amplitude
of the temperature variation to only 14% of the value at the surface
for a typical carbon steel cylinder head. In addition the presence of
the thermocouple acting as a heat sink will also contribute to the
level of uncertainty. As the wall temperature is considered to be a
prime variable in the formation of hydrocarbon quench layers (Reference
2.4) and since heat transfer losses can effect engine power output
it was decided to insert thermocouples into plugs situated in ports
as shown in Fiqure 2.4.

The thermocouple heads were based on a design produced by the
British Cast Iron Research Association and used by Kniaht
(2.5). A sectioned drawing of the thermocouple head is shown in
Figure 2.23. 24 swg wire chromel/alumel leads were silver soldered
into supports and assembled into plugs, to be installed in the cylin-
der head ports, as shown in Figure 2.24. The combustion chamber
face of the assembly was then machined to produce a flat surface at
the flame face.

A conventional measuring system of cold junction, selector
switch and digital indicator was used in the experimentation as shown
schematically in Figure 2.22. The thermocouples were calibrated

against an N.P.L. mercury thermometer in a fluidised bed calibration
bath.
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FIGURE 2.25

THERMOCOUPLES AND PLUGS PRIOR TO

INSERTION IN CYLINDER HEAD PORTS
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Eud THE EXHAUST GAS ANALYSIS EQUIPMENT

Gas analysis equipment to monitor the time averaged concentrat-
ions of Carbon Manoxide, Hexane and MNitric Oxide in the exhaust gases
was arranged as shown in Figures 2.26 and 2.27. In the absence of a
British Standard relating to the sampling of exhaust gases the system
was set up according to the manufacturerS advice and the accepted
method used in the department.

e The Sampling System

An uncooled sampling probe of pitot tube type construction was
centrally located in the exhaust pipe 30 inches from the exhaust port.
The gases were then dried and filtered before entering the analysers
through a selector valve arrangement. The selector valve was so con-
structed as to allow the selection of either exhaust gas or span gas
to either of the gas anaiysers. .

V. The Nitric Oxide Analyser

A Chemitox analyser manufactured by Grub-Parsons and Co.Ltd.
was used for the monitoring of NO levels in the exhaust gases. The
instrument depends for its operation on the chemiluminescent reaction
between Mitric Oxide and Ozone. At low pressures the NO is oxidised
by Ozone to form Mitrogen Dioxide, NBE. Approximately 10% of the
resulting NDE is in an excited state; this excited NO, decays to the
non-excited state by the emission of near infrared radiation. The
intensity of the radiation is directly proportional to the amount of
NO reacting with the ozone. The emitted radiation is detected by a
photomultiplier. The signal is amplified and conditioned to produce
an output proportional to the original NO concentration. In the
instrument the low pressure is obtained by a rotary vacuum pump
connected to the reaction chamber.

Calibration of the instrument is achieved by using pure MNitrogen
as a zero gas after the stabilisation of the photomultiplier dark
current level. The span was calibrated against a gas cylinder of
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FIGURE 2.26  ARRANGEMENT OF EXHAUST GAS ANALYSIS EQUIPMENT



















CHAPTER 3 EXPERIMENTAL PROCEDURE

INTRODUCTION

There were two strands to the experimental work. Firstly,
the relationship between the cyclical variations of the expanding
flame front and the engine operating variables was examined,
together with their effect on cylinder pressure development, using
Benzine and isooctane fuels. Secondly, the apparent flame speed
and its relationship with the laminar flame speed was examined. The
information thus obtained was fed into a cycle synthesis to predict
mass burning rates and emission formation. The experimental
procedure adopted was chosen for its minimal effect on the
variables under examination. The results ohtained are therefore
independent of the technique.

The difficulty of obtaining repeatable results from the CFR
engine has been demonstrated by E1lison (3.1). Since this work has
a2 wider scope than Ellison's, and in particular because the
interdependence of the CFR system variables is uncertain, it was
decided to monitor and maintain at fixed values piston crown
temperature, cylinder surface temperature, cooling water temper-
ature and flow rate. This minimised the effect of changes in
these variables on the cyclical variations of flame propagation.
These parameters were later used in the cycle synthesis
routine.

In ths chapter, the experimental method is outlined in two
parts: the technigues used to obtain stable and repeatable running
conditions in the engine, and the techniques used to produce
experimental results.

240 THE ELLISON STARTING PROCEDURE

The work of Ellison highlighted the difficulty of obtaining
consistent and repeatable running conditions with the CFR engine.
Nevertheless, he developed a starting procedure which allowed the
same running conditions to be produced day after day for speeds of
either 600 or 900 RPM., The same technique was adopted here and is



as follows:

Step 1 Start the engine and run for 15 minutes at 900 RPM

Step 2 Adjust the speed to 1500 RPM and run for a further 15
minutes

Step 3 Adjust the speed to that reguired for the test conditions,
set the mixture strength and ignition timing to the test
conditions

Step 4 Adjust the sump o0il temperature and the cooling water
flow rate to obtain the required piston crown and
cylinder head temperatures

Step 5 Allow to run at the stabilised conditions for at Jleast
20 minutes before commencing the test

This starting technique was used prior to each day's running.

i $ SETTING THE MIXTURE STRENGTH

The CFR engine is fitted with a multibowl scent spray
carburettor system. The mixture strength is adjusted by varying
the head of fuel relative to the jet. Large variation of the air-
fuel ratio can be achieved by using jets of different sizes.
The carburettor is fitted with a sight glass arrangement through
which the level of the fuel can be observed. It is possible with a
little care and practice to achieve fine adjustments to the air-
fuel ratio. The ratio is determined by timing with a stop watch
the time required for the engine to consume a qiven amount of
fuel under steady conditions. The air flow was measured with a
Alcock viscous flow meter in the inlet system.

3.3 SETTING THE SPARK ADVANCE

The CFR engine is equipped with a coil ignition system.
The half time pinnion driving the contact breaker cam is situated
at the front of the engine. A handle and clamp arrangement
enclosing the points allows the points to be rotated about the
cam to facilitate variation of the ignition timing. A neon
flasher unit energised from the HT lead indicated on a
graduated scale the ignition point.
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3.4 SETTING THE COMPRESSION RATIO

The compression ratio can be adjusted by raising the
cylinder and head assembly relative to the crank case. Turning a
screw gear raises or lowers the cylinder which is normally
clamped with a steel band. A micrometer head is used to measure
cylinder travel. The micrometer is set up in the engine build
at a specified reading for a specified compression ratio. The
subsequent compression ratio can then be obtained from the CFR
manual for specified micrometer setting.

Jud SETTING UP THE GAS ANALYSIS EQUIPMENT

It was necessary to calibrate the gas analysis equipment
prior to and at the end of each day's testing. The analysers were
switched on at the beginning of the engine warm up period and
were allowed to stabilise for an hour before attempting a calibra-
tion. The in Tine filter and water trap were cleared at the
beginning of each test and the chemical dryer attached to each
instrument was renewed as necessary. The gas analysers were
calibrated according to the manufacturers' instructions, as
outlined in the various handbooks, against full span and
certified calibration gases.

3.6 EXAMINATION OF THE CYCLICAL VARIATION OF THE ENGINE
ROTATIONAL SPEED AND THE IGNITION TIMING

The combustion interval meter used in this work displays as
real time the interval between ignition point and the arrival of
the flame front at the ion gap. As cyclical variation of the
engine rotation and the point of ignition affect the combustion
interval it was decided to examine both factors.

The combustion interval meter was used to measure the time
taken for one revolution of the engine crank shaft by timing the
interval between successive pulses from the TDC indicator under
both motoring and firing conditions. High speed photography was
also used to examine the motion of the graduated flywheel in both
cases. In the test the compression ratio was raised from 5:1 to
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10:1 and in the motoring test the ignition timing and spark advance
were set for maximum power at 600 RPM,

The combustion interval meter was used to measure the cyclical
variation of the ignition timing, by timing the interval between
the point of ignition and TDC. These tests were performed under
the same operating conditions as the previous tests. The operating
conditions are listed in Table 3.1.

k. A § EXAMINATION OF THE FLAME PROPAGATION SPEED WITH THE
COMBUSTION INTERVAL METER

The object of this part of the experimental phase was to
examine the expanding flame front as it progressed across the
combustion chamber. The presence of the flame front was detected
by the ion gam situated in the spark plug housing, across the
cylinder head and in the port diametrically oppasite the spark
plug. The elapsed time between ignition and the arrival of the
flame front at the ion gap was displayed by the combustion
interval meter and then recorded. Five hundred samples of the
flame propagation times were recorded for each engine setting
in half an hour. Benzine and isooctane fuels were used in this
test. As the test progressed and the results were analysed,
cylinder pressure diagrams were taken in association with the
combustion interval times. The UV recorder was triggered off by
the combustion interval meter. A summary of the engine operating
conditions used in these test is presented in Table 3.2.

3.8 EXAMINATION OF THE APPARENT FLAME SPEED AND COMBUSTION
PHENOMENA

The object behind this series of tests was to obtain engine
data from the combustion of isooctane fuel on which to base
predictions of the behaviour of the flame front, and mass burning
rates to be used in combustion modelling. These tests are similar
to those described in Section 3.7, but were more detailed. The
composition of the exhaust gas, in particular, the presence of
unburnt hydrocarbons, CO and N0 was examined using gas analysers.
A larger sample of cylinder pressure diagrams was also used. The
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CHAPTER 4 EXPERIMENTAL RESULTS

INTRODUCTION

The raw experimental data taken from the combustion
interval meter have been analysed statistically using the
University of London SPSS (Statistical Package for Social
Scientists). The results shown here for this part of the work
are the output from the statistical analysis. The emissions
data and other steady state data are tabulated as raw data. For
the sake of clarity, the data are displayed in tabular form,
supported by a typical graphical representation of the variables
of interest.

4.1 CYCLICAL VARIATION OF THE ENGINE ROTATIONAL SPEED AND
THE IGNITION TIMING

The cyclical variation of the time required for one
revolution of the engine crank shaft is shown in Table 4.1, for
both motoring and firing cases (for operating conditions, see
Table 3.1). Figure 4.1 shows, as a histogram, the frequency
distribution for motoring and firing cases with a compression ratio
of 6 at maximum power, ignition timing and equivalence ratio. The
mean times and standard deviations of the times between the point
of ignition and TOC are listed in Table 4.2. Figure 4.2 shows, as
a histogram, the frequency distribution for a compression ratio of
6 at maximum power settings, of the data in Table 4.2.

The separation of the engine rotational speed into two
distinct parts when firing is clearly shown. The reduction of the
crank shaft speed during the intake and compression strokes and
the increase during the expansion stroke is seen to be a function
of compression ratio. The high speed photographic work verified
these results.
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4.2 DEVELOPMENT OF THE EXPANDING FLAME FRONT

The relationship between the mean flame travel time and the
flame radius is shown in Tables 4.3 - 4.7 and Figures 4.3 - 4.7
for various engine conditions for both Benzine and isooctane fuels.

4.3 PISTON AND CYLINDER WALL TEMPERATURE

The temperature of the piston crown and cylinder wall is
shown in Tables 4.8 - 4.9 for Benzine and isooctane fuel
respectively. The piston thermocouples are represented by P] - Pq,
P] being nearest_th& spark plug. The cylinder wall thermocouples
are represented by H] - Uy, H1 being situated in the port adjacent
to the carburettor manifold, and N11 by the exhaust port. wz_-- d W3
follow w1 as seen from overhead, and rotating anticlockwise. They
are equally spaced round the cylinder as shown in Figure 4.8.

4.4 CYLIMDER PRESSURE DIAGRAMS

The cylinder pressure diagrams were recorded on 20 inwide
UV paper. This allowed a much finer resolution of the cylinder
pressure than would normally be available using an oscilloscope.
The flame arrival times for the particular cycle were recorded on
the combustion interval meter simultaneous with the production
of the pressure diagram. Photocopies of several of the pressure
diagrams are shown in Figures 4.9 - 4.18. Included on these
diagrams are the crank angle marker and a representation of the
flame front development.

4.5 EXHAUST EMISSIONS

The time mean concentrations of NO, HC and CO in the exhaust
gases are shown in Table 4.10 and Fiqures 4,19 - 4,21, for various
ignition timing and equivalence ratios for iscoctane fuel
operating with a compression ratio of 8:1. The non-linear
relationship between the engine parameters and the N0 concentration
is clearly shown. The equivalent relationship for the other
constituents is linear,
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2.5- 1 4.014 0.041 0.563 0.317 | 0,993 0.633 | 4.550 |1.480%42.930 - 3.094
8.0 1 &.450 0.037 0.417 0.198 | 0.5¢7 De3251| 3870 | (2. 1301] 2. 600~ A8
| 8.5 ;2.792 0.022 0.315 0.100 | 0.543 0.496 f 3.900 |2.060 {2.794 - 2.836
f ] |
B 0.050 0.719 0.517 | -0.068 |-0.118 | 8.580 |4.670 [6.613 - 5.812i
! 6.0 | 5.668 0.050 0.709 0.502 | -0.419 0.215} 7.850 }4.210 |5.570 - 5./60 |
! G.2 | 5.550 0.045 0.657 0.431 | -0.164 | -0.295 | 6.340 |2.810 |5.260 - 5.440 |
e RN N P 0.042 i) 98 0.3%1 §-0,351 0.115 | 6.550 |3.760 |5.090 - 5.25%
| 7.5 | 4.950 0.056 0.755 0.570 | 0.135 0.273 | 8.330 |4.120 [4.838 - 5,062 |
t 8.0 |4.650 0.042 0.609 0.297 ; 0.413 0.362 § 7.430 !3.130 4.550 = Siee
| 8.5 | 4.603 0.031 0.440 D105 1 Daoes 0.431 | 6.150 | 3.590 |4.542 - 4.664 |
I |

TABLE 4.3

FLA'E TRAVEL TIME: VARIATION OF COMPRESSION RATIO (FUEL TYPE:BENZENE)




