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SUMMARY

A l6-component fuel model of motor gasoline is used to study
the evaporation of petrol entering the cylinder of a spark
ignition engine in droplet form and the effects of the droplets
on engine performance and the production of unburnt
hydrocarbons. Predictions are compared with experimental data
obtained from tests on a Ricardo E6 single cylinder engine
equipped with an SU constant depression carburettor.

A preliminary study of mixture preparation in the
carburettor and intake manifold, based on the analysis of Boam
and Finlay (1979) and supported by extensive experimental
investigation of the wall film of liquid petrol, is used to

provide some indication of the droplet size, temperature and
composition at inlet to the engine.

A step-wise mathematical model for the induction,
compression, combustion, expansion and exhaust processes of a
spark ignition engine has been developed. From the induction
model it is possible to predict the spectrum of droplet sizes
and their Sauter mean diameter (SMD) prior to compression. The
concept of the SMD is used to study the droplet behavior during
compression and combustion : droplets of less than 20 microns in

diameter at entry to the engine are shown to have negligible
effect on the combustion process.

A series of experimental investigations have been carried out
to study the effects on wall film deposition and entrainment of
the intake manifold design and other engine operating
parameters. Results indicate that the presence of a mitre bend

in the manifold destroys the effect of the throttle plate in
distributing the liquid fuel in the system.

A new model of liquid wall film formation and destruction has
been suggested. The model comprises a set of empirical equations
to determine the liquid wall film quantity at the carburettor
exit, the rates of droplet deposition and entrainment and a bend
factor to account for the effect of a bend on the liquid film
deposition. The wvalidity of the model has been tested by
comparing the predicted and measured liquid wall film flowrates

at different flow and engine operating conditions. The results
indicate that the model is reliable.
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CHAPTER ONE

INTRODUCTION

1.1 General

1.2 Mixture Quality

1.3 Structure of the Thesis



1.1 General

The carburetted spark ignition engine and its problems
have been the subject of investigations for many years.
Although its basic operating principle was illustrated more
than 100 years ago, little was known until recent years
about the factors affecting the combustion process. Studies
on the engine performance and the problem of air pollution
have shown that the quality of the air-fuel mixture
introduced to the cylinder is a major factor in determining
the rate of combustion and has a considerable effect on

engine performance and the associated exhaust emissions.

During the development of this type of engine, an
enormous amount of theoretical research has been carried out
on the subject of combustion assuming a homogeneous fuel
vapour-air mixture. This assumption was based on the belief
that the high volatility of the liquid fuel ensures that
complete evaporation should occur during the intake process

within both the intake system and inside the engine

cylinder. Furthermore, for any droplets of 1liquid fuel
which fail to achieve complete evaporation during the intake
process, it was postulated that they should be totally

vaporised during the compression stroke prior to ignition

due to the increase in mixture temperature and the

enhancement of the temperature-sensitive droplet

evaporation.



There is no strong evidence in the literature that
supports the assumption of complete liquid fuel evaporation
prior to ignition in a conventional spark ignition engine
under normal operating conditions. However, reters (1], who
measured fuel droplets sizes inside the cylinder of a spark
ignition engine with axial stratification, concluded that
complete evaporation of fuel droplets 1is attainable.

Unfortunately, his experimental results should not be

generalised since:

a. the liquid fuel was injected into the inlet port of
the engine while the inlet valve was open. Thus,
the liquid fuel had a relatively unobstructed path
into the engine cylinder which, in turn, reduced
the opportunity of 1liquid wall film formation.
This method of fuel introduction produced

relatively small droplet sizes which ranged from

17.6 ym to 40.1 um.

b. liquid fuels wused 1in the tests were single
component fuels with a relatively 1low boiling
temperatures, It is well known that the presence

of another fuel component in the 1liquid fuel

mixture will result in a lower evaporation rate

from the component 1in proportion to 1its molar
fraction. Additionally, the use of low boiling
temperature fuel produces a higher evaporation
rate, which is well illustrated in Peters

results. The data indicates that complete



evaporation of isopentane droplets (B.T. = 27.80C)
occurred at 160%9 CA before top centre, while that
of methanol droplets (B.T. = 659C) was at 800 CA
before top centre. The conventional spark ignition

engine fuel may contain fuel components with

boiling temperatures well above 1450¢[42],

c. the experimental conditions at which the data was

obtained were far removed from the normal engine

operating conditions (e.qg. inlet air temperature
ranged from 65%C to 169°C) with a corresponding

increase in fuel evaporation.

d. finally, for the measured droplet sizes, the
present work predictions indicate that, under the
same experimental conditions, complete fuel

evaporation is possible even if the fuel 1is a

multi-component one,

On the other hand, the theoretical study of fuel
evaporation inside the engine cylinder undertaken by Liu et

al.[2] jndicated that iso-octane droplets of diameters

larger than 50 um - would fail to achieve complete

evaporation prior to ignition under normal operating

conditions.

Furthermore, there are other engine operating

conditions at which complete fuel evaporation is virtually

impossible. For example, it is reasonable to expect that at



o T

cold start, especially when the ambient temperature is low,
the overall evaporation rate can be significantly retarded
and "large" droplets may survive until spark dischargelz].
Additionally, droplets generated due to wall film
disintegration at the 1inlet valve are expected to have
larger sizes because of the relatively weak aerodynamic
stripping acting on the 1liquid film. These droplets are
mainly composed of heavier fuel fractions and also have less
time for evaporation compared with the initial droplets

generated in the intake system.

Finally, Liu et al. recognised another factor which

may retard evaporation rate, that is, the effect of cylinder
pressure on droplet evaporation. They suggested that during
the compression stroke, while the increasing gas temperature
tends to enhance the evaporation, the simultaneously

increasing cylinder pressure tends to retard it. Their

predictions indicated that droplet evaporation can be

substantially reduced from the value obtained by considering

the influence due to temperature increase alone.