801

égg CR MEAN STD ERR | 5TD DEY VAR KUR SKEW MAX MIN 0.95 CI
P B | | 0.061 0.864 0.746 §{ 0.414§ 0.272 | 10.360 | 5.500 1.750 - 8.030
6.0 6.650 0.067 0.966 0.434 | -0.302} 0.180 8.920 | 3.740 6.516 - 6.784
0| & 100 0.054 0.781 0.611 | -0.1901 -0.061 7.8204 3.570 6.072 - 5,288
4 s S8 P L 0.048 0.683 0.466 | 0.024| 0.343 8.150 ] 4.560 6.063 - 6.252
Pt 2290 0.056 0755 0.571 | -0.139 0.143 7.810| 3.890 5.858 - 6.082
&.01 5.550 0.042 0.062 0.318 | 0,416 ] ©G.037 7.420| 3.670 5.466 - 3,630
.5 | 5.510 0.037 0.534 0.285 | 0.745| 0.028 1. 210§ 3550 5.436 - 5.584
5.0| 9.693 0.059 0.841 0.707 { -0.124] 0.390 | 12.7130| 7.640 9,576 ~ 5,808
6.0) 8.736 0.080 1.162 1.351|-0.088| 0.390 | 12.380| 6.540 8.576 - 8.896
6.5 8.270 0.064 0.931 0.867 § -0.375] 0.156 §.630'| 5.950 8.142 - 8.398
5 F.o) 7.950 0.056 Ji=red 0.635 | -0.315]| 0.058 9.840| 7.970 7.840 - 8.061
7.5 7.500 0.075 1.014 | 1.029|-0.022| 0.258 | 12.320| 6.680 9,228 - 9.524
8.0| 6.950 0.056 0.721 | 0.673|-0.172| 0.263 Sohae | G tis €.830 -“7.06<
8.5| b.634 0.048 0.690 i 0.476 | -0.143 | 0.271 9.080| 5.430 6.830 - 7.030

TABLE 4.3 (CONTINUED) B =21BTDC @ =1.1 N = 600 RPM TIN = 38°%C







oLl

ION | @ |MEAN |STD ERR | STD DEV | VAR KUR | SKEW | MAX |MIN 0.95 CI
GAP
0.938 {2.562 | 0.027 |o0.388 0.150| 0.918{ 1.044| 3.860 |1.900 | 2.509 - 2.615
1.015 | 1.764 {0.047 |0.676 0.457 | -0.647 | 0.726| 3.410 |0.550 [ 1.670 - 1.857
1 |1.100 |1.555 |0.028 |0.393 0.154| 0.019| 0.557] 2.670 {0.620 | 1.501 - 1.610
1.224 |1.944 10.033 |0.474 0.224 | 3.171| 1.762| 2.910 {0.500 | 1.876 - 2.007
1.420 {1.924 {0.058 | 0.833 0.694 { -0.921 | 0.774| 3.250 |0.510 | 1.808 - 2.039
1.505 11.813 {0.043 | 0.617 0.381| 4.819| 2.437| 3.800 {0.500 {1.900 - 1.730
0.938 [ 3.926 |0.036 {0.518 0.268 | 0.402 | 0.463| 5.590 |2.460 | 3.855 - 3.997
1.015 |3.587 | 0.032 |0.461 0.213 | -0.609 | 0.198] 4.710 | 2.570 |3.523 - 3.65]
2 11.100 |3.556 |0.034 |0.477 0.228 | -0.110| 0.221! 4.780 {2.360 |3.490 - 3.622
1.224 13.500 |0.031 0.448 § 0.201}-0.196 | 0.017! 4.690 |2.200 |3.438 - 3.562
1.420 }3.980 [ 0.046 [0.650 | 0.422| 2.085| 0.819{ 7.000 |{2.460 |3.890 - 4.070
1.505 {3.901 [0.050 {0.711 | 0.505{-0.005| 0.639{ 5.880 |2.620 |3.803 - 4.000
; i
: |
0.938 15.893 |0.055 10.791 | 0.625(-0.105] 0.502| 8.370 [4.410 |{5.785 - 6.002
1.015 |5.905 {0.050 |0.710 | 0.503 | -0.217 | 0.511{ 7.730 ;4.410 {5.806 - 6.003
3 {1.100 |5.668 {0.050 |0.709 | 0.502 | -0.419| 0.215| 7.850 14.210 {5.570 - 5.766
1.224 {5.594 {0.051 0.722 ! 0.521|-0.283 | 0.030| 7.790 |4.020 |5.840 - 6.054
1°420 16.758 10,070 |C.992 ' 0.985| 0.139| 0.551{10.247 |4.570 |6.620 - 6.896
1.505 16.587 {0.072 |1.027 1.054 | 0.070} 0 345i1& 24 14.530 |6.436 - 6.720
{
TABLE 4.4 FLAPT TRAVEL TIME: VARIATION OF EQUIVALENCE RATIO (FUEL TYPE: BENZENE)




LLL

| ION i MEAN |STD ERR | STD DEV VAR| KUR | SKEW] MAX MIN 0.95 1
| GAP
E
D938 1 6.97¢ 0.061 0.884 | 0.782| 0.077]0.504| 9.640 | 4.710| 6.850 - 7.094
Uis 1 6.950 0.054 0.842 | 0.709(-0.397{0.253| 9.150 | 5.030 | 6.842 - 7.075
4 1.100 | 6.691 0.058 0.827 | 0.685(-0.244]0.306] 9.050 | 4.860 | 6.577 - 6.806
1.224 | 7.167 0.064 0.913 | 0.833| 0.247/0.348| 9.940| 4.890 | 7.041 - 7.294
1.420 | 8.063 0.084 1.190 | 1.417}-0.152{0.454;11.640 | 5.500 | 7.899 - 8.228
j 008 § 0.923 0.086 1.220 | 1.4871-0.185/0.282|11.670 | 5.350| 8.754 - 9.002
i
0.938 | B.968 0.076 1.0936 | 1.195] 0.027({0.350{11.800 | 6.380 | 8.816 - 9.120
1.015 | 8.928 0.066 0.9450 | 0.893 |-0.453}0.012{11.290 | 6.890 | 8.797 - 9.059
L ot | 8,787 0.064 0.9060 | 0.822 |-0.235/0.243|11.480 | 6.750 | B.601 - B.852Z
1.224 | 9.492 0.074 1.0600 |1.125] 0.370j0.121|12.570 | 65.530 { 9.345 - 9.639
1.420 {10.474 0.093 1323001 110 0.493/0.217({14.350 | 6.170 {10.291 -10.670
1.505 {10.649 | 0.120 1.7140 | 2.938 |-0.653/0.154|15.020 | 7.260 10.412-10.887
. i ' | i

TABLE 4.4 (CONTINUED) 8 = 217BTDC Tiy = 38°C N=600RPM CR=6







ELL

TON TIGNITION MEAN STD ERR  STD DEV VAR = KUR SKEW MAX  MIN 0.95 CI
GAP  TIMING | z
‘BTDC i i
: i

! 10 1.625 i 0.057 i 0.821 0.674 | -1.577 |-0.224 | 3.660 | 0.500 |1.513 ~ &, 538
| 15 1.3 { 0.055 | 0.798 0.636 | -1.6589 0.390 | 2.710 | 0.530 |1.2ﬂ2 - 1.420
. 21 1.901 f 0.044 0.630 0.3%7/ 0.0 1.162 | 3.120 | 0.560 | 1.815 - '1.987
11} 25 | 20T 0.033 0.477 0.227 3.403 1.819 { 2.900 | 0.500 [1.952 - 2.083
; ! 30 2.112 | 0.022 0.308 0.095 4.820 0.013{3.270 | 0.680 !E.DE? - 2.154
! ' 35 1 2.140 | D.024 0.345 0.119 5.670 0.801 | 3.370 | 0.600 | 2.092 - 2.187
| 1 a0 bR 0.028 0.393 0. 1564 0.019 0.557 { 3.670 | 1.620 {2.501 - 2.610
i 10 . 3.471 0.032 0.457 0.209 1.593 0.999 | 5.370 | 2.6710D | 3.408 - '3.533
| ; 15 ; 3.498 0.032 0.464 0.21% 0.276 0.423]4.92012.270 | 3.434 - 3.561
f 21 ; 3 0.038 0.543 0.295 53.628 1.501 | 7.230 | 2.340 | 3.496 - 3.664
‘ Fog 25 (S8 M52 | 0.034 0.491 0.241 | -0.485 0.065 | 5.330 | 2.510 | 3.694 - 3.830
I ! 30 | 63 5250 0.040 0.572 0.328 0.221 0.364 | 5.750 | 2.570 | 3.671 - 3.829
' | 35 |88, H23 0.1035 0.507 0.257 | -0.426 0.728 165,180 | 2.620 | 3.753 - 3.892
: i 40 ! 3556 0.034 0.477 0.228 | -0.110 0.221 | 4.780 | 2.360 |3.4QD - 3.822

. | ;
f | 10 5.831 0.050 ! 0.715 0.511 | -0.580 0.361 { 7.800 {4.430 | 5.733 - 5.529
| i 15 5.846 0.050 | 0.724 0.524 | 0.448 0.712 | 8.390 ]13.920 | 3.439 - 3.561
; 21 { 5.743 0.050 0.726 ID.EE?: -0.318 0.326 | 7.720 |4.090 | 5.644 - 5.B43
3 2h 5.840 | 0.047 | O0.876 jﬂ.ﬂE?i 0.682 0.525 | 8.240 | 4.490 | 5.747 - 5.933
30 | 6,008 | 0.062 | 0.739 {0.546; -0.485 0.015| 7.980 | 4.440 | 5.906 - 6.110
| 35 5. 939 ! 0.044 0.627 :D+393 -0.143 0.060 | 7.510 |4.330 | 5.903 - 6.076
| a0 | 5.668 | 0.050 0.709 | 0.502| -0.419 n.216 | 7.850 (4,290 | B.570 =  Saey

TARLE 4.5 FLAME TRAVEL TIME: VARIATION OF IGNITION TIMING (FUEL TYPE: BENZENE)




FLL

| ION | IGNITION ; MEAN  STD ERR | STD DEV | VAR | KUR |SKEW | MAX  MIN 0.95 CI
| GAP | TIMING |
| |
| | 10 6.852 | 0.057 0.818 |0.668 [-0.238 |0.214 | 9.620 | 5.070 | 6.740 - 6.964
15 6.757 | D.057 0.824 |0.678 |-0.191 |0.484 | 9.010| 4.810 | 6.745 - 6.970
; 21 6.705 | 0.061 (CBEY 0. 278 | 2.856 | O A6 8. 780 4020 | b 58k - B 82k
4 | 25 6.797 | 0.053 0.759 |0.575 |-0.469 | 0.315 | 8.750 | 5.290 | 6.692 - 6.901
30 6.974 | 0.061 0.874 |0.764 |-0.162 | 0.187 | 9.550 | 5.070 | 6.853 - 7.094
35 6.907 | 0.051 0.725 |0.526 |-0.436 |0.122 | B.610| 5.120 | 6.880 - 7.007
_ 40 6.991 | 0.058 0.827 |0.685 [-0.299 | 0.306 | 9.050 | 4.860 | 6.880 - 7.111
|1 &
| 10 8.398 | 0.067 0.962 |0.925 |-0.136 | 0.080 |11.790| 6.700 | 8.806 - 9.069
15 B.70°| 0.055 0.934 |0.871 | 0.221 | 0.046 |11.050| 5.630 | 8.611 - B.867
- 21 8.308 | 0.061 0.880 | 0.775 | 0.370|0.102 |11.350 | 6.120 | B8.188 - B.429
| 5 25 8.179 | 0.053 0.764 ;0.584 | 0.670(0.193 [10.520| 5.480 | 8.074 - 8.284
T 30 8.404 | 0.073 T.052 | 1.706.] 16.989 | 0,235 1 10,760 ] €.191 | B.25% - B.548
! | - T s |D.5?D -0.419 | 0.066 |10.080( 6.490 | 8.214 - B.422
; S §.727 | 0.064 | 0.906 ‘G.BZE -0.235 | 0,243 |11.480| 6.750 | 8.601 - 8.852
|
TABLE 4.5 (CONTINUED) CR=6 N=600RPM p=1.1 T ™ 38°C







oLl

(O @ MEAN STD ERR| STD DEV | VAR KUR SKEW | MAX MIN 0.85 CI
| GAP | ; :
EU.BED 3.552 | QL0497 0.503 | 0.253 ]| 4.703| 1.257 { 4.110|2.160 | 3.458 - 3.647
(10 B2 308%: | 0.033 0.508 | 2.25% | 4.632 Ta19 | 3900250 | = 318
1 |[1.120 2.045 0.027 o508 | 0.258 | 4.76% 4.3 | 3900 2.180: | 1.90% - 2.00%
| 1.260; 2.314 { 0.048 0.519 | 0.269 | 4.665| 1.414 | 3.900/2.630 { 2.218 - 2.410
11.353| 2.299 0.050 0529 | 0280 4.398] .%57 | 3.9000E.600 | 201808 - & 395
{1.461} 2.258 | 0.043 0.534 |0.285 ] 5.162| 1.492 | 3.780|2.085 | 2.172 - 2.34]
iD.BEUi 4.673 | 0.036 0.493 | 0.243 | -0.018| 0.271 5. B 3. 380 | B0 - Rl
| 0.952; 4.269 | 0.031 0.497 |0.2497 | 0.003 0.288 | 580012 380 | §.20F -~ 330
2 ' 120 4.23% | 0.024 i 0.508 |0.258 { -0.005| 0.300 | 5.810{2.320 | 4.199 - 4.302
. 250 s Al | 0.031 || 0,508 0.251 0.042| 0.290 | 5.810{2.320 | 4.7104 - 4.228
|'1.353 4.737 | 0.046 | 0.496 |0.246 | 0.05% 0.445 | 5.810(2.810 | 4.645 - 4.829
|1.461) 4.843 | 0.050 | 0.556 |0.309 | 0.552|-0.600 | 5.830|2.420 | 4.742 - 4.941 |
| | i i
0.860| 7.015 | 0.055 | 0.682 |0.466 | 0.455| 0.360 | 8.860/4.200 | 6.905 - 7.120 |
1 0.952| 7.029 | 0.050 | 0.685 |0.469 | 0.411| 0.345 | 8.860(4.200 | 6.929 - 7.129 |
e 1.12&: 5.747 | 0.050 | 0.765 |0.583 |-0.226| 0.140 | 9.280|5.060 | 6.647 - 6.847 |
i 1.250| 7.087 | 0.057 0.635 |0.470 | 0.547|'0.335 | 8.860(4.200 | 6.973 - 7.201 ;
- 1.353| 8.044 | 0.065 0.697 |0.461 0.692| 0.435 | 8.890(4.240 | 7.914 - 8.174 |
! 1.461| 8.241 0.072 0.765 |0.586 | 0.723|-1.148 | 8.860 £.270 | 8.087 - 4,385 !
| | !
TABLE 4.6 FLAME TRAVEL TIME: VARIATION OF EQUIVALENCE RATIO (FUEL TYPE: ISOOCTANE)




Bil

ION P | MEAN STD ERR| STD DEV | VAR | KUR | SKEW | MAX | MIN 0.95 CI
| GAP | - ; ! | +
| . :
10.860 | 8.315 | 0.061 | 0.750 |0.563 |-0.216[0.119 | 9.2805.060 | 8.193 - 8.437
0.952 | 8.283 | 0.066 | 1.190 |0.572 [-0.252({1.045 | 11.640|5.500 | 7.899 - §.2°83
4 [1.120|7.964 | 0.064 | 0.690 |0.477 | 0.465|0.347 | 8.860(4.200 | 7.837 - 8.093
1.250 | 8.531 | 0.073 | 0.761 |0.579 |-0.158{0.159 | 9.280(5.060 | 8.385 - 8.677
1.353 | 9.598 | 0.087 | 0.741 |0.549 [-0.165(0.217 | 11.210|5.110 | 9.424 - 9.772
| 1.461 [10.618 | 0.123 | 0.836 |0.698 | 0.172|1.631 | 11.220(8.370 | 10.372 - 10.864
i
0.860 10.107 | 0.075 | 0.891 |0.793 |-0.029]0.127 | 16.7908.460 | 12.957 - 13.250
0.952 13.008 | 0.063 | 0.893 |0.797 |-0.113(0.096 | 16.790(8.210 | 12.882 - 13.134
5 |1.120 (12.769 | 0.076 | 0.900 |0.809 |-0.121{0.117 | 16.7908.460 | 12.617 - 12.921
1.250 [13.680 | 0.083 | 0.889 |0.790 [-0.245/0.029 | 15.080{8.460 | 13.514 - 13.846
1.353 [15.440 | 0.094 | 0.884 |0.781 |-0.242/0.092 | 17.0308.450 | 15.252 - 15.268
1.461 |15.657 | 0.120 | 1.075 |1.115 |-0.121|0.119 | 17.800{9.030 | 15.417 - 15.897
TABLE 4.6 (CONTINUED) CR=7 N=600RPM ©=24BTDC T = 38°C







bLL

ION| © MEAN [STD ERR| STD DEV | VAR | KUR | SKEW | MAX | MIN 0.95 CI
GAP
10 1.625 0.057 | 0.595 | 0.286| 0.333|-1.095 | 2.620 | 0.500| 1.511 - 1.739
15 1.623| 0.044 | 0.535 |0.265| 7.835| 0.599 |4.990|0.580| 1.535 - 1.711
1 |20 1.732| 0.027 | 0.521 |0.271| 2.428| 0.558 | 4.150|0.500| 1.664 - 1.807
24 2.045| 0.027 | 0.507 |0.258| 4.769| 1.371 |3.900|0.610| 1.991 - 2.099
30 1.924| 0.028 | 0.500 |0.250|-1.269| 0.388 | 3.160 | 1.000| 1.868 - 1.980
40 1.963| 0.045 | 0.640 |0.410|-0.441( 0.972 |2.830|0.670| 1.873 - 2.053
10 3.941| 0.031 | 0.521 |0.271| 2.428| 0.558 | 6.220|1.920| 3.879 - 4.003
15 3.962| 0.032 | 0.462 |0.213| 1.436| 0.448 | 5.820|2.720| 3.898 - 4.026
2 |20 4.137| 0.037 | 0.484 |0.234| 0.229] 0.529 |5.720|3.100| 4.063 - 4.211
24 4.233| 0.034 | 0.508 |0.258|-0.005| 0.300 |5.810|2.320|4.199 - 4.302
30 4.362| 0.041 | 0.403 [0.162-0.135[ 0.272 |5.410|2.400| 4.362 - 4.526
40 4.351| 0.031 | 0.444 |0.197| 0.621| 0.471 |6.180|3.230| 4.289 - 4.413
10 6.531| 0.055 | 0.717 |0.514| 0.271| 0.222 |8.710|4.700| 6.422 - 6.641
15 6.627| 0.050 | 0.674 |0.455|-0.551| 0.075 |8.150 | 5.120 | 6.526 - 6.727
3 |20 6.715| 0.050 | 0.679 |0.462| 0.051| 0.048 |[8.790|5.180 | 6.614 - 6.817
24 6.747| 0.050 | 0.765 |0.583|-0.226| 0.140 |9.280 |5.060| 6.647 - 6.847
30 7.420| 0.065 | 0.612 ]0.375| 0.046| 0.250 |9.700 | 6.250| 7.290 - 7.550
40 7.502| 0.020 | 0.296 |0.088| 4.477|-1.897 |6.630|7.862| 7.462 - 7.542
TABLE 4.7 FLAME TRAVEL TIME: VARIATION OF IGNITION TIMING (FUEL TYPE: ISOOCTANE)




oel

ION| 8 MEAN |STD ERR | STD DEV | VAR KUR SKEW MAX MIN 0.95 (1
GAP
10 7.829| 0.057 0.790 | 0.624 | .0.372|0.157 93500 5. 500 BPle e oF. 043
» 7.831 0.061 0.778 | 0.605 | -0.564|0.073 | 10.030| 5.780| 7.609 - 8.053
4 | 20 7.854| 0.064 0.690 | 0.477 | 0.465)|0.347 8.860| 4.200| 7.837 - 8.093
24 7.964| 0.064 0.690 | 0.477 | 0.465|0.347 8.860| 4.200( 7.837 - 8.093
30 7.990| 0.051 0.605 | 0.367 | -0.511]|0.004 9.460| 6.630| 7.888 - 8.092
40 3.004| 0.064 0.931 | 0.8567 | -0.357|0.156 | 10.630( 5.950| 7.87F - 8.130
10 12.256{ 0.061 0.933 | 0.871 {-0.047|0.057 | 14.€00( 9.340112.134" 4 72.378
15 12 .31 Olnh 1.033 | 1.068 | -0.414{0.019 | 15.160| 9.890{11.989 -'12.449
5 . 20 12.468| 0.075 0.5071 | 05813 | 0. 1210, 0177 | 13,780 B.4e0f12.649 = J2.7F]
24 12.769| 0.0/6 0.900 | 0.809 |-0.121|0.117 | 13.790| 8.460/12.617 - 12.921
30 12.932| 0.064 0.823 | 0.678 | -0.013§0.49% | 15.270{10.890|12.804 - 13.060
40 13.070| 0.070 0.778 | 0.605 | -0.564/0.073 | 14.630|11.560(12.930 - 13.210
TABLE 4.7 (CONTINUED) CR=7 N=600RPM P =1.12 TIH = 38°C







; R P, | Py { Pg| Pyt Wyl Wyl W,
| ; ;
| 5.5 1118 1134 142 8 {17 124 (128 |130
| 6.0 | 140 153 |157 {116 {118 |125 | 127 |13]
| 6.5 | 154 1156 |166 | 122 {129 (139|139 (129 |
| 7.0 | 149 1143 [154 {116 {119 {128 | 126 |133 |
[ 7.5 | 163 168 1175 {130 1121 {129 | 129 |138
| 8.0 ' 163 1162 [171 135 !120 '129 | 130 1138

8.5 167 (156 162 144 {121 131135 [138
= 21°BTDC P = 1.1 N = 600RPM T, = 38 C Benzine

|
o R E 100, | P W, W, W
T R S S e T R T
E _ ! | |
0.938 | 160 {182 |153 l}45 1117 ;123[ 128 |133
1.015 | 133 (158 (164 (137 |117 124 | 129 130
11.100 ! 110 |153 157 | 126 {118 [125 | 129 | 131
11.224 | 128 [145 {157 [129 {117 {123 | 127 [ 130
1.420 | 125 1150 170 | 122 1114 120 ' 128 127
1,505 | 111 150 155 142 |113 118 129 131
CR = 6 8 = 21°BTDC N = 600 RPM T, = 38°C Benzine
i i \
28 18] 1ing | 1Ry | Py | Wy | Wy Wy (W,
. | .
| 10 1114 138 {149 {118 N9 ‘125 127 1129
| 15 | 136 [151 [146 [116 (118 [125 | 127 {130
21 P 110™163" 157 1117 1118 {126 | 126 1131
t 25 | 124 169 (152 |122 (121 {129 | 131 134
| 30 | 89 |142 [158 |127 123 {132 134 136
| 35 | 121 171 [169 |133 {123 {131 136 138
| 40 1132 1168 [176 138 125 |134 141 140
P=1.1CR=6N=600RPM T, =38 Benzene
TABLE 4.8  PISTON AND CYLINDER

WALL TEMPERATURES *("
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CHAPTER 5 MATHEMATICAL ANALYSIS

INTRODUCTION

Computer simulation of the combustion process in internal
combustion engines has lacked detailed knowledge of the flame
field within the combustion chamber. The lack of fundamental data
on such phenomena as the heat transfer process, pressure
development, mixing and mass burning rates has resulted in models
based on intuition and empirical relationships rather than
physical laws.

A description of the charge flow in an internal combustion
engine requires two very different, though related types of
information, which, in turn, reguire the app11cat1nn of different
experimental techniques. These are:

- the study of the charge velocities and turhu]ence properties

of the burnt and unburnt charge; and

- the study of the cyclical variations of the combustion

process.

The role of turbulence in the combustion process has been
recognised for many years but its effect on combustion in an
internal combustion engine has not. Studies of the effects of
turbulence on the spark ignition process in a constant volume bomb
(Refs 5.1 - 5.3) have ignored the effect of piston motion on the
charge burning rate and have produced conflicting conclusions. The
conceptual difficulty in modelling a variable, heterogeneous
system such as occurs in an engine, and the lack of experimental
corroboration of the theory have hindered the process of
developing stringent mathematical models of turbulence in IC
engine combustion.

It has been suggested (Ref 5.4) that establishing correct
levels of turbulence in the unburnt charge will reduce the extent
of the cyclical variation of the combustion process. Others (Ref 5.5)
have suggested that the cyclical variation is dependent on the
initial period of flame development at the point of ignition.
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However, the ignition process is dependent on several variables,
including the ignition timing, and the air-fuel ratio, both of
which exhibit their own cyclical variations in a normal running
engine. In addition, the effect of flame-generated turbulence on
the cyclical variations has not been considered.

The concentrations of the exhaust emissions of internal
combustion engines are usually measured with instruments whose
design and response characteristics are limited to indicating the
mean emission concentrations taken over several engine cycles.

Mathematical models were developed as design tools to predict
the levels of emissions in exhaust gases and do not take account of
cyclical variations in the combustion process. Where emissions are
a linear function of the cyclically-changing variable, this is of
no consequence, but errors will occur where the relationship is non-
linear.

A mathematical model to describe the combustion process in an
internal combustion engine was developed in conjunction with the
experimental results reported in Chapter 4. In this chapter, the
following techniques are described:

- analysis of pressure data to derive mass burning rates and

thermodynamic properties of the burnt charge;

- development of the turbulent flame speed correlation to be

used to predict mass burning rates;

- calculation of the equilibrium concentrations of the

combustion products; and

- determination of the geometric properties of the flame

front and the combustion chamber.

A first law analysis of the reacting system in the combustion
chamber is produced, to be compared with the mass burning rate
predicted from an examination of burner theory. The equilibrium
products of combustion are predicted using a program designed to
deal with the gas phase productsof combustion of hydrocarbon fuels
containing C, H, 0 and N atoms and air.
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5.1 THE THERMODYNAMIC MODEL

Experimental cylinder pressure data are used to compute the
mass burning rates. As a first approximation for establishing the
turbulent combustion data, the burnt charge is assumed to be in
chemical equilibrium. A thermodynamic energy balance on the burnt
and unburnt system of ideal gases and the measured pressure traces
provide all the information required for the burning rate computation.

The burnt and unburnt charges are assumed to be unmixed, with
each section of uniform temperature. The pressure is taken to be
uniform throughout the combustion chamber. It is therefore
necessary to solve for 6 unknowns, that is, for each zone, the mass
M, the volume V and the temperature T. This can be achieved from
consideration of the following 6 equations, based on the equations
of state, and mass and energy conservation.

Conservation of mass and volume gives:

éjﬁﬁ = - dMb

dt de (1)
o Ve 4 d 2
de dE de (2)

Assuming ideal gas conditions in both the burnt and unburnt charge,
and taking R as a constant:

L Te + Me - Vu (3)
P T Me — Va
B = & +Me ~Vb (4)
| T Mi Vis

A first law analysis of 2 thermodynamically equilibrated systems
gives: :

M Un = -..P\;F.-. x U Ao Hh';fu (5)
Mp Wi = =fv, -+ S QAui + HoMb (6)

The terms on the right hand side of the above equation represent
work, heat exchange and mass exchange. The heat transfer terms were
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summed over the surface of the piston, cylinder walls and cylinder
head. The total heat transfer was computed from the following

equation:

. LT (7)

The heat transfer coefficient h was calculated using Sitkei's corr-
elation (5.6 explained in Chapter 7. The wall temperatures were
based on those measured in the experimental phase and the wall areas
exposed to the burnt and unburnt charge, from the known geometry
of the engine, assuming spherical flame front propagation.

Rearrangement of Equations 1 - 6 gave integratable functions
of pressure for the unknowns in each zone.