The work described in this thesis is primarily

concerned with the mixture preparation and combustion

processes 1in a carburetted spark ignition engine. A

comprehensive experimental investigation was carried out to

study the effects of inlet manifold design and different

engine operating conditions on the liquid wall f£film

formation and the effects of liquid wall film separation on

engine performance and emissions. The engine was a single



cylinder Ricardo E6 equipped with a constant depression
carburettor and fuelled with 4-star petrol. Experimental
data was used to derive a set of empirical equations
describing the initial wall film quantity (at carburettor
exit), the rates of.droplets deposition and entrainment and

a bend factor to correlate the measured influence of 900

bends.

A complete theoretical study of fuel evaporation and
transportation in the intake system and within the engine
cylinder, based on the models proposed by Boam and

Finlay[42] and Lawl2l] respectively, was also carried out

using a l6é-component model of motor gasolene (B;T. = - 420C
to 183.30C). A new model of the intake stroke is proposed

which takes into account not only the filling effect of the
'process but also fuel evaporation during the process. ‘In
this model the cylinder is divided into numerous numbers of
segments each of which is characterised by its own mass,
number of droplets, droplet size and temperature with common
cylinder pressure, temperature and fuel vapour
concentration., At the trapped point (inlet valve closure) a
new droplet Sauter mean diameter and

temperature is

calculated to be used during the compression and combustion

phases. During flame propogation, fuel droplets trapped in

the flame zone are considered to vaporise with combustion.
In such type of evaporation the volatility of the fuel is no
longer important, instead, oxygen concentration and the rate

of heat transfer to the droplets
factors[11,20],

are the dominant



A comparison is made between experimental and computer
predicted results with regard to liquid wall film flowrate,
pressure-time diagrams and exhaust emissions in order to
test the reliability of the models. Detailed parametric
studies on the effects of different flow and engine

operating conditions on mixture preparation and engine

performance are presented.

1.2 Mixture Quality

Mixture quality, mentioned earlier, is not only the
degree of liquid fuel evaporation but also the way in which
the remaining liquid fuel is present and distributed in the
mixture. The 1liquid fuel introduced to the air stream
through the carburettor is not required to vaporise

completely in the intake system, since it is found that this

may drastically affect the volumetric efficiency of the
engine[4]. It is also found that this form of mixture
quality (with complete evaporation) is not the best "diet"
for lean engine operationl[10], ana it may result in poor
fuel distribution if adequate means

of mixing are not
provided[al.

In the carburetted spark ignition engine the

combustible mixture is prepared in both the intake system

and inside the cylinder. The heavier fuel components remain

as liquid and traverse the intake system in the form of

7



entrained droplets and as liquid wall film, moving much more
slowly along the walls of the intake system. In general,
air and fuel vapour negotiate the geometry of the system
with reasonable ease to give uniformity of fuel distribution

to individual cylinders if the fuel vapour is well mixed

with air.

Both forms of liquid fuel transport, as droplets and
in the 1liquid wall film, lead to poor fuel distribution
since the momentum of the droplets causes their flow paths
to differ from that of the intake system geometry, while the
wall film is sluggish and can be over-influenced by the

geometry[75]-

The recently adopted lean mixture operation seems to
be an attractive proposition because it has the advantages
of lower exhaust emissions with better fuel economy.

However, lean mixture operation of a carburetted engine can
be critically dependent on mixture quality and the
distribution of the fuel between the individual cylinders
and within each cylinder. Many investigators([33,44] pave
therefore, concluded that to achieve better mixture quality
and distribution, the liquid wall film should be reduced to
the minimum possible quantity. The controlled addition of

heat through the manifold wall was suggested to be the most

effective method to achieve that, In the present work,

however, it is found that heating the liquid film prior to

entry to the cylinder and the disintegration of the liquid

film at the inlet valve are the key factors to achieve



During a sudden opening of the throttle plate the mixture {s temporarily
weakened due to both the increase in air flowrate and the delay of the fuel
flow. The latter is due to the time required to build up the liquid wall film
in the inlet manifold.



better overall results, since small, high temperature
droplets will burn completely in the flame 2zone with

negligible effects on other combustion parameters.

It is clear that the presence of the liquid wall film
is the major factor in controlling mixture quality and
distribution. This is believed to be due to its high
quantity, which may reach up to 50% of the total fuel flow,
and to its low velocity and volatility. The effects of the
liquid wall film ga;ﬁﬁgngkdonly at steady engine operation,
but also at suddenrclosing of the throttle plate, The
latter produces an abrupt rise in manifold depression which,
in turn, produces a sudden suction of the liquid film. The
first stage of a decelaration or 1idling 1is therefore,
accompanied by a much more greater enrichment of the
mixture. Consequently, carbon monoxide and hydrocarbon
emissions are much greater at this stage.

e

The mechanisms of the wall film generation and
destruction in the intake system of a carburetted engine are
not fully understood. No work has yet been reported on the
rates of droplets deposition and entrainment, which are not
only important in determining the wall film quantity, but
also in controlling the rate of fuel evaporation.

In the

present work a model for wall film deposition and

entrainment, based on empirical correlations of the data

obtained from a series of experimental investigations using

different 1inlet manifold designs and engine operating

conditions, is suggested and incorporated into the Boam and



Finlay model, In these experiments the mean wall film

flowrate was measured using the slit method.

1.3 Structure of the Thesis

The thesis is divided into eight chapters and six
appendices. The present chapter serves to introduce the
theme and subjects relating to the thesis. Various topics
are discussed briefly and qualitatively, while details
elaborated on in later chapters. In chapter two, a survey
is presented of relevant literature by other researchers.
Their work is summarized and the relevance to the present
work 1is highlighted. In chapters three and four, the
theories relating to the mixture preparation processes and
spark ignition engine cycle are developed respectively. 1In
chapter three, the general equations of fuel atomization,
transportation and evaporation are first derived and further
developed for use in a computer program. In addition to
reviewing the reported work on the spaék ignition engine
cycle details, the fourth chapter discusses the models used

to predict flame propogation, heat transfer, formation of

unburnt hydrocarbons, dissociation of combustion products

and the onset of knock. Details of ihe experimental work

are discussed in chapter five together with the derivation

of wall film empirical equations. The computer programs of

the mixture preparation and cycle simulation models are

detailed in chapter six. The main structures are discussed

with the aid of flow charts.