% " j '%cg . im;,’[h{wmljk “ j—i:_z (Ru+1 )J (8)

- e A T v e

(Ue -t) ¢ (T Re = T)( 4] i
dve - [U-‘Jb}I dbe | -1dTe , L 4P [ , dv (10)
de d6(M-hy) Tudé P dE|  dF
e = PV (11)

Rb M4
Equations 8 - 11 were integrated numerically using a fourth order
Runge - Kutta technique. Thermodynamic properties of the burnt zone
were determined by considering an equilibrium composition for the
burnt fraction as shown in Appendix 2.

In order to initiate the computations it was assumed that
0.1% of the total mass in the cylinder burned instantaneously at the
time of ignition. The adiabatic flame temperature was used to

obtain the initial burnt volume. The results of the computation are
presented in Figures 5.1 - 5.5 and discussed in Chapter 8.

141


















-1 PREDICTION OF THE TURBULENT FLAME SPEED

The calculation of the mass burning rate is closely related
to the flame speed and the flame front area according to the
relationship:

Mb = {’u ﬂihﬁ.

&ff—is the turbulent flame speed, At present, no model of turbulent
combustion exists which fully describes the phenomena. This is due
to the lack of experimental data about such factors as, eddy size
and velocity and the length of time the eddies may be considered to
be discrete. Moreover, we do not know the minimum eddy size beyond
which intra-eddy processes are governed by the loss of locally
isotropic turbulence. Finally, it is not known whether a
correlation exists between the size of an eddy, its path length and
its velocity. An element of arbitrariness is therefore built into
any turbulence model and in the absence of basic data a plurality
of models is possible.

Two distinct categories of turbulent flame models have been
proposed, one based on molecular and the other on turbulent
transport processes. The best-known of the molecular transport models
is the wrinkled laminar flame model which was introduced by
Damkohler (5.7). It assumes that the significant effect of
turbulence is to enlarge the flame surface area available for
molecular transport. Many others have adopted this model although it
has no unique interpretation., It assumes that a turbulent flame
consists of an array of laminar flames. Table 5.1 summarises the
approaches to the development of this model. Most of these
theories assume that the micro-scale 1 is significantly greater
than the laminar flame thickness. This assumption implies that
small-scale eddy transport over a distance less than 1 has no
significant effect and the sole effect of turbulence 1ies in an
increase in flame surface area due to the action of the large-scale
eddies.

The various theoretical models based on turbulent, as
opposed to molecular, transport processes are summarised in Table
5.2. The models fall into 2 main categories, with emphasis on
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large and small scale eddy transport respectively. Karpov et al
(5.8) have postulated a turbulent flame structure in which
propagation is due to turbulent mixing of burnt and unburnt gas,
followed by spontaneous ignition in which the rate of flame
propagation is expressed as the ratio of the macro Lagrangian
scale to the chemical reaction time. Damkohler (5.7) has suggested
a turbulent transport model in which the molecular transport in
laminar flows was influenced by turbulence when the Lagrangian
scale L was less than the laminar flame thickness.

There are several incompatibilities between the flame models
listed in Table 5.2 and the structure of turbulence. Large eddies
usually have a long life and low convective velocity and are
usually connected with a velocity similar to the mean charge
velocity (Taylor (5.19)). Transport of large reacting eddies into
the unburnt gas is unlikely. This however may be possible with small
eddy motion for which there is some evidence of high velocity
motion relative to the mean flow (Refs 5.20 - 5.22). Others have
proposed turbulent burning models for internal combustion engines
based on small scale propagation (Refs 5.23 - 5.25). The basis of
these models is the formation of an eddy from both the hot and
previously unreacted charge. If the life of the eddy is greater than
the chemical induction time for the conditions, the reaction
proceeds within the eddy until its decay. After the decay of this
and similar eddies in partially reacted or unreacted charage,
another generation of eddies is born and reaction is induced in them
intitiated by the heat release, temperature rise and species
formation in the original eddies. The 1ife of a small eddy may be
less than the chemical induction time. If such an eddy becomes a
component of a succeeding, but hotter eddy, then flame propanoation
is possible. Although these models represent an important advance
in the understanding of the turbulent structure in an internal
combustion engine, the nature of the approximations made in their
formulation and the form of the relationship for the mass burning
rates which they produce, precludes their general applicability for
performance work or cycle calculations. Consequently, Tabaczynski
(5.26) simplified the model and formulated correlations between
eddy burn time and the various turbulent parameters.
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Since no comprehensive theory of turbulence can be applied,
and simplified correlations have to be produced to permit use of
the models, the production of a correlation between turbulent burning
velocity and non-dimensional parameters is a sensible next step.

Summerfield et al {5.17, 5.27) developed a turbulent
transport model similar to that of Damkohler (5.7) but with no
restriction on the turbulence macroscale. If changes in chemical
kinetics are small and turbulent transport predominates, a
relationship can be obtained between Ve [Vi and €/x where & s
the eddy diffusivity. Spalding (5.28 - 5.29) has derived an expression
for VA with the turbulent transport coefficients replacing those
of molecular transport., If thermal conductivity K is replaced by
eo0Cp and if the turbulent Lewis number is unity then:

V b W i " .

% - (ke - (20
Values of éyﬁx cannot be obtained theoretically but they have been
measured in several experimental studies. Correlation of the
available experimental data (5.30) suggests that, for isotropic
turbulence:

% o Za-.‘;"(/?_'.:f_’_?‘) SR O S (2)

Thus theoretical values of ub/ L can be obtained from Equations
1 and 2 for different values of turbulent Reynolds number. For
constant Prandtl number, Equation 2 suggests that:

X - f(Re, )

Ve
The data of Karpov, Semenov and Sokolik (5.8 and 5.31) have been
examined in terms of the above relationship., Data for combustion in
constant volume spherical vessels with isotropic turbulence are
shown in Figure 5.5. The Taylor microscale used to establish
Figure 5.5 was determined from the isotropic relationship:

A (*5?-_-?})”“" (3)

e N
taken from Frost and Moulden (5.32). Examination of Figure 5.6
shows the presence of a correlation of the form:
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) ST S & g (4)
Ve

The data displayed cover a wide range of fuel types and were
obtained by interpretation of photographic evidence. The scatter of
the points on the graph is not unsatisfactory jn view of the

errors that can occur in the measurement of burning velocities. It
supports the suggested correlation betweenxkfbkand Re, and
indicates its usefulness in determining the mass burning rates in
an internal combustion engine. Thus Equation 4 is the basis of the
mass burning rate model. The constants are to be determined from
examination of the experimental data and the results of the thermo-
dynamic model. The following assumptions are made in order to
obtain the correlation coefficients.

The turbulence in the combustion chamber is taken to be small-
scale and isotropic. The data of Semenov (5.33) are used to
determine the turbulence intensity @ at the point of ignition
(Figure 5.7). The assumption of isotropic turbulence is unlikely to
be satisfied as the fluid is restricted by the solid boundaries of
the combustion chamber where the eddy size is 1ikely to be of the
same order as the integral length scale. However, the influence of
the mean motion quickly decreases for small eddies such that the
motion is practically isotropic. Moreover, Kolmogorov (5.34) has
suggested that at any given small sub-area, the motion can be
regarded as totally isotropic. The integral length scale L is
assumed to be proportional to the instantaneous chamber height h,
according to the work of Tsuge et al (5.35) who showed, that for
turbulence in closed vessels, an intially anisotropic turbulent
field decayed to a condition for which the chamber dimensions
controlled the turbulent macroscale. The turbulence intensity and
the integral length scale are governed by the 'rapid distortion
theory such that the angular momentum of the individual eddy is
conserved. This produces changes in W and b as the flame
propagates across the combustion chamber according to Equation 5:
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" 2 i3
we = wo(p“/,o,)

Le = Lo (,ﬂu‘/gﬂjh

Equation 5 can be expressed in terms of the combustion chamber

(5)

pressure by assuming adiabatic compression of the unburnt charge
with an index of 1.3. This form uses a parameter which can be
measured directly in an engine and which is uniform throughout the
combustion chamber. In terms of pressure-ratio, Equation 5 takes

the form:
& -l o.16
wk = b‘-‘a(f)
Po
y (6)
0.1
PN LG(P»)
P
Eguation 3 can now be rearranged to produce: -
&3
o5 Ad L

Substituting the value of X into Equation 4 produces Equation 7:

Ve 2 | r-.”:l[c. iagzuﬁ(ﬂf"’”]“ (7)

i A i ¥
With the exception of the viscosity, the thermodynamic properties in
Equation 7 can be determined from the thermodynamic model. Sutherland's
Law can be used to express the viscosity of the unburnt charge,
which is taken to be that of air.

To proceed further with the correlation it is necessary to
specify the laminar flame speed. High temperature and high pressure
flame speed data are not generally available. The data of Heimel and
West (5.36) are used to determine the laminar flame speed at atmos-
pheric pressure. The data are presented in Figure 5.8a-b. © correction
for pressure variations is made, following Fine (5.37), to the

effect that: :
tp - uf;(f?y’
| Pe
where R denotes the reference conditions.

Using the data provided by the mathematical analysis, the
correlation parameters for Equation 7 were determined bv iterating
on the exponent n until the Jleast squares fit Was
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optimised by a minimum coefficient of variation CV and standard

deviatiﬂn & . The best fit was found with Equation 8:

W23 o.053 7.7
C.ozt Lo gk (%) ]

P
This is shown in Figure 5.9 as a line through the experimental
points. The scatter is large. A more detailed investigation of the

(8)

data to determine the effect of spark advance and compression ratio

revealed no consistent trend. The data were finally correlated to

the form shown in Figure 5.10. Iy
. 271

.,l’,- 133 g0y 7

2T = G!.ib}ﬂ-ﬂdrlzvﬁuw ) ] — L3781,

Vi H P

B CALCULATION OF THE EQUILIBRIUM CONCENTRATIONS OF THE
COMBUSTION PRODUCTS

A preliminary study of chemical equilibrium of the products of
hydrocarbon combustion at temperatures and pressures typical of
internal combustion engines indicated that only 11 product species
are produced in any appreciable concentrations. These are: H,U,N.HZG:
HE’ OH, CO, UE’ EUZ, ND and NZ' To describe fully the concentrations
of the product species and to determine the number of moles of fuel
required to produce one mole of product requires the solution of 12
equations. Four are derived from the atom balances of the four
elements and a fifth from the requirement that the sum of the mole
fractions of all the products be unity. These equations are linear.
The remaining 7, the equilibrium constant equations are non-linear,
some being cubic and others quadratic. The only practical way of
solving such a system of equations is by successive approximations.

Many techniques are available for solution by successive
approximations. As the preliminary study of 18 of the products of
combustion using a matrix inversion technique highlighted the
complexity of the problem, the criteria for selection of a technigue
were simplicity, speed and accuracy. The technique chosen is described
below.

Sl Formulation of the Initial Equations

If the fuel, in this case CgH,p, is allowed to react with air
at an equivalence ratio P, the resulting chemical reaction can be
represented by the following equation ( for isooctane):
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k(xhxm:xwf. '.l") = 2 :} e, 2.7, 9 {8}

The equations were linearised by expansion around a known vector as
a Taylor's series. If the solution of the equations is qiven by

9 [ # w -
XKy, 7q, Tin, Xii and an initial estimate is =g K x4 e e , then:
b - g
Fank R T S . o o

Neglecting the partial derivatives of second and higher orders
allows a set of linear equations with 4=+ as the approximate
correction to be produced:

h" {&ﬂz!'ﬁf‘&&uq ffﬁélm +o{ﬁﬂx.. =0

dxg d=cq Ao d-cu (9)

where functions ﬁﬂ and their partial derivatives are evaluated at
the known vector. The equations were solved for &Tg Ox, Oxe and &=y
using a Gaussian elimination method. The improved values were then:

e e X v Dol (10)

and these were used to evaluate the partial derivatives and functions.
Further correction can then be calculated and applied until the
relative changes in all the components are less than a specified
value.

The method for solving Equations 8 is not self-starting and
so either approximate values from a previous calculation or initial
estimates must be used to initiate the procedure. Suitable initial
values were produced using the following method. Let the product of
combustion be limited to species HE’ C0, 0,, HED’ EDzand Ny. The
chemical reaction can then be represented by the followina:

=y [I':I'H.l.g + I;[OT+E?2.MI]-"‘1 SCI* HP rxele XD t X H.o + \XIGCGL.

2 r—::C..ML._ {]1]
Using Equations 7, the atom balances become:

C balance: xq © Q= (12)

i
L +4Ae zr“
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H balance: R fi ok (e 1 /(g + Ag iéﬁ) (13)
N balance: =y = |4oIS X [‘P‘ (14)

0 balance: Ko + dag tXq + Bxra = 7-£ xa / 7 £15)

Substitution of values for e , =% and X« into Equation 15
produces an equation in ¥ and X :

fa [ -
- g A
bAZr kT o« XiT 2y | L (16)
I +Aw g | Ay Liv

An initial estimate of X can be obtained from the requirement for
the sum of the mole fractions of the products to be unity.

Substitution for =y, %o, Xq, (o X in Equation 11, and
rearrangement produces an equation for o=

!
Pejn = 1 L Ao I L [I rde) 4 leois (17)
he + g xy  tAy >

Substitution for 2.« in Equation 16 produces an equation in the
single unknown Xy  which can be solved by Newton's method. The
other unknowns x4 . <y can then be obtained directly, by
substitution in Equations 12 - 14, The initial estimates can then be
used to start the iterations of the main solution.

Gu o Curve Fitting of the Equilibrium Constants

The equilibrium constants were stored in the computer in
polynomial form. The temperature range 600 K - 4000 K was chosen as
a compromise between the high accuracy obtainable 1in a narrower
range and the low accuracy in a wider range., The value of K
predicted by the polynomials was compared with the original data in
the JANAF thermo-chemical tables (2nd edition) and the error was
found to be less than 0.0009. The original data were tabulated to
the 3rd decimal place, and so there is an inherent uncertainty of
0.0005. The deviation was therefore considered to be insignificant.

The equilibrium constants were calculated using the relation:

'L:\ K. (ﬁfﬂn‘i‘;m) 7 S €“'T Kfl;:':‘“""” b é fﬂj Kr LERCTANTS
J EMATig - f

FodmaTiops
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5.4.3 Cylinder Wall Surface Area

There are 4 possible cases, depending on the relative sizes
of a and b to RF (see Figure 5.11). The results for each case are:

Saws = 27 RR(a+b)/ ke Ry va Ré 2 b
g R Re <= & <b
Saw < RR /% + 2pRRb/NAe H <a, Ry >>
Sad = RRY2 29 RR e/ 11te Rf >a RE “6

For the CFR engine used in the experimentation, the fixed

parameters take the values:

R 4,127 ¢cm

a 0.717 ¢m
Geometrical reasoning shows that the radius of the flame front when
it is indicated by the ion gap is as presented in Table 5.%.

K

The size of parameter b depends on the compression ratio and
the angular position of the crank shaft. The total clearance height,
hﬂ can be obtained from:

where S is the crank throw and CR is the compression ratio. The
distance of the piston from TODC can be obtained from:
ﬂ 2
X,-‘&: Jgf,):t-,i/i'- __f?qlp' ' S(J Cwﬂ-)
In this case, 8 is the crank angle from TDC and 1C is the length of
the connecting rod. Parameter b can then be expressed as:
b = {hD + hp} - a.

The behaviour of the flame front and the areas of the piston
and cylinder wall surfaces can be seen in Figure 5.3 which shows the
relationship between SAF, SAP, SAH, SAY and RR for constant value of
R (= a/b) of 0.396. Figure 5,14 shows the relationship between SAF
and RR for fixed crank angles of 10 , 20 , 30 and 40 “BTDC.
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CHAPTER 6 ANALYSIS OF EXPERIMENTAL RESULTS

INTRODUCTION

The analysis of the experimental results serves a dual
purpose. The first is that it indicates the repeatability of the
tests and the correctness of the procedures adopted in the
recording of the data. The second is that it produces factors to
be used in the combustion modelling, and substantiates, or otherwise
the assumptions made in its development.

. 1 THE DEVELOPMENT OF THE EXPANDING FLAME FRONT

Flame front development is an important variable in the
combustion model. Statistical analysis of the progress of the
flame front requires elucidation of the effects of other
operating variables on either the flame propagation or the frame
of reference against which the measurements are made. The
relationships between the engine operating variables and the time
after ignition for the flame front to reach a set point in the
combustion chamber are shown in Figures 4.3 - 4.7. The data
presented are consistent with other experimental results.

The engine variables likely to affect the frame of reference
are the ignition timing and the rotational speed. Large cyclical
variations in either of these factors will produce a corresponding
effect in the combustion duration time. The cyclical variation of
the ignition timing against the TDC indicator for motoring and
firing conditions is shown in Figure 4.2. The standard deviation
of 0.025 m sec was considered to indicate that ignition timing had
a negligible effect on flame travel time. The variation in the time
required for one engine revolution at motoring and firing is shown
in Figure 4.1. The standard deviation ranged from 0.26 to 0.28
m sec at firing for the range of compression ratios under
consideration was equivalent to 1/40 of that of the total flame
time. The total varied between 1/9 and 1/15 of the time for one
revolution and so the effect of speed variation on the period of

flame travel was deemed small.
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B2 CYCLICAL VARIATION OF THE FLAME TRAVEL TIME

The cyclical variation of the flame front travel time for each
of the cylinder head ion gaps is shown in Figures 6.1 - 6.2. The first
shows the variation for Benzene, at compression ratio 6:1 and equi-
valence ratio 0.938. Fiqure 6.2 shows the variation for Isooctane fuel
under the same conditions. The distribution is clearly not normal,
but resembles that shown by the data of Harrow (€.1) and Ogasawara and
Matsuda (6.2). The distribution pattern may therefore be typical for
spark ignition engines.

However, in statistical analysis, normal distributions are
easier to deal with, as their wvariation can be expressed in terms
of their standard deviations, and so attempts were made to normalise
the data. In time of flight measurement, it is customary to define
the variable of interest as a velocity. In this case, if the apparent
flame velocity is defined as Lnjtf where Ln is the distance from the
spark plug to the ion gap n, and the flame travel time data are exam-
ined in these terms, the distributions shown in Figures 6.1 - 6.2
become those in Figures 6.3 - 6.4 respectively.These may be regarded
as normal distributions and it is possible to define from them the
following parameters:

Ef: mean flame velocity (mean of the apparent flame velocity)

1}: rean flame travel time Lnf?f'

The relationship between the mean flame velocity ?%, the standard
deviation © and the coefficient of variation & /Ny for several
running parameters is shown in Fiqures 6.5 - 6.9. These fiqures are
based on the data presented in Tables 6.1 - 6.5 respectively. As the
standard deviation of the flame propagation velocity is the RMS of
the deviation about the mean, it is mathematically analogous to the
intensity of turbulence. This is shown to be practically constant
in the CFR combustion chamber when expressed as a fraction of the
mean flame velocity.

The relationship between & and ?% for the end ion gaps is
shown in Figure 6.10. The laminar burning velocity used to obtain
this graph was calculated from the data of Heimel (6.3)
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[ ION GAP| 8 | Vf |STD DEV SKEMNESS |
10 3.60| 0.432 | 0.097 |
15 3.75/ 0.440 | 0.102 |
21 3.39| 0.465 | -0.132
1 25 3.75| 0.463 | 0.112
30 3.81| 0.470 | 0.137
35 3.81| 0.481 | -0.148
40 3.80| 0.463 | 0.012
10 4.96| 0.629 | 0.095
15 5.00] 0574 | 0.122
21 4.98| 0.682 | 0.124
2 25 4.98| 0.713 | -0.098
30 5.01| 0.634 | -0.129
35 4.97| 0.734 | 0.103
40 4.93| 0.636 | 0.162
10 5.21| 0.660 | 0.186
15 | 5.22| 0.648 | 0.034
21 5.41| 0.701 | -0.134
3 25 5.38| 0.699 | 0.085
30 5.40| 0.621 | 0.032
35 5.39| 0.677 | 0.183
40 5.39| 0.574 | 0.172
10 7.81| 0.942 | -0.037
15 7.92| 0.931 | 0.102
21 7.92| 0.967 |-0.127
4 25 8.18| 0.942 | 0.107
30 8.15| 0.891 |-0.236
35 | .8.10| 0.961 |-0.123
40 8.13| 0.862 | 0.013
10 7.81| 0.679 |-0.152
16 7.91] 0.692 | 0.146
21 7.92| 0.656 |-0.135
5 25 7.91| 0.705 | 0.104
30 7.89| 0.621 | 0.128
35 7.93| 0.677 |-0.097
40 7.95| 0.591 | 0.082

N=p00 RFMCR=6:1Pp=1.1T
Benzene

= 38°C

TABLE 6.3 VARIATION OF APPARENT FLAME VELOCITY WITH SPARK TIMING
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ION GAP| O T?iSTD DEV:| SKEWNESS
10 3.60| 0.635 | -0.263
15 3.60| 0.652 | -0.173
] 20 3.37| 0.666 | 0.352
24 2.86| 0.680 | -0.237
30 3.04| 0.673 | 0.867
40 3300 673 | -0.123
10 4.37| 0.803 | 0.182
15 4.35| 0.804 | -0.263
2 20 4.16| 0.816 | 0.184
24 4.03| 0.800 | -0.264
30 3.94] 0.789 | 0.328
40 3.96| 0.781 | -0.128
10 5.80( 0.831 | -0.165
15 5.72| 0.828 | 0.247
% 20 5.64| 0.795 | -0.112
4 24 . | 562 0,822 | -0.238
30 5.111 0.816 | 0.163
40 5.05| 0.811 | -0.185
10 6.84|1.082 | 0.127
15 6.83| 1.041 | -0.138
4 20 6.73] 1.028 | 0.268
24 6781 oy | -6.187
30 6.69| 1.042 | 0.832
40 6.681.026 |-0.431
10 5.35|0.859 | 0.192
15 5.33 | 0.844 | -0.186
5 20 5.26 | 0.841 | -0.218
24 B D258 | -0.266
an 5.07 | 0.862 | 0.143 |
| 40 5.09 | 0.843 |-0.167 |

CR=T1TH=0600RPM 0 =1.12
TIN = 3B8°C Isooctane

TABLE 6.4 VARIATION OF APPARENT FLAME VELOCITY WITH SPARK TIMING
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TN GAP| @ | Tf STD DEV|SKEWNESS
0.860/1.647| 0.640 | -0.832
0.952/1.914| 0.645 | -0.426

1 1.120/2.861| 0.680 | -0.237
1.250/2.528) 0.721 | 0.153
1.353|2.544] 0.821 | -0.127
1.46112.591 0.921 | 0.104

| |
0.860/3.684| 0.765 | -0.243
0.952/4.032! 0.791 | 0.164

2 1.120/4.029| 0.800 | -0.264
1.250{4.132| 0.814 | 0.372
1.353(3.634| 0.871 | -0.416
1.461{3.552| 0.972 | 0.211
0.860/5.402! 0.841 | 0.109
0.952|5.392| 0.822 | 0.237

3 1.120{5.617| 0.822 | -0.238
1.250(5.438] 0.872 | 0.136
1.353(4.711] 0.912 | 0.621
1.451|4.599 0.966 | 0.327
u.aa&!5+434 198824 B 112
0.95216.459| 1.058 | 0.214

4 lenisaaw | 1.017 | -0.127
1.25016.271| 0.987 | 0.327
1.353'5.5?4 0.992 | -0.126
1.461(5.030| 0.978 | 0.124

|
0.86015.012| 0.811 0.312 |
0.95215.050| 0.812 | -0.228

5 T 05 5T IeBsE | 0. %65 |
1.250/4.802| 0.848 | 0.136 |
1.353(4.255| 0.883 | -0.214 |
1.46114,196| 0.963 | 0.347 |

| I
i | I

Isooctane CR = 7, N = 600 RPM
B = 24°BTDC Ty = 38°C
TABLE 6.5 VARIATION OF APPARENT FLAME VELOCITY WITH
EQUIVALENCE RATIO
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whose equation for stoichiometric mixtures of Benzine is:
SR

i} 2
Ve = 30 t7:s 10 To  cmfsec

The ignition temperature was used for TD in the abEye
calculations. The relationship between £}fuz and V{/Ve is seen

to be linear. Figure 6.10 can be compared with Figure 6.11,
produced by Karlovitz (6.4) who, by analytic methods obtained

a relationship between w  the intnsity of turbulence and VT
the turbulent burning velocity. The linear relationship in 6.10 is
very similar to case(a) in Figure 6.11

6.3 CYCLICAL YARIATION OF THE APPARENT FLAME VELOCITY

Cyclical variation of the flame propagation velocity is
still poorly understood. Previous studies, notably that of Dent& Sala-
ma (6.5) have pointed to the importance of the time directly
following the spark discharge in establishing an effective flame
front.Figures 6.5 - 6.9 indicate that the standard deviation of
the apparent flame velocity is at its minimum at the ion gap
nearest to the spark plug in all the tests. It can be concluded
that the cyclical variation produced in the pre-propagation
period is small in comparison with that produced by other factors
affecting the flame velocity. Figures 6. 5 - .9 also show that

"/’E? decreases as combustion proceeds. If the
analogy between 5{?@ and the turbulence intensity holds, the
turbulence effect in the combustion chamber must he taken into
account when considering the cyclical variations.

In the remainder of this section, cyclical variation in
flame propagation is explained using the effects of the fluctuation
of mixture strength, and of turbulence in the unburnt charge.

The following assumptions are made in developing the
arqgument. The cycle - to - cycle variation of the mixture
follows a normal distribution. The pre-propagation period is
included in the flame travel time or in the flame propagatiaon
velocity. The relationship between the flame propagation
velocity and the equivalence ratio is linear, and the charge

prior to ignition is homogeneous.
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The overall effect of cyclical variation on the flame
propagation velocity can be determined as follows. If the engine
is operating with a mean equivalence ratio @Pm as in Figqure 6.12,
the cycle-by-cycle variation of equivalence ratio follows Curve 1.
This curve is a normal distribution with its population lying
between Pm< 36y For each equivalence ratio, the mean flame speed
is given by Curve 2, At the equivalence ratio @y s the flame
propagation velocity varies with turbulence as shown in Curve 3.
This curve is also normal with the population lying between
Hy I 36f. If the mixture of strength BF appears at a probability
density f?, in the mixture of mean equivalence ratio Em, the
frequency distribution of the apparent flame propagation velocity
at ﬂy is as shown by Curve 3. The whole distribution of apparent
flame velocity is obtained by summing up those at each equivalence
ratio, as shown in Curve 4. Curve 4 is the observed distribution
when the engine is operating at the mean equivalence ratio ﬂm.

The experimental results obtained for Benzene and lsooctane
were examined as above for ion gap number 5. As the standard
deviation of the air-fuel ratio was not known, it was assumed to
be 0.2. The standard deviation of the flame propagation 5?
velocity was determined from Figure 6.6 and 6.2 An equivalence
ratio of 1.12 (air-fuel ratio 13.2:1) was chosen for iscoctane as
the relationship between the apparent flame velocity and air-fuel
ratio is linear at this air-fuel ratio. For the same reasons, an
equivalence ratio of 1.1 (air-fuel ratio 12:1) was chosen for
Benzene.

The results of the calculations are shown in Figure 6.13. The
calculated results (solid lines) are in good agreement with the
measured data (cresses)and the normal distribution (dots).

6.4 ANALYSIS OF THE CYLINDER PRESSURE DATA

In the second phase of the experimental work, the
combustion interval meter was used, along with the UV recorder
which produced cylinder pressure traces.

The conclusion of the analysis so far is that for a given
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mean equivalence ratio setting on the carburettor, the equivalence
ratio of a single cycle is specified by the flame travel time.
Examination of the population distribution of the flame travel time
will therefore indicate the cycle equivalence ratio and the
frequency of occurrence in the population of the particular cycle.
Examination of the cylinder pressure traces together with the ion
gap data will indicate the validity of the assumption. If there are
significant differences in pressure traces which have been recorded
with identical flame travel times, then it can be concluded that
cylinder pressure development is not closely related to flame travel
time but is influenced by other factors. It implies, for instance,
that the energy release occurs in post-flame reactions, at some
finite time after the arrival of the flame front at some point in
the cylinder, and that those reactions are more sensitive to

charge motion and heat transfer than the original flame front.