10



Program testing and the parametric study are presented in
chapter seven, The final chapter, summarises the overall

work, and presents its conclusions.

In the appendices, listings are provided of the
computer programs developed together with other details,

which though necessary, were felt 1likely to provide a

distraction from the main text of the thesis.
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CHAPTER TWO

LITERATURE SURVEY

Introduction

Mixture Preparation Effects on Engine
Performance and Emissions

Evaporation and Combustion of Fuel Droplets
Experimental Studies on Fuel Evaporation and
Transportation in the Intake System
Mathematical Modelling of Mixture Preparation
in the Intake System

Combustion Studies on Droplet-~Vapour Systems
Cycle Simulation Models

Closing Remarks
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2.1 Introduction

To satisfy the objectives of the present research, it
was necessary to deal with many research areas. Mixture
preparation, on one hand, requires a full knowledge of the
history of liquid fuel from the carburettor jet to the end
of the combustion process. This means that a complete study
of fuel behaviour should be performed, including the inter-
action of various flow parameters within the intake system,
during the gas exchange process and inside the engine
cylinder. On the other hand, a cycle simulation was
required to study the combustion process and the effect of
the prepared mixture on the engine performance and
emissions. This wide area of research required an extensive

literature survey on the work reported in these areas.

This chapter commences with a detailed review of the

reported work on fuel evaporation and mixture preparation,

Cycle simulation models, however, have been surveyed in a

more general way to give a broad appreciation of the

models. Work on flame propagation, auto-ignition, heat

transfer and other cycle details will be discussed later

when dealing with the modelling of the cycle processes.

13



2:2 Mixture Preparation Effects on Engine Performance

and Emissions

Several investigations have shown that mixture quality
affects the ability of the engine to run on lean mixtures.
Unfortunately, there is conflicting evidence as to what the
optimum mixture state should be. Many researchers[3-7] have
shown that fully vaporised homogeneous fuel-air mixture
provides good lean operating capabili£y. However, these
results are at variance with other studies[8-10]1 yhich have
shown that inhomogeneties in the induced fuel-air charge

are beneficial for lean operation in engines.

Hughes and Goulburn(3] found that complete evaporation
of the fuel in the intake manifold can overcome the well
known cylinder to cylinder maldistribution problem. They
used a coolant heated evaporator to produce complete
evaporation °f. the fuel and create a homogeneous inlet
charge. They conclﬁded that the engine can run on a lean
mixture with reduced exhadst emissions. However, a power

reduction of 25% to 30% was also reported.

The work reported by Trayser et al,[4] indicated that
complete evaporation of the fuel in the intake system can
almost eliminate fuel maldisfribution, but this will
drastically affect the volumetric efficiency by changing the

negligible volume of liquid fuel to a significant volume of

fuel wvapour.

14



Lindsay et al. 5] investigated the importance of good
mixture quality and homogeneity on engine performance and
exhaust emissions. They described a system based on a heat
pipe using exhaust heat as a means of evaporating the
fuel. They found that wusing such a device gives the
opportunity for siénificant fuel economy, reduction in
exhaust emissions and drivability improvement with only a

minor sacrifice in power.

Dodd and Wisdom([6] jin their study of the effect of
mixture quality on exhaust emissions found that the most
noticeable effect was the extended weak limit obtained with
fully vaporised fuel. They also found that the emitted

unburnt hydrocarbons at full throttle and half load were

lower. Beale and Hodgetts[7] confirmed the ability of the

engine to run on weak mixture with fully evaporated fuel,

leading to a significant reduction in carbon monoxide and

hydrocarbons emission.

However, Yul8l in his study of the geometrical and

temporal variations of air/fuel ratio, concluded that

complete evaporation of the fuel does not improve geometric

fuel distribution. 1Infact, his work showed that very poor

distribution may result if adequate means of mixing are not

provided.

Matthes and McGilll3] found that leaner operation was

possible with bad atomisation and wetting of the manifold

wall than with good atomisation. Their good atomisation

15



tests used 10-20 uym droplets, their bad atomisation tests
used 400-700 um droplets and their wall-wetted case
employed a dribble of 400-700 ym on to the inlet port.
Hydrocarbons emission varied by 20% among the three cases
with good atomisation being lowest. Fuel consumption and
carbon monoxide levels were almost totally insensitive to
mixture quality, and the wall-wetted tests gave the leanest
operation. Matthes and McGill hypothesized that the poor
atomisation and wall-wetting resulted in some form of
stratification and hetrogeneous combustion, which in turn,

extended the lean operation limit.

Peters and Quader[10] ;5 an attempt to resolve this

variance in the literature initiated a study on the effect
of mixture quality on lean mixture combustion. They found
that a homogeneous prevaporised mixture of fuel and air is
not the best "diet" for 1lean engine operation. They
concluded that the use of premixed charge resulted in a
richer "lean misfire 1limit", lower maximum burning rate,
higher hydrocarbons emission, and increased indicated
specific fuel consumption. They suggested that some form of

hetrogeneous charge wetted with fuel droplets may be

beneficial for lean operation.

243 Evaporation and Combustion of Fuel Droplets

Single droplet evaporation and combustion has been

subjected to investigations for many years., For example

16



Maxwell, Stefan and Morse (11l  found theoretically and
experimentally that the mass rate of evaporation of a
droplet into still air is proportional to the first power of
the droplet diameter, and when the vapour pressure is a
small fraction of the total pressure, to the first power of
the difference between the vapour pressure at the droplet
surface and an infinite distance. For higher partial

pressures of the vapour a logarithmic function of the vapour

pressure must be used.

In a comprehensive theoretical and experimental study,

Frﬁssling[lzl extended these results to the case of a

droplet evaporating in a moving gas stream of similar

temperature. He obtained the following semi-empirical

equation:

21d
dm _ d 1/ 1/
at = “RT D My(Py, g~ Py,o) (1 + .276 Sc’3 Rey’?)  (2.1)

where
dm : .
% 1s the mass rate of evaporation
dd is the droplet diameter
R is the universal gas constant
Ly is the

temperature of the stagnent film around

the droplet

is the diffusion coefficient of vapour in air

is the

D

M, is the vapour molecular weight

Pv,s vapour pressure at the droplet surface
P

i i is the ambient vapour pressure

Sc is the Schmidt number

Rey 1is the droplet Reynolds number
17



Spalding [13,14] presented a practical method for the
measurement of vaporisation rate from the surface of a solid
sphere of one inch diameter. The surface of the sphere was
wetted by a liquid which was supplied such that the surface
remained wet at all times. He also proposed a theory for
droplet evaporation to calculate the time required for
complete disappearance of a spherical liquid droplet. The

following formula was suggested:

ag es
t = _553; in (14B) (2,2)
where
B 1is the transfer number = %E (Ta—Tf)
p 1is the density
Cp is the specific heat of the liquid fuel
L. is the latent heat of evaporation
T 1is the temperature
a 1is for air
f 1is for fuel
Law[15] investigated the motion of an ensemble of

monosized droplets undergoing evaporation in an adiabatic or
isothermal gas stream. His predictions show that fine
atomisation is a key factor in achieving fast evaporation.

Law's evaporation model was based on Spalding's theory for

droplet vaporisation.
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Kadota and.Hiroyasu[16'17] investigated experimentally
and theoretically the evaporation of a single droplet in a
gaseous environment at elevated pressures and
temperatures. Their model covers the unsteady and steady-
states of droplet evaporation, considering the effect of
natural convection. The range of experimental conditions
were: gas pressures from 1 atm. to 50 atm., and gas
temperatures from 100°C to 500°C, which correspond to the
subcritical, critical and supercritical states of the
droplets. The high pressure model was compared with
experimental data and with a conventional 1low pressure
model. The results showed that the low pressure model
failed to give satisfactory results under high pressure
conditions, while the results predicted by the high pressure

model were in good agreement with the experimental

measurements,

Law[18]  raw and sirignanol19] podelled the unsteady
droplet combustion caused by droplet heating assuming a
quasi-steady gas phase processes and that the droplet
temperature is spatially uniform but temporally varying.
They concluded that droplet heating is a significant cause
of the unsteadiness of droplet comBustion and hence should

be accounted for in any realistic analysis of the unsteady

droplet combustion phenomena.

The reported work on multicomponent fuel droplet

evaporation and combustion is very limited. Infact, the

only available work is that of Law et al.[20) on the
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evaporation process and of Lawl2l]l  on the combustion
process. The first model analyses the vaporisation of a
droplet in a strong convective gas stream, with particular
emphasis on the generation of internal circulation and its
effect on the internal heat and mass transfer processes.
The second model uses two approaches to describe the gas-
phase,diffusion controlled, unsteady combustion of a droplet
in a stagnant, unbounded atmosphere. The models considered
are "the ideal mixture", which assumes that the mixture
behaves as an ideal mixture in its phase change
characteristics, and the "shell" model, in which the
components are assumed to be distributed as shells such that
quasi-steady, single component vaporisation prevails for
each shell. Both models indicated that the components
vaporise approximately sequentially in the order of their
relative wvolatilities, and that evaporation rate 1is
insensitive to the mixture composition during combustion as

well as vaporisation in hot environments.

2.4 Experimental Studies on Fuel Evaporation and

Transportation in the Intake System

Little experimental work has been reported on the

development of different phases in which fuel is present in

the intake system of a running engine. This is believed to

be due to the complexity of the flow regime and the great

number of variables involved,
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However, the problem of annular two-phase flow systems
has received considerable attention from many investigators
in other engineering applications. Information on the
characteristics of liquid wall film, droplet deposition and
entrainment is important for planning and designing cooling

systems in nuclear and fossil-fuel power stations and in

steam generators.

Krasiakoval22] peasured wall f£ilm thickness in a
horizontal pipe using a resistance technique. His work
showed that a considerable eccentricity of the wall film
existed. The length on which the film was measured was
great, therefore, an average rather point wise measurement
was made, The first local values of wall film thickness

appeared in Ref.(23) which confirmed the eccentricity of the

wall film reported by Krasiakova.

McManus[24] gstudied 1ocal liquid distribution and
pressure drop in a horizontal annular two-phase flow. He
measured wall film thickness using a probe inserted into the
tube and brought into contact with the liquid film on the
opposite wall. An electrical circuit was completed when the
probe came into contact with the 1liquid.

The probe was

attached to a micrometer barrel which permitted the

determination of the probe position at time of contact.

McManus presented an empirical relation for meam film

thickness at various tube circumferential positions, this

relation is of the form:
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h Re p . d yu, e
e g — B9y (I (2.3)
m Regc L Hg

where
h. is the mean film thickness
D is the tube diameter
p 1is the density
p is the dynamic viscosity
L 1is for liquid
g 1is for gas

a,b,c,d and e are empirical constants.

Gill et al.[25,26] reported that the flow rate of
entrained droplets increases in the direction of the flow,
but the characteristics such as droplet entrainment and

deposition rates which determine the axial change of the

droplet flow rate have not been examined.