Several cylinder pressure traces were examined for the engine
running at 600 RPM with a mean equivalence ratio of 1.12 and a
compression ratio of 7:1. These traces, which were recorded for
identical flame travel times, are shown in Figure 6€.14. The variation
in maximum pressure and ignition delay period is large. The pressure
development in the combustion chamber appears to be loosely related
to the flame front movement.

A comparison between the flame front radius as predicted from
the mathematical model, and as measured is shown in Figure 6.15.
It can be seen that the measured flame radius anticipates the
predicted radius over the entire range of flame propagation. It can
therefore be suggested that the mechanism producing the cyclical
variation in the cylinder pressure is a feature of post-flame
reactions.

The 2ffect of variation in the flame radius on mass burning
rates is discussed in the next section.

202









2 FLAME FRONT SHAPE AND THICKNESS

It was shown in section 6.4 that the measured flame
front radius anticipated the value derived from the pressure
data. The difference between the two is almost constant throughout
the combustion period. Thus, as a percentage error it is larger
at the initiation of combustion when the flame radius is small.
In Chapter 7, the mass burning rates will be calculated from flame
propagation velocities and area relationships and so the
diagnosed burning rates will be affected by any geometric
uncertainties. Errors in the calcualtion of flame radius and shape
produce errors in the calculation of mass burning rates. This
section examines the mechanisms which could produce such errors and
explains their affects.

The computed quantities involve a combination of chamber
burnt volume and flame area relationships as a function of flame
radius based on spherical propagation centred on the spark plug.
Rotation of the flame in the combustion chamber will alter the
location of the flame centre and thus change the effective area
relationships. Photographic examination of expanding flame fronts
in engine cylinders in the absence of swirl lend support to the
spherical propagation theory (Ref 6.6).

It can therefore be considered that the early arrival of the
flame front at the ion gaps is produced by factors other than the
bulk motion of the burnt charge. Studies of flame structure by
Arigoni et al (6.7). by analysis of ionization intensity show that
the flame front consists of successive eddies of burning charqge
which can best be represented by the successive self-ignition
theory, rather than the wrinkled flame front hypothesis. Flame
front thicknesses of 2.5 mm have been measured by Winsor (£.8)
and Ohigashi (6.9} measured turbulent flame thicknesses of the
order of 8 mm in engine-like environments. This distance is of
the same order as the difference between the measured and
calculated flame frontradius. This difference, 5.1 mm can be
attributed to flame thickness, and this value will be used in
Chapter 7.
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CHAPTER 7 CYCLE SYNTHESIS

INTRODUCTION

The purpose of this chapter is to apply the flame propagation
correlation and the equivalence ratio variation to the prediction
of the indicated performance and exhaust emissions of a spark
ignition engine. Cycle synthesis in internal combustion engines
has been studied for several years and there exists a larae number
of models varying in accuracy of prediction and scope of
applicability. Recent work has concentrated on attention to
detail and modifications to existing models. The work reported
here is no exception. The analysis is based on the work of
Lavoie et al. (7.1) and Watfa et al. (7.2).

The following assumptions were made in devg1uping the model.
The high temperatures and pressures in the combustion chamber
produce equilibrium concentrations of the majority of the product
species in the flame (Ref. 7.3 - 7.4). However, allowance was
made, through the use of an iterative procedure for the variation
in the specific heat with temperature of the product species. The
technique used in the analysis assumed perfect gas behaviour. The
variation of the specific heats at low temperature is very small.
The temperature profiles in the combustion chamber were calculated
assuming a finite deqree of mixing, to account for the different
burning histories of each element, which produce a temperature
gradient across the burnt charge.

This chapter also deals with the formation of Nitrogen
Oxide and Hydrocarbon emissions, and heat transfer. The mass
burning rates were calculated from the flame speed correlation
developed earlier.

il THE MATHEMATICAL MODEL

The problem can be stated as follows: given the state of
the charge in the combustion chamber at crank angle A, calculate
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the state at a subsequent crank angle B. The analysis involves
continuous estimation of the energy changes in the working
fluid. The total energy of the unburnt fraction is given by;

E. (7) - .f;‘%-. E(7) (1)

where £,.(7| represents the energies of the individual elements
comprising the mixture. The total energy of the burnt charge that
has underqone a chemical reaction can be written as:

YR é Ni ek (2)
where £< is the specific internal energy per mole of species i
and W< is the total number of moles of species i. Both €¢ and W«
are functions of temperature and pressure. Over small ranges of
temperature and pressure, the gas can be assumed to behave as a
perfect gas. This is, in effect, a linearisation over small
intervals by assuming that the energy changes are linear over
the crank angle interval under consideration.

BW - 4.7, (3)
and
Puu - KuT (3)

The volume of the combustion chamber is given by:
= ]
V() = [ Vodx + [ Vuds (4)
2 i

and can also be expressed by the Slider Crank formula as:

(5)

E.j;'_] { o o _t_“" 5 ;_"fn'- 4 7

Vie) =VT[ 7 [4(1-o JIR(:-(;-L%S.,GU Il+ﬂ-¢l
A first law energy balance on the total charge takes the form:
B SR all . PV (6)

de de  deo de.
In the above equations ° is the pressure, A~ is the specific
volume, R 1is the gas constant, 7 is the temperature, V7 is the
total volume of the engine cylinder, <k is the mass fraction
engulfed by the combustion process ( this includes the mass burnt but

not the mass quenched on the cylinder walls), £5r is the total
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nth and (n+1)th elements, which can be represented as:

What =Wp = ( ot +P“)(Un+; -V ) (18)

—

2
it e Solution Procedure

Solution of Equation 10 takes the following form., The mass
fraction burnt as a function of crank angle (&) is obtained by
application of Equation 2F obtained from the flame speed
correlation equation. In this case, however, the area of the
flame is reduced by the projected area of the quench layer as
determined by Equation 25. The equilibrium concentration of the
product species and the thermodynamic properties of the mixture
are determined from the thermodynamic equilibrium model
outlined in Chapter 5, After passage of the flame front, the
quenched value is assumed to mixfully with the combustion
products of the mass element from which it was derived and to
attain the temperature of the burnt charge, but not to take part
in post flame chemical reactions. This gives the values ﬂf-fffﬂd,
Tu(®)< s P(8:) . Equation 10 is then solved for small movement of
& between &), and &. . The computed values of '.-Tﬂs-.j : Tl{&.)and
ff&u]are checked against the estimated values and the constants
Cua €V , du , and &L are modified. The integration is repeated
until the two values converge. This process produces the mean
burnt gas temperature T s the unburnt gas temperature 7w and the
cylinder pressure as a function of crank angle. Consideration
of the isentropic compression of the separate burnt element as
the flame front progresses produces the variable temperature
profiles across the burnt charqe.

li2 THE FORMATION OF NITRIC OXIDE

The variation of temperature and pressure for each of the
burnt elements of the charge have been calculated, and from these
data equilibrium concentrations of the combustion products can be
established. The rates of energy-producing reactions for most of
the elements of the exhaust products are sufficiently fast that
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the burnt charge in the initial stages of expansion is close to
thermodynamic equilibrium. As the reactions responsible for the
formation of NO proceed relatively slowly the above condition

does nnf apply to them, Very 1ittle NO is formed at the flame
front. It is produced in post flame reactions after the burn up of
the hydrocarbons. It can also be shown (Ref. 7.1) that NO

freezes early in the expansion stroke before the other constituents
of the exhaust gases depart appreciably from their equilibrium
Tevels.

In order to calculate NO concentrations in each element
of the burnt charge an extended Zeldovich reaction formula
(Equations 19-21) was used. Equation 3 has been added to the
Zeldovich mechanism to account for fuel-rich mixtures in which
water is a major constituent (Ref. 7.5). The three equations are:

©4N: == No N (19)
R ) e +0 (20)
R R L (21)

Equation 19is endothermic left to right and relatively slow,
whereas Equations 20andZi are exothermic and relatively fast,

The rate of change of NO concentration in a fluid element of
volume V is:

iifﬁv]U - Kplo][Ne] — K[ve]in] +ka[v][o.] (22)
- K fnvefo] + Kafnfon] ~k LNein]

I
Voode

where brackets dencte concentration in g mo]esﬁcm3

and K=i are the
forward and reverse rates of the ith reaction. Before Equation 22
can be used to calculate NO formation rates, two questions must be
resolved: the first, the method for calculating the Nitrogen atom

concentration N , and second, the method for calculating 0 , D2

OH and H . The NE concentration is essentially constant, since
the N atom mole fraction is very small in comparison with the
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species of interest, a steady state approximation can be made for
qﬂ}ﬂ\f is set

N . With the steady state approximation, .L
vV de

to zero, and thus:

Kefol(t:] = KJwale]_-1lajfo] i [belfo] - &, [us[oH]

i Eﬂ[NE‘lEHI =0

(23)

where[:LdenDtes a steady state concentration.

The second question, that of the radical and 02
concentrations, is more complex. A model of the flame front in a
spark ignition engine must be formalised before appropriate
assumptions can be made. At the high temperatures found in spark
ignition engines, the hydrocarbon (HC) oxidation reactions go
rapidly to completion. The reaction zone itself is thin, although
the turbulent flame front may extend across several burning eddies.
o OH and
H are in equilibrium in the burnt charge. Studies of the chemistry

It is therefore reasonable to assume that the species 0, 0

of the C-0-H system during the expansion stroke in a spark

ignition enqine (Ref. 7.6) show that 0, DE’ OH and H equilibrium is
maintained well into the expansion stroke, well beyond the point at
~ which the NO chemistry freezes.

With this additional equilibrium assumption for 0 , DE’ OH,
and H, Equations Z2 and 23 can be rearranged to give:

Tps of 2rgo] s f{ne 0] ) Pl
4o o L [ 1 ({vedf o]}

(24)

= T
T e :n.a.f rqu )
where {qu= NO mass fraction HENIEL . L
M, = molecular weight of NO
Jo A ¥=EE density.

The one-way equilibrium reaction rate for Equation 19 is:

Rig- Kﬂ[olm[mt] -ﬁ[ l."“" 2

with subscript e denoting equilibrium concentration. Lastly,
KHJ izﬁ/( Rag: K
with R2 and R3 defined similarly to R], but for Equations 2) and 21,
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Expressions for the forward rate constants for Equations 19 - 21, and
values of Ri and K, for lean, stoichiometric and rich isooctane-air
mixtures are listed in Table 7.1. In rich mixtures, it is R3 rather
than R2 that determines the value of K. Omission of Equation 21 from
the kinetic scheme causes underestimation of the NO formation and
decomposition rates when

(ool

Equation 24 shows that Egﬁﬁl
L=

is a function of {Nd} s pressure,
temperature and equivalence ratio. The kinetic model must therefore

be coupled with a thermodynamic model of the combustion process.

Teid HYDROCARBON QUENCH LAYER THICKNESS

It is now well established that the formation of hydrocarbons
in the exhaust gases of spark ignition engines is a result of flame
gquenching on the cylinder and piston surfaces and at the piston top
land. The combustion chamber can then be looked upon as enclosing a
bulk gas and unburnt gas in the quench layer, as shown in Figure 7.1,

The quench layer thickness has been the subject of much study
and is a function of many variables including the charge pressure,
temperature, the wall temperature and the equivalence ratio. The
quench distance pressure dependence was obtained from Green and
Agnew (7.7) and that for temperature from Friedman and Johnston
(7.8). The one wall quench distance was assumed to be one third of
the thickness of the two wall or parallel plate quench distance. The
influence of wall temperature was taken from Wentworth (7.9).

The quench layer thickness can therefore be calculated from:

? - 7! 0.4 ( i.'ﬁ-.;Z‘ﬁIG‘Ja( 173 )M( T~0.0v56 hu (25)

[
where P is KN!mE and temperature is in e,

The quenching exponents are listed in Table 7.2. The
incremental quench volume is then obtained from the quench layer
thickness and the calculated flame movement during the increment,
This can be calculated in the thermodynamic model prior to the
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CHAPTER 8 DISCUSSION OF THE EXPERIMENTAL AND THEORETICAL RESULTS
AND CONCLUSIONS

INTRODUCTION

The experimental and theoretical results are discussed in this
Chapter. The Chapter opens with an examination of the flame speed
data obtained from the experimental work. The nature of the flame
front propagation and the mechanism of cyclical variations of the
air-fuel ratio are discussed. Next, the flame speed correlation
is examined and suggestions are put forward for its use in cycle
synthesis for unusual engine confiqurations or for the examination
of alternative fuels. The role of turbulence is discussed with a
view to reducing Hydrocarbon emissions in stratified charge
engines, and the nature of the flame front 1n:an_IE engine and its
effect on burning rates is also examined. The Chapter ends with
consideration of the modelling of emissions,and it is suggested
that post-flame reactions are responsible for the cyclical
variations in cylinder pressure and temperature which produce
cyclical variations in emissions concentrations.

& | FLAME FRONT BEHAVIOUR

The time taken for an expanding flame front to cross the
combustion chamber in a CFR engine has been examined using two
pure fuels, Benzine and Isooctane, and flame front travel time
has been shown to depend upon fuel type, equivalence ratioc and
compression ratio under steady engine operating conditions. The
difference in propagation times for the two fuel types was smaller
than the effects of mixture strength and compression ratio but was
large enough to affect the running of the engine. The cyclical
variation of flame travel time was larger for the slower burning
fuel, Isooctane and the largest cyclical variations occurred in
weak mixtures. These findings reinforce the results of other
research, suggesting not only ihat the results are correct, but
that the experimental procedures adopted in this work were
satisfactory.

43R



A statistical analysis of the flame propagation times for
each of the ion gaps in the cylinder head showed that the population
distiributions of the flame travel times were not MNormal, but
had a tendency towards Poisson distributions. With a Normal
distribution, the feature of interest can be readily expressed, as
standard deviation and so attempts were made to normalise the
flame travel times. This was achieved by making the variable of
interest the flame propagation velocity, defined as

vi = Lo f5h;

where L. is the distance between the spark plug and the ion

gap i. The distribution of the flame propagation velocity was found

to be Normal, from which it was possible to define the mean flame

velocity ] » the mean of the flame velocity and T defined as
LJFEE and &7 , the standard deviation of the flame velocity.