Alexander and Coldren!27] carried out experiments on

the deposition of 27 ym water droplets on the walls of a
horizontal pipe. The deposition rate was estimated by

examining the change in the radial profile of the droplets

mass flux and correlated by:

(2.4)
where
Kd is the mass transfer coefficient
-l 1.7
= 8,34338 x 10 v *

is the concentration of the droplets within

the gas stream, (Kg/m3)

Vg is the main gas velocity, (m/s)
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Akagawa et al. [28] investigated the behaviour of water
droplets, which are entrained from the wall film, and the
droplet entrainment rate in a horizontal annular two-phase
flow. Liquid droplets flowrate was measured by an
isokinetic sampling probe, while the wall film was measured
using the scoop method (in this method, a scoop plate of 0.5
mm thickness is fixed in a fully-developed region and is
located 2.5 mm apart from the bottom of the duct). They
found that the entrainment rate under the condition of
constant gas velocity in the duct is significantly affected
by the average liquid film thickness. They suggested that

the entrainment rate may be calculated using the formula:

Q. = 4.57 x 1077 n3*5 vg® o (Rg/mP.s)  (2.5)

The foregoing references on two-phase flow have
considered steady flow in a straight horizontal duct. The
complex geometry and unsteady flow conditions of the engine
intake system are factors which increase the difficulty of

experimental research and analysis still further. However,

many investigators have managed to study some of the

observed phenomena in the intake system. Collinsl[29]

developed a technique to measure air/fuel-vapour and

air/total-fuel ratios of the mixture entering each cylinder

of a 4-cylinder engine. These two ratios were used to

estimate how much of the fuel was vaporised. He concluded

that the values of air/fuel-vapour ratio obtained by such
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measurements depend on the design of the sampling probe.

Collin's results may be summarised as follows:

(1) there was a considerable maldistribution of the
fuel, the inner pair of cylinders receive more than
their share and the wall film tended to gravitate

towards the rear cylinders,

(ii) not all the fuel ‘is vaporised in the manifold. At
half throttle condition 69% of the fuel was

vaporised, while 81% at full throttle, and

(iii) the cylinder to cylinder variation of air/total=-

fuel ratio was generally reduced by heating the

mixture.

Pao[30] uéing calorimetry and sampling probe-techniques
measured the air/fuel-vapour and the air/atomised-fuel
ratios in an engine during the warm up'period. He found
that mixture quality stabilised in eight minutes. Duﬁing

the initial five minutes the rate of 1increase in the

percentage of vaporised fuel is approximately equal to the
rate of decrease in the percentage of wall film and that the

total percentage of large and small droplets did not change

during that time. The results indicated that the effect of
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manifold pressure, air velocity and mixture temperature on
the amount of atomised fuel are more significant at
transient than at stablised conditions. Results also showed
that the level of vaporised fuel stabilised at 70% of the

metered fuel with the remaining 30% shared by both the large

and small fuel droplets.,

Finlay and Welsh[3l) photographed fuel condition at
various locations downstream of an air-valve carburettor
needle over a range of engine speeds and loads., The
photographs showed clearly the remarkable change in the
condition of the entrained fuel that occurs during one
cylinder filling cycle. Finlay and Welsh hypothesized this
to be due to the pulsating nature of the air flow past the
needle. The photographs also showed that the more the air
flow the better the fuel atomisation. The measured droplet

size was ranging from 25 - 300 um depending on £flow

condition,

Nightingale and Tsatsami(32] peasured wall film

quantity separated at the end of a 4-cylinder engine

manifold during a cold start., Their results indicated that

wall film quantity can reach as much as 50% of the total
fuel supplied for 50 seconds cranking time at full choke and

for 80 seconds cranking time at 2/3 choke condition.

Finlay et al.[33] peasured fuel distribution in the
region of the throttle plate of an air valve carburettor.

They wused an isokinetic probe for droplet flowrate
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measurement and a knife edged sampler for wall film flow

rate measurement. Generally, the results indicate that:

(1)

(ii)

(111)

(iv)

(v)

Finally, Finlay et al. concluded that to

the droplets are not evenly distributed in the

flow, they are more at the core than near the wall,

the distribution of both droplets and wall film is

better downstream from the throttle plate than

between the piston and the throttle plate,

dropwise mass flowrate downstream is less than that

upstream in all test conditions,

wall £film quantity downstream from the throttle
plate is less than that upstream at both 1500 and

3000 rpm road load power, while it is more at 3000

rpm full power,

the wall film is eccentrically distributed in the

manifold at almost all the tested conditions.

improve

mixture quality the wall film quantity should be reduced to

the smallest possiblé amount.,

characteristics of a carburetted engine while
closing the throttle plate.

in the

Hayashi and Sawa[34]

studied the transient

a stepwise

They concluded that the mixture

cylinder becomes leaner temporarily after the

28




stepwise closing and thereafter returns to the condition
which would exist under steady-state operation. They
believed that this behavoiur is primarily caused by the
transient effect of the wall film. They also reported some
observations on the wall film during steady-state

operation. These are summarised below:

(1) The mean wall film thickness depends mainly on the

intake air velocity and air/fuel ratio, it's value

being about 0.05 - 0.2 mm,

(ii) wall film flowrate increases in direct proportion

to air wvelocity but in inverse proportion to

air/fuel ratio,

{i11) in small engines, mean wall film velocity is equal

to about 1 to 6 m/sec, this value corresponds to

between 1/100 and 1/200 of air velocity, and

(vi) the percentage of wall film decreases with an

increase in engine speed, air velocity, air/fuel

ratio and the intake pipe length,

Evaporation rate, wall film deposition and entrainment

rates may be well understood when the size/distribution of

the droplets in the mixture is known. Such data are

~difficult to obtain in the high velocity, turbulent and

pulsating air stream usually found in the intake manifold of

a carburetted engine. However, many attempts to measure
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fuel droplet size and distribution have been made using-both
steady test rigs and engines. Finlay et al.[35] measured
droplet size/distribution in an engine manifold at different
operating conditions using a Malvern laser particle sizer.
The engine was equipped with an SU type carburettor and 5

specially designed viewing section. Nightingale and
Tsatsami [36] ysed the same technique to measure droplet

size in a steady test rig. The droplets were produced by
three types of atomisers, viz. a constant depression

carburettor, a sonic 'throat atomiser and the Hartmann

Whistle (see Ref.(36)).

in both works the measured droplet size showed the
same trend, as manifold depression increases droplet size
decreases. The results indicated that fuel atomisation is
of two types, primary at the fuel jet and secondary at the
throttle plate. At part throttle conditions air velocity at

the throttle plate is high and so the fuel is re-atomised by

the shearing effect of the flow.

Phillips and Rayner[37). peasured the size and

distribution of droplets produced by a constant depression

carburettor in a steady test rig using the Malvern particle

sizer. They found that the Sauter mean diameter increases

with high air/fuel ratios and reduced simulated engine

speeds., For a simulated 1000 rpm road load condition test,

droplet diameter ranged from 33 ym at air/fuel ratio of 10

to 80 .um at air/fuel ratio of 19, while for the 2000 rpm

road load condition these were 20 to 45 pﬁ respectively.
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In these tests the 1liquid wall film had been removed

upstream of the measuring section.

2.5 Mathematical Modelling of Mixture Preparation in

the Intake system

The flow in the intake system of a carburetted spark
ignition engine is extremely complex involving turbulent,
pulsating, two-phase, multicomponent, annular flow. The
geometry of the system not only involves frequent changes of
cross-section particularly in the carburettor and at the

throttle plate, but also includes bends and branch points in

the manifold[42], <The fuel itself is a complex combination

of many components and it undergoes not only evaporation but
frequent deposition and re-entrainment of droplets between

the main-flow and 1liquid wall film as the stream passes

through the intake system.

Few models to study the evaporation and transportation
of liquid fuel in the intake manifold and the effect of
different flow parameters on these processes have been

reported. It is generally assumed that:

(a) Fuel droplets are spherical, have uniform size and

are homogeneous in temperature and concentration.

(b)

The flow is turbulence free and that there is no

chemical reaction in the induction system.
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(c) The intake manifold is a straight, constant cross-

sectional area pipe.

In addition to the above assumptions, each reported

model has its own assumptions, these will be discussed with

each model.

Yun et al.[38] presented a model to study fuel
evaporation and tranéportation in a carburettor venturi. In
their steady-state, one-dimensional model the fuel has been
assumed to be a single component substance, present in the
flow in droplet form only. They predicted that total
evaporation within the carburettor is approximately 4% of
the total fuel supplied. However, the validity of this
prediction is not representative of the actual behaviour of
the system as the vapour pressure of their fuel, n-octane,

is very different from that of petrol.

Lo and Lalas[39] in their parametric study of fuel

-

droplet flow and evaporation in an idealised induction
system have included droplet coalescence in a steady-state,

one-dimensional, .single component fuel model. A study of

the effects on fuel evaporation of such parameters as

initial droplet size, wall surface roughness, fuel type, air
velocity, exhaust gas recirculation, air/fuel ratio and
heating the manifold wall was performed. Their predictions
showed that:
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(1) droplets of radius 15 ym or less will follow the
main stream and also maintain 30% or more
evaporation, while droplets of radius 60 um or
more will have difficulty in following the main

stream and their evaporation rate is insignificant,

(ii) fuel type influences the charge mixture quality:
dodecane drops showed negligible evaporation, while

the same size of hexane droplets evaporated by 45%

at the same .conditions,

(iii) air/fuel ratio and wall surface roughness have

little effect on evaporation,

(iv) the improvment of mixture quality due to air speed
is not significant. The lower air speed caused
relatively higher evaporation due to the 1longer

residence time in the manifold, and

(v) the injection of hot exhaust into the intake

manifold resulted in higher evaporation.

Finally, Lo and Lalas concluded that the best method

of improving mixture quality and fuel distribution is by

heating the manifold wall. They found that heat transfer

into the mixture equivalent to 50% of its original total

energy can achieve the best overall results, since excessive

amounts of heat will result in undesirably 1low engine

volumetric efficiency and poor performance.
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Picken et al.[40] in their simplified model of fuel
evaporation in the intake manifold concluded that for normal
operating conditions of a carburetted engine, liquid-fuel
will not be completely vaporised in the intake manifold.
Most of the evaporation takes place inside the cylinder

during the intake and compression processes.

Finlay et al.[4l] proposed a steady-state, one-
dimensional model of fuel evaporation in an air valve
carburettor. The fuel which was treated as a multicomponent
substance was assumed to be present in droplet form only.
They studied the effects on fuel evaporation of £fuel
composition, fuel and air temperatures, air/fuel ratio,

barometric pressure and droplet size. Their results showed

that:

(i) total evaporation within the carburettor |is
approximately 20% of the total fuel,

(ii) the fuel)which is vaporised in the carburettor is
mainly composed of lighter fractions,

(iii) evaporation increases as droplet size decreases,
and

(iv)

evaporation rate is strongly dependent on fuel and

air temperatures but heating the fuel is more

effective than heating the air.
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Boam and Finlay[42] extended the work of Ref.(41l) to
include fuel evaporation and transportation in the intake
manifold. They assumed that in the manifold the fuel is
present as entrained droplets and wall film with a maximum
guantity of 20% of total fuel mass flowrate. They also
studied the effect of secondary atomisation which might

occur at small throttle plate openings, and found that:

(1) secondary atomisation at the throttle plate has a

powerful influence on fuel evaporation,

(ii) pressure reduction at the throttle plate has little

effect on fuel evaporation,

(iii) heating the manifold wall is the most effective
method of achieving maximum evaporation for a given

input of heat, and that

(iv) engine speed and load have little effect on the
percentage of the fuel vaporised within the
carburettor, beyond the throttle plate, however,

load has more effect due to the secondary

atomisation.

Low et al,[43] developed a model for the flow of fuel

droplets entrained in a non-steady, one-dimensional air

flow. The model which is based on the method of

characteristics takes account of three effects on the

droplet, wviz. heat transfer, evaporation and drag. They
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assumed the fuel to be a single component present in droplet

form only. The results agreed very well with those of Yun

et al. [38].

In their two-dimensional, steady-state model, Servati
and Yuenl44] studied the behaviour of liquid fuel droplets
and liquid fuel wall film in an intake manifold. They
developed a wall film deposition model assuming the wall
film to be a Couette flow at the lower half segment of the
pipe. A time constant representing the delay of the fuel
transport in the intake manifold was defined and determined

for a single cylinder engine. They also found that:

(i) wall film flowrate increases with the increase of

initial droplet size and manifold length, and

(ii) wall film flowrate decreases with the increase of

air velocity.