The effect of various engine operating parameters on Ui 4 55

and d?/Vf was then examined. The mean flame velocities were found

to be dependent upon equivalence ratio, reaching a maximum at

slightly rich mixtures. The standard deviation dﬁ was practically

constant. Increasing the compression ratio increased the flame

velocity 1? and the standard deviation ﬁ? . The coefficient
of variation was almost constant however, implying that ff is

proportional to the mean flame velocity. The standard deviation of
the flame velocity was seen to increase as the flame front progressed
across the combustion chamber. It is generally accepted that the
period following ignition is very important in the establishment
of the expanding flame front. Cylinder pressure diagrams show a
large degree of cycle-by-cycle variation in this region. The low

G? at this recionpoints to the existence of a weak relationship
between flame propagation and energy release in the combustion
process or an error in the instrumentation. This possibility will
be examined in a later section.

As the standard deviation of the flame propagation velocity
is the RMS of the deviation from its mean, it is mathematically
analogous to the intensity of turbulence. An attempt was made to
establish a relationship between *ﬁf and T:j similar to that
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between i« and the turbulent flame speed. The turbulent flame is
considered to have different structures depending on the scale of
turbulence relative to the thickness of the laminar flame front.
Karlovitz obtained analytically the relationship between W and
&t as shown in Figure 6.11 for several values of turbulence
intensity. On the basis of this figure, it was decided to plot
V{/ut against &/ut  for several engine operating conditions.
The laminar flame speed V¢ was varied in this case by changing
the engine compression ratio. The outcome of this limited exercise
showed an analogy between the CFR combustion and the case put
forward by Karlovitz of a very weak turbulence intensity, ie

N X

As it is possible that the intensity of the turbulence in the
combustion -chamber will change as combustion progresses, and since
later results suggested that the turbulence in this instance was not
weak, it was felt that the expression presented above could not
adequately express the effect of turbulence on flame propagation.

It was therefore decided to seek a correlation between fi and w

%
was chosen and the results will be discussed later in this Chapter.

of a much more general nature. The turbulent Reynolds number RE

A mechanism for cyclical variation of the flame velocity
based on the joint effects of turbulence and the cyclical variation
of the air-fuel ratio is suggested.The experimental results were
examined according to this mechanism and proved to be in agreement.
By assuming that the energy release was closely associated with
the flame front movement, it should be possible, by recording
simultaneous pressure traces and flame velocity data, to determine
the frequency of occurrence of a given pressure diagram. Flame
travel time and cylinder pressure data recorded simultaneously
were examined for cyclical variations in pressure for the same
flame travel times. The pressure variations were found to be too
large, particularly at the intiation of combustion to be
attributed to errors in the pressure measuring equipment. This
suggested that the flame front is very distorted by turbulence and
that the ion gaps were being triggered, in one instance by the
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peaks of the flame wave, and in another, by the troughs. Alternatively,
it might suggest that the energy release occurs in post-flame reactions
which themselves follow a form of population distribution and are
influenced by factors other than the movement of the flame front.
Photographic recordings of flame fronts in internal combustion

engines depict a flame front of finite thickness (several millimeters).
Photographic evidence of flamesis always open to question as it is
dependent on the sensitivity of the film, and it is not clear

whether the photographs depict the flame thickness in turbulent

flames or the extent of movement of a thin flame due to oscillations
of the flame front during exposure of the film. As flame thickness

can have an effect on the mass burning rates, it was decided to
compare the value of the burnt charge as predicted from the math-
ematical model with that calculated fromion gap measurement for

a particular cycle. The comparison inducated that, in this case,

the flame front became fully established after travelling 307 of

the full distance at a thickness of 5.1 mm. This was not an exhaust-
ive test as the mass burning rate, as predicted by the mathematical
model is dependent on the heat transferred from the charge to the
chamber walls, and the heat tranfer process was modelled in a very
basic fashion. Nonetheless, the analysis indicates the existence of

a possible trend.

In conclusion, the evidence suggests that the wrinkled flame
front hypothesis should be rejected in favour of the successive
self ignition theory.

8.2 FLAME SPEED CORRELATION

Experimental evidence from non-engine data suggested the
existence of a relationship between ME[ui and the turbulent
Reynolds number Reh z //d-hffp . The experimental flame
speed data were examined with the predicted value of the thermo-
dynamic properties of the unburnt charge on this basis. Isotropic
turbulence relationships coupled with the Rapid Distortion Theory

were used to establish a correlation between \&f”{ and RE > which

took the form Vi’/”é = A+ E(C R"‘h)n
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The best fit curve to the data points was obtained by choosing the
exponent n to give the best fit. The scatter of the experimental
points atout the correlation was large but an examination of the

data to determine further correlation between the ignition timing

and the equivalence ratio was unsuccessful. The form of the
correlation is useful as it will allow prediction of the mass burning
rates in IC engines to be made for any fuel type based on

knowledge of the thermodynamic properties of the unburnt charge,

the geometric properties of the combustion chamber and the intensity
of turbulence at the spark plug, all factors which are relatively
easy to obtain. The application of the correlation to the prediction
of mass burning rates in a two-zone model was reasonably successful.
The predicted and measured properties of the charge in the combustion
chamber were seen to match well.

However, the test of correlation was not particularly
rigorous as the correlation was itself used to predict the data from
which it was derived. The correlation should therefore be used to
predict burning rates in different engines operating under different
conditions to determine the extent of its validity.

The correlation is also weak in that it does not take into
account, as a separate entity, the ignition delay period. Some
insight into this phase of the combustion period can be gained
however, by considering the ignition delay period to be proportional
to the time taken for the flame front to engulf an eddy of

] - i
characteristic size L  of mass */3ML,eu . This is given by
the following equation, for which ‘©/Pel) = 1:
R oL
vVt 'Jlf.-lul{]m,duu{n )5.1.-.

Assuming that the eddy size is related to the integral length
scale the above equation becomes:

™ = #Hile)
V1(A+3(ho 11{11 J"I!t"
IJ
Thus
o 27 :E"T’
b= ho u

71
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Increase in the turbulence intensity or the laminar flame speed will
reduce the ignition delay time provided that eddy size is unaffected
by the changes. In cases where the integral length scale and the
turbulence intensity are linearly related, decreasing the turbulence
intensity will increase the ignition delay period. The ignition

delay period is therefore a very complex part of the combustion phase.
It is related to the four fundamental quantities of turbulent
combustion. the integral length scale L, turbulence intensity U',
the Taylor microscale » and the laminar flame speed V,.

The correlation allows an estimate of the effect of charge
turbulence in the fully developed combustion phase to be developed.
As shown in the cycle synthesis work, increasing the turbulence
intensity had a small effect on the mass burning rates. This can
be explained as follows. After the ignition delay period, the
increase of turbulence intensity will increase the mass burning rates,
the cylinder pressure and the temperature of the unburnt charge
relative to the initial turbulence levels. Increasing the unburnt
charge temperature will increase the laminar flame speed and thus
increase the mass burning rates. However, increasing the cylinder
pressure will decrease the flame speed and thus reduce mass
burning rates. The overall effect will therefore be a balance between
these two opposing contributions. The results of this work indicate
that provided the turbulence level is within the range to allow
successful ignition of the charge, the subsequent propagation of
the flame front is largely independent of the turbulence level.
This suggests that flame-generated turbulence is of secondary
importance.

It has been suggested that increasing turbulence levels will
reduce the Hydrocarbon quench layer thickness. Stratified charge
engines are poor in Hydrocarbon emissions compared with conventional
enignes because of their large surface to volume ratio. This may be
improved by increasing the turbulence in the main chamber to a
higher level than that in the ignition chamber, ' to reduce the quench
layer thickness. Once combustion has been initiated in the fuel-rich
quiescent ignition chamber, which has been designed with a Tow
surface to volume ratio, the flame will propagate into the highly

a3



turbulent region of the main chamber.

Finally, the correlation allows the deigner to determine early
in the design process, the effects that changes in the shape of the
combustion chamber shape will have on the mass burning rates and the
pressure diagram. It would be possible to tailor the shape of the
cylinder pressure diagram to suit a particular application once the
geometric parameters of the combustion chamber have been established,
and the geometry of the flame front calculated. The level of charge
turbulence at the point of ignition can be established from model
testing using relatively inexpensive equipment. The correlation
should also prove useful for modelling hybrid engines such as the
paired cylinder Cranfield-Kushul engine for which empirical mass
burning rate correlations are not available. It will also be of
use in examining the suitability of alternative fuels for use in the
spark ignition internal combustion engine.

The spherical flame approach of premixed combustion proved
to be a useful approximation for combustion studies. The effect of
flame thickness on mass burning rates was accounted for by
reducing the flame radius by a flame thickness parameter. A better
understanding of flame thickness, its effect on mass burning rates
and its dependence on turbulence intensity, length scale and
equivalence ratio should be developed and incorporated along with
an analytical formulation of a thick flame zone.

8.3 EMISSTONS

The effect of the cyclical variation of the equivalence
ratio on the concentration in the exhaust of, NO, HC and CO
emissions was small. The cyclical variation of the equivalence
ratio was small, and the requirement of a linear relationship
between the flame speed and the air-fuel ratio limited the useful
range of the corrections. Moreover, in the case of HC and CO, the
relationship between the emission concentration and the equivalence
ratio was very nearly linear, thus minimising the correction. For
NO, where the equivalence ratio-emission concentration relationship
is very non-linear, the effect is more noticeable. The discrepancy
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the time-mean measurement concentrations and the predicted mean

cycle concentration cannot be accounted for by the cyclical

variation of the equivalence ratio. The formation of NO is obviously
a very complicated process dependent on the temperature time-history
of the burnt charge. If the extended Zeldovich mechanism is the
correct mechanism to use to describe the chemical knietics of the
formation process, the mechanism for generating the temperature
time-history of the burnt charge would bear further investigation.

The spatial concentration of NO in the combustion chamber is
highly temperature-dependent. Cyclical variations of the cylinder
pressure will therefore produce large cycle-by-cycle variation in
the NO concentrations. The cylinder pressure variations seem to be
a product of post-flame reactions. In order to predict the formation
of NO accurately, it is essential to understand the complex
processes which take place at the flame front.

In this study, it was assumed that the quench laver mixed
with the burnt charge after the passage of the flame front. The
heat transfer from the burnt charge was therefore lost evenly from
the entire mass equalising its temperature. If the quench layer
remained on the cylinder walls to be removed by the outflow of
burnt charge 1in the exhaust process, it would act as a thermal
barrier between the bulk of the burnt charge and the cylinder walls.
The heat transfer would then be drawn from a cooled quench layer with
the bulk gas being compressed and expanded isentropically. The
temperature of the burnt charge and the MO concentration would then
be higher than that predicted here. Further error could be
produced by the application of an overall heat transfer coefficient
which did not take into account spatial variations. Further research
in this area would be useful.

The predicted levels of Hydrocarbon emissions were in poor
agreement with the experimentally measured concentrations. The
modelling ignored the Hydrocarbons trapped in the piston crevices and
the oxidation of Hydrocarbons in the post-flame reactions. The mode]
1s obviously oversimplified in this respect, but the quench layer
thickness depicted in Chapter 7 is similar to those reported in the
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literature. Since the usefulness of the flame speed correlation in
determining the quench layer thickness has been demonstrated, a
framework has been constructed within which further investigations
might be pursued.

The levelsof Carbon Monoxide concentrations predicted in the
cycle synthesis were higher than the measured concentrations. This
discrepancy casts doubt on the assumption of chemical equilibrium of
the product species immediately after combustion. Further rate-contro-
11ed reactions, particularly with the Hydroxyl radical (OH) and
possibly the Hydrogen atom (H) which are important species in the
kinetics of formation and decomposition of NO and CO could occur in
fuel rich mixtures.

8.4 EXPERIMENTAL METHOD

The method employed for measurement of the flame passage time
was based on the assumption of a thin flame front propagating with
little wrinkling and distortion, as the ion gaps were designed to
produce an output voltage at the first passage of the flame front.

If the flame front consists of successive eddies which would each
trigger the ionisation sensor, then the combustion interval meter
would react to the arrival of the first eddy only. The position of
the probe in relation to the distortion of the flame front would then
produce variations in the flame travel time. This suggests that the
flame front must be examined using statistical techniques. The
cyclical nature of the cylinder pressure diagrams suggests that the
energy release 1in combustion occurs in post-flame reactions. The
reaction zame would therefore be of a finite thickness. It is dubious
in this case whether it is possible to predict mass burning rates
accurately from flame motion, particularly at the beginning of
combustion when the flame thickness is of the same order as the
flame radius. These uncertainties make analysis of the prepropagation
period more difficult.

The CFR engine proved, in this work, to be completely reliable.
The E1lison warm-up procedure enabled repeatible running conditions
to be established on different days. The piston crown temperature
could be maintained at a pre-set level by adjusting the sump oil

o
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temperature. The cylinder wall temperatures were adjusted by varying
the flow rate of the cooling water. This would not be possible with
a conventional engine in normal running conditions. It is possible
that the cyclical variations of the flame travel time would, in the
conventional engine, be influenced by the variation of the cylinder
wall temperature in different engine conditions.

The choice of engine on which to conduct this work is open
to the criticism that it is not typical of engines currently used
in cormercial units. The CFR engine is deficient in speed and power
output and has geometric properties not found in commercial engines.
It does however, have the stability and consistency of running
essential to this type of work.

3.5 CONCLUSIONS

The -conclusions-which can be drawn from this work are

summarised below:

1 The cyclical variation of the flame propagation velocity
followed a normal distribution.

2 The standard deviation of the flame propagation velocity
varied as the flame progressed across the combustion chamber.
The smallest deviation was observed in the region of the spark
plug. Large cycle-by-cycle variations in the combustion
chamber pressure were observed as the flame front developed
in the region of the spark plug. The pressure variations are
therefore loosely connected with the flame front development
in the intial stages of combustion.