Their predictions also showed that the percentage wall
film can be more than 90% of the total fuel flow at a
distance of two pipe diameters from the fuel jet with

droplet diameter of 100 um and air velocity of 100 m/s.

2.6 Combustion Studies on Droplet-Vapour Systems

A considerable amount of information has been reported

on the burning characteristice of either fuel vapour or
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droplet suspensions, while very 1little knowledge on the
burning characteristics of systems where these two forms of
fuel coexist has been obtained. The insufficiency of the
literature on this subject is not surprising in view of the

experimental difficulties involved. Among these arel301,

1, The difficulty in creation of a wuniform and

reproducible multidroplet mixture.

2. The problem of accurate measurement of mean droplet
size, droplet-size distribution and the

concentration of fuel vapour in the mixture.

3. The difficulty in measuring the rate of flame
propogation through the mixture, since it is found

that the presence of droplets has a significant

influence.

To date, most of the work in the literature involving
droplet-vapour system combustion has been carried out on

steady-state test rigs, where the conditions are completely

different from those found in the conventional engine.

These results, however, can provide a good foundation for a

broad understanding of the combustion in such a system

within the engine cylinder.

The earliest published work in this area is the study
of Burgoyne and Cohen[45]. They studied the effect of drop

size on the laminar combustion properties of tetralin-air
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mixtures. They found that mixtures consisting of monosized
droplets with diameters less than 10 um burned as though
they were completely vaporised. They also found that
droplets larger that 40 ym burned individually in their own
envelope. A transition region existed between these two
regimes. Over the size range examined, Burgoyne and Cohen

found that the flame could be communicated from one droplet

to another so long as the droplets were not separated by
more than 30 diameters. Their results also showed that
flame speed in the mixture can be maximised by adjusting the
droplet size to an optimum diameter of 30 um, The flame

speed decreases with droplets either smaller or larger than

the optimum size,

Sundukov and Predvoditelev[46] reported an

experimental work on the measurement of flame speed in a
two-phase mixture produced by a special burner-atomiser.
They also developed a device to measure the liquid phase
proportion in the mixture. Tﬁeir study was confined to
smaller-sized droplets only, due to tﬁe separation of the

bigger-sized droplets in the mixing chamber of the burner.

The results showed that there 1is an optimum value of

air/fuel ratio to produce a maximum flame speed. They also

showed that flame speed increased as the percentage vapour

in the mixture is increased for a given total air/fuel

ratio.

Hayashi and Kumagail47] peasured the burning time,

peak pressure, flame speed and burning velocity for mixtures
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containing mono-sized droplets up to a maximum diameter of

7 yum and for homogeneous vapour-air mixtures using an
expansion apparatus based on the principle of the Wilson
cloud chamber. They also performed microphotographic
studies of flame propogation in mixtures containing larger
droplets of about 20 ym in diameter. They found that the
effects of fuel droplets on the burning characteristics are
more significant for fast burning mixtures than for slow
burning mixtures which suggested that ethanol droplets of
several microns in diameter are not completely evaporated in
the pre-heating 2zone. Their microphotographs showed that
the flame front in a mixture containing droplets about
20 pym in diameter is not smooth in structure, in contrast to

that of a homogeneous vapour-air mixture,

In related work, Mizutani and Nakajimal48:49] studied
the effect of adding Kerosene droplets to propane-air
mixtures in a steady flow burner(48] and in a bomb [49],
Their burner work showed that the maximum burning velocities
of propane-kerosene droplet systems were cohsiderably higher
than those of propane-air mixtures and even higher than

those of drop clouds of kerosene. The bomb tests produced

similar conclusions concerning the enhancement of the flame

speed by the droplets. In both tests the effects of

droplets were more prominent for 1lean mixtures and for

mixtures with a low intensity of turbulence in the flame

zone,
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Ballal and Lefebvre(°0] proposed a model of flame
propogation in mixtures in which the fuel is present in the
form of multidroplet mist, or vapour, or both., They also
carried out flame speed measurements for three different
fuels over a range of values of droplet size, vapour
concentration, equivalence ratio and pressure to validate
their model. The basic assumption of the model is that,
under normal steady-state conditions, the rate of flame
propogation through a fuel mist is always such that the
quench time of the reaction zone is just equal to the sum of

the evaporation and chemical reaction times. Their

expression of flame speed is:

3 _ 2 . 2
s, =a [ 30" Pgdap o (2.6)
L g 8C1p log_ (1 + B)
g e SLv
where
SL is the laminar flame speed
SLv is the laminar flame speed for gaseous or
fully vaporised, premixed mixture
ag is the thermal diffusivity
1] is the fraction of total fuel in form of
vapour
c =
1 dyo /435 experimentally determined
constants that define the
C3 = d30/d32 drop size distribution
d20 is the mean surface area diameter
d30 is the mean volume diameter
d32 is the sauter mean diameter

pe and pq are the densities of liquid and gas

phases respectively
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The validity of the model has been supported by a
close level of agreement beﬁween flame speed predictions
based on the above expression and the corresponding values
obtained for three different fuels when tested over a wide

range of experimental conditions using a vertical tube.

In their studies on NO_ production in aerodynamically
stabilised, 40-80 ym diameter, monodisperse isopropanol-air

spray flames, Nizami and Cernansky(51/52] gpgerved

significant droplet size effects and an optimum droplet
diameter with regard to lowest NOx levels. In general, as
the droplet size decreases, NOx also decreases reaching a
minimum value when the droplet size is approximately 50up.
Further reduction 1in droplet diameter increases NO?,
ultimately reaching the value of the Prevaporised/premixed
mixture. Sarv et al.[33] studied the effects of using four
different hydrocarbon fuels droplets on NOx emissions 1in
one~dimensional monodisperse spray combustion system. Their
results confirmed the observations of Nizami and Cernansky
about the optimum droplet size for minimum NOx emissions.
For all of the tested fuels the optimum droplet size was in
the range 43-58 um. Their theoretical analysis and

experimental observations also indicated that the extent of

prevaporisation is an important factor in determining the

mimimum NOx point.,

Limited data in the literature indicates that droplets

can also affect the ignitibility of a fuel-air mixture.