3 For the experimental conditions examined, the flame
propagation velocity correlated with the turbulent Reynolds
number according to the equation: i E0G e

Yo o anufoon deses (BI] oo
VL p ° J

4 The correlation, based upon turbulent burning data, presented
in the literature dealing with non-engine flames is useful for
predicting flame behaviour in an engine, with a quasi-
dimensional, spherical-flame mode]

5 The scatter of the experimental points about the correlation
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equation was large. The correlation should be examined in
further work to determine whether ignition timing and
equivalence ratio effects could reduce the scatter of the
experimental points.

The quasi-dimensional, spherical-flame approach to predictive
modelling of premixed engine combustion is a useful tool for
combustion chamber design. To improve the accuracy of such
models, a better understanding of flame front thickness and
its dependence on turbulence intensity, length scale and
mixture strength needs to be developed and incorporated in the
models, along with an analytical formulation of a thick flame
zone.

The application of the model as a predictive tool reqguires
knowledge of the turbulence level in the combustion chamber.
Experiments should be directed towards-velocity turbulence
levels, intake flow geometry and combustion chamber shape.
The role of turbulence in the combustion process is more
important for theinitiation of the combustion, rather than
subsequent flame development. The flame development in this
region is governed by thermodynamic considerations

The cyclical variation of the equivalence ratio had little
effect on the predicted levels of NO, CO and HC in the
exhaust gases. The spatial variation of NO in the combustion
chamber is very temperature-sensitive and would therefore be
more affected by cyclical variations in the combustion
chamber pressures. The mechanism behind the cyclical
variation of cylinder pressure should be the subject of
further research.

The formation of the Hydrocarbon quench layer can be determined
using the flame speed correlation but the role of this layer
in the subsequent thermodynamic process in the combustion
chamber has yet to be verified.
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APPENDIX 1 EXPERIMENTAL EQUIPMENT
INTRODUCTIOMN

This Appendix contains technical details of the equipment used in
the experimental phase. A discussion of the pressure measurement
technique is presented, followed by the calibrations of the pressure
transducer and the thermocouples. The Anpendix ends with a

technical specification of the equinrent used.

Al.1 MEASUREMENT OF THE COMBUSTION CHAMBER PRESSURE

The combustion chamber pressure is the prime variable from
which the other thermodynamic and geometric properties of the burnt
and unburnt charge are established. It is therefore essential that
the measurement of the cylinder pressure is free of avoidable errors
and that the measuring'aystem chosen be the most suitable for the
purpose. The criteria on which the choice might be based are
discussed in the literature review in the next section.

Al.2 PROPERTIES OF TRANSDUCERS

For the purpose of measuring time-varying pressures, such as
occur in internal combustion engines, quartz and semiconductor
transducers are available with natural frequencies high 1in
comparison with the fundamental frequency of the pressure
fluctuations occurring in the combustion chamber. Table Al.]
presents a compilation of the essential properties and dimensions of
some of the transducers which were considered for this application.
According to the description of Brosh (A1.1) and Bynum et al (A1.2)
these high frequency transducers can be regarded as practically undamped
systems, This means that, for measuring purposes, only up to 30% of
the natural frequency (depending on the form of the pressure behaviour)
can be exploited without perceptible deterioration in the accuracy
of measurement as a result of dynamic effects, for example,
excessive oscillations. This upper limiting frequency is shown in
Table A1.1, Column 5.

The guartz pressure transducer listed in Table Al.1 has a
natural frequency of 65 KHz and an external diameter of 11mm. It is
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MANU- TYPE | PRINCIPLE; FREQUENCIES DIA/ RANGE | ERROR | OSCILL-| TEMPER-T MAXIMUM
FACTURER NATURAL| USABLE | LENGTH Bar %* | ATION | ATURE OPERATING
KHz KHz mm SENSIT-| SENSIT-| TEMPERATURE
IVITY | IVITY
Bar/g | %Z/K**
Kistler J01A | Quartz 65 plus| 50 11.00/ Vari- | 0.5 | less -0.01 510
26.80 able tth
to 10
250
Kulite XQL- | Semi- 100-150| 30 2.10/ | vari-|20.5 |1ess |less 370
080 Conductor Vari- able thap than
able to 8 10 0.05
SAI SABJ- | Semi- 100 30 3.20/ | vari- | f0.5 = -0.05 | 430
6M Conductor 4.70 able
to 70
TAELE Al.1 PROPERTIES AND DIMENSIONS OF SOME TRANSDUCERS WITH HIGH NATURAL FREQUENCY (VALUES QUOTED

BY MANUFACTURERS)

*Combined Linearity and Hysteresis error, referred to as transducer measuring range

**expressed as a percentage of the measuring range




very well suited for the measurement of wall pressure fluctuations,
although it cannot measure mean pressure level or static value at the
same time as the magnitude of the pressure fluctuations.

Simpson and Gatley (A1.3) have investigated the sensitivity
of various quartz transducers as a function of the frequency. They
demonstrated the existence of variations in the calibration factor
of some 1% of the static value over the frequency range up to 2.5Khz.
The frequency behaviour above 2.5KHz of the transducer selected (the
Kistler) could not be verified. However, it can be concluded, from
its high natural frequency, that its sensitivity, even at high
frequencies arouns 10KHz, can hardly deviate by more than 1% from
the static value.

Terada and Kruggel (A1.4) reported on the variation with
operating temperature of the sensitivity of various quartz trans-
ducers of the family to which the Kistler belonas. It was found to
vary by some 1% up to 510 K. At higher temperatures, the transducer
must be cooled to maintain accuracy of measurement and length of
life. A water cooled adaptor was used in this work, housing the
transducer as shown in Figure Al.1.

Some quartz transducers exhibit marked sensitivity to
accelerations. Peters (A1.5) found that the use of acceleration
compensation in transducers of type 603B led to significant
improvement in sensitivity to oscillation. By employing adaptors or
damping materials, such as Teflon or Delerin, the acceleration
effect can be reduced still further. In some cases, a second trans-
ducer can be installed which is subject to the same installation
conditions but not affected by pressure, sothat the effect of
acceleration can be determined and then deducted from the signal
received from the pressure transducer.

Semiconductor pressure transducers, for example, the Kulite
type XQL-080 whose characteristic frequency is approximately 150 KHz,
have some dimensions so small that they can be considered for
installation in probes, and hence for the measurement of total
pressures varying rapidly with time.
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Pressure pickups, eguipped with semiconductor strain guage
bridges allow the measurement of absolute pressure fluctuations
with time. Their disadvantage is their sensitivity to variations in
the ambient temperature which manifests itself as a shift of the
regulated transducer zerc (Figure Al1.2). A rise of 30 K in temper-
ature can produce a zero drift of about 5% of the full scale range.
Cooled adaptors can help and are essential above 370 K. Under the
operating conditions in an internal combustion engine, a displacement
of the zero by several per cent can be expected. Semiconductor
pressure transducers can therefore be used to measure pressure
fluctuations, but not for accurate absolute pressure measurement.

Brosh (A1.1) and Simpson and Gatley (A1.2) observed changes
in the sensitivity of semiconductor type transducers of less than
1% of static value over the frequency range up to 1 KHz. The
transducers are insensitive to mechanical acceleration as the very
thin silicon membrane used in measurement is 4 times less dense
than the usual steel membrane.

The poor temperature stability of the semiconductor type
transducers led to the choice of the quartz type, the Kistler, in
this work.

A1.3 EFFECTS OF TRANSDUCER INSTALLATION CONDITIONS ON THE
MEASUREMENT OF PRESSURE

Only where the transducer can be installed so that the
pulsating pressure operates immediately on its membrane can its
dynamic properties be used as am aid in understanding the
behaviour of rapid pressure fluctuations. For wall pressure
measurements, this means that the transducer must be as flush as
possible with the internal walls of the housing. Where the wave
length of the transient pressure fluctuations normal to the
transducer axis are no longer large in relation to the transducer
diameter, for example, in detonation, the transducer cannot be
installeddirectly at the measuring position, since it will only
provide a summation of the pressure distribution momentarily
immediately adjacent to its membrane (Figure A1.3). If the transducer
15 mounted away from the wall, but connected to the combustion
chamber by a small diameter measuring bore, the frequency range for
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which accurate pressure measurement is possible, is severely
limited. This is due to throttling in the pneumatic transmission
system of the measuring bore, and the unavoidable volume between the
bore and the transducer membrane.

In many cases, it is not possible to install the transducer
at the measuring station without a connecting tube between it and
the combustion chamber. The dynamic behaviour of these systems has
been investigated by Taback (Al.6), Iberall (A1.7) and Rohmann and
Crogan (A1.8). In the case of a sinusoidal oscillation, Bergh and
Tijdeman (A1.9) found experimental results to be in close agreement
with theoretically calculated values for the amplitude ratio and
phase position between the measuring station and the transducer.
They emphasised, however, that reliable calculation of the pressure
fluctuations at the measuring position using the pressure transducer
readings requires accurate knowledge of the géumetrica] relationship
in the transmission system, in particular, the internal radius of
the connecting pipe. Manufacturing techniques make this difficult
to obtain. Moreover, the application is restricted to sinusoidal
pressure fluctuations of small amplitude.

Al.4 INVESTIGATIONS INTO THE LIMITING VALUES OF THE APERTURE
RATIOS AND THE LENGTH OF THE CONNECTING PIPE OF THE
PRESSURE TRANSDUCER HOLDER

As the ratio betwwen the measuring bore and the connecting
pipe increases, two affects can alter the relationships in the
region of the measuring bore sufficiently to invalidate pressure
recordings. As a result of expansion in the inflow phase, the
pressure in the entry region of the measuring bore rises.and gas
flowing in and out of the system produces fluctuations in the
connecting pipe. The gas carries compression or expansion waves as
a result of its displacement effect in the connecting pipe, and the
intensity of the waves increases with the aperture ratio. Figure Al.4
shows these effects for an average Mach number of 0.5 assuming a
rectangular pressure distribution. Werer (A1.10) investigated the
limiting values of aperture ratio by measuring the relative
deviation amounts for various fluctuation fregquencies. From his
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observations, an upper limit for the sperture ratio of 0.020-0.025
was established. Below this ratio, the pressure indicated by the
probe can be assumed to be within its normal accuracy.

On this basis, the diameter of the connecting passage of the
mounting adaptor was 0.25mm. The error in the voltage output of the
transducer operating at a maximum temperature of 510 K is therefore
in the range -3.2% to +1.4%.

Al.5 PRESSURE TRANSDUCER CALIBRATION

The output voltage of the pressure transducer and charge
amplifier combination varies between 0.3mV/Bar to 15V/Bar depending
on the amplifier and range selected. The charge amplifier range
was adjusted to produce a full scale displacement of the UV
recorder galvanometer at the maximum pressure expected in the
cylinder. The calibrations were performed at room temperature for
both rising and falling pressures. The UV trace displacement was
then least squares fitted to the applied pressure.

Al.6 THERMOCOUPLE CALIBRATION

Tables A1.2 and A1.3 show, for the thermocouples in the
cylinder head and piston of the test engine, the temperature, the
corresponding measured thermocouple output and the true output
according to BS 4937 part 4, March 1973 reference tables. Figures
A1.5 - A1.12 show the measured thermocouple output on the x axis,
and on the y axis, the correction needed to align the thermocouples
to the reference values.

The thermocouples were calibrated in a fluidised bed heat
source against an NPL reference thermometer in 25°C steps to 250 C.
The tail ends were connected to type K compensation leads immersed
in 0il and contained in along test tube immersed 10 in into
correctly prepared melting ice, the zero centigrade reference. The
type K thermocouple was expected to give a short term stability of
0.2°C over the temperature range considered.
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APPENDIX 2 COMPUTER PROGRAMS

INTRODUCTION

This Appendix contains listings of the programs
developed as part of this research project. The SPSS package
and the programs from the NAG library which were used in the
mathematical analysis and the cycle synthesis work are not
included. Listed are the combustion program, which was used to
determine the equilibrium concentrations of the combustion
products, the adiabatic flame temperature program and the program
used to determine the geometric properties of the combustion
chamber and the burnt charge.

The programs are listed separately but they can be used
as subroutines in a larger program provided that they are supplied
with the appropriate common block and data cards.

A2.1 THE COMBUSTION PROGRAM

The program is described briefly in this section and
listed at the end of the Appendix. Exhaust species concentrations
for the combustion of Isooctane and air mixtures are shown,
together with the thermodynamic functions used in the cycle
synthesis work.

The input data are supplied at section 1. The program can
deal with any C, H, 0, N fuel and air mixture within certain limits.
The input requirements are:

C number of Carbon atoms in the fuel

H number of Hydrogen atoms in the fuel

number of Oxygen atoms in the fuel
number of Nitrogen atoms in the fuel

TR reaction temperature “K ;

P reaction pressure  1bf/m

PHI Equivalence Ratio.

The constants used in the routine are calculated in
section 2 and section 3 includes the calculation of the
Equilibrium constants. In section 4, the decision is made whether

to make a new estimate of the concentration and go to section 5, or
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to use the results of a previous computation as initial values. In
section 6, the elements of the matrix of linearised equations are
determined. The equations are solved by Gaussian Elimination in
section 7. The estimate of the variables and the degree of
convergence are checked in section 8, and the remaining mole
fractions of the products are calculated in section 9.

The average molecular weight of the product species, the
specific gas constant of the mixture, the specific enthalpy and the
Q i ’
internal energy are calculated in section from the relationships:

i=]
R = ROHM
I.I.
fiat= Z x1hiKM
i=]
u = h=RT

The absolute enthalpy was defined as: a
heat of formation at T=0"K
absolute _ sensible heat at T~ _ from the elements in the
enthalpy =~ above that at T=0"K Standarg Reference States
at T=0%

The values of the Specific Heats and the heats of formation
were obtained from the Janaf Thermochemical Tables and were used in
a matrix load up and linear interpolation routine. The results of
the program are shown in Figures AZ2.1 - AZ2.14.

e ADIABATIC FLAME TEMPERATURE

This program requires as input, the reaction pressure PR‘
an estimate of the reaction temperature Tr’ the equivalence ratio PHI
and the reactant enthalpy Ho. The program calls the combustion

program to calculate the mole fractions of the exhaust constituents
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Computer program (p.288-298)
has been removed for copyright
reasons