For example, Rao and Lefebvrel54] j,ye shown that for



kerosene droplets sprayed into a 19 m/s air flow at 25°C
inlet temperature, the ignition limit could be extended from
air/fuel ratio of 17.25 with 76 ym droplets to air/fuel
ratio of 26.33 with 59 ym droplets. They also found that
atomisation quality is more important than ignition energy
for lean mixtures. Ballal and Lefebvrel35] studied the
ignition and flame quenching of steadily flowing
heterogeneous fuel-air mixtures. They measured the minimum
ignition energies over a wide range of fuels and mean drop
sizes. Their results demonstrated that the optimum spark
gap width (i.e. the gap width corresponding to minimum
ignition energy) increases with the increase in mean droplet
size. Unfortunately, they did not investigate droplets
smaller than 40 um. Thus if an optimum droplet size for
ignition existed, as has been shown in the flame speed

studies, they would not have observed it.

In engines however, the effect of droplet size on the

combustion and related parameters has been studied in

connection with the diesel engines only. For example,

Mansouri et al.[36] in their engine simulation found that

thermal efficiency, Nox emissions, and pressure during the

combustion and expansion processes are sensitive to changes

in mean droplet size. Their results showed that as the

droplet diameter increases, these parameters decrease slowly

up to 20 wum and then rapidly for droplet diameters more

than 20 um.
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2.7 Cycle Simulation Models

Prior to the appearance of high speed digital
computers, attempts to predict the performance of spark
ignition engines suffered from the difficulties of great
arithmetic complexity and tedious repetitive calculations.
The development of the thermodynamic charts eliminated many
of these tedious calculations with regard to thermal
dissociation of the burnt gases. Such charts have been
widely used in the analysis of the Otto cycle from the time
of their introduction in 1936 by Hershey et al.[57], while

these charts allow a considerable reduction in the

mathematical difficulties of the Otto cycle analysis,

however, they are not general.as they are presented for a
particular fuel and a selected number of air/fuel ratios.
Also a constant volume combustion is considered so that the
effect of engine design parameters cannot be effectively

determined without great difficulty.

Rabezzana et al.[58] geveloped a method for the

analysis of flame propogation during combustion which took
into account combustion chamber geometry, spark timing and

piston motion. Although, this analysis considered the

thermodynamics of the working mixture in an incomplete

manner, pressure-time diagrams could be calculated from

measured flame propagation rates. These analyses were

hindered because fundamental data about flame propogation

was not available, However, even jfsuch data had been

available, the great magnitude of the calculations involved
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would have precluded any extensive analysis.,

The problem of considering the combined effects of
mixture composition, variable specific heats, dissociation,
flame propagation, heat transfer, piston motion and other
combustion related phenomena simultaneously presented such a
formidable mathematical obstacle that not until the
widespread use of digital computers was such an alalysis
contemplated. In this context, Edsonl[39] in 1960, proposed
an analytical model for combustion in the spark ignition
engines which was suitable for programming on a digital
computer. His analysis included the effects of flame
propagation, dissociation, and piston motion, but d4did not
include heat transfer. Edson visualised three separate
subsystems existing in the combustion chamber during
combustion, wviz. the burnt, the unburnt, and the small

segment of mass being transferred from the unburnt to the

burnt condition.

In 1964, Patterson and Wylenl[60] gyggested a model to
simulate the spark iginition engine combustion. A spherical
flame propagation was assumed and the position of the flame

front relative to the ignition point was determined from

the burnt gas volume and the length-volume distribution of

the combustion chamber. The rate of flame travel was based

on the laminar flame theory of Semenov(6l]., Combustion was

assumed to occur in numerous small increments each of which

consisted of seven steps., Each increment included the

burning of some of the charge, piston motion, and heat
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transfer according to the expression of Eichelbergelsz].

Strange[63] published some work on the analysis of an
ideal Otto «cycle which included the effects of heat
transfer, finite combustion rates, chemical dissociation and
mechanical losses. During combustion the system was assumed
to comprise ten cells of equal mass. These cells were
allowed to react one at a time to form equilibrium
products. An iterative procedure was used to determine the
correct system mass and energy balance. When these had been

proved to be correct, heat transfer and system volume

changes were considered.

Phillipps and Ormanl64] jn 1966, reported a completely
new analytical model of a spark ignition engine
combustion. They attempted to simulate the combustion in a
Ricardo E6 engine and, in so doing, utilised the concept of
spherical flame propagation. -The flame propagation was
assumed to follow that predicted by the thermal laminar

theory of Mallard and Le Chatelier[65] yith a modification

to allow for the effects of turbulence. The model took into
account heat transfer, dissociation and finite rates of heat

release as dictated by flame propagation across the

combution chamber,

Lucas and James[66] developed a mathematical model of

the compression, combustion and expansion phases of the

Renault IFP variable compression ratio engine. Finite rates

of flame propagation and heat release were computed on the
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basis of Semenov's theory[ﬁl]. To allow for the effects of
turbulence, Semenov's estimate of laminar burning velocity
was multiplied by a term derived from flame speed
measurements in the engine. They performed a parametric
study on the effects of some engine operating variables such
as air/fuel ratio, spark timing, compression ratio, exhaust

residuals and injected water as a means of controlling

certain emissions.

Benson et al, [67] presented a complete spark ignition
engine cycle simulation, including the intake and exhaust
systems. The model combines a power cycle simulation with a
gas dynamic model for the cylinder and ducts allowing for
chemical reactions in the exhaust pipe. The power cycle
simulation requires one empirical factor to correct for the
turbulent speed of the spherically assumed flame front. 1In
this model Kuehl's expression for laminar flame speedlsa]
was used on the basis that it is the only expression which

takes into account the effect of pressure on flame speed.

Hiroyasu and Kadotal69] developed a new model to study
the combustion and exhaust emissions in spark ignition

engines. Their model consists of two major parts, a flame

propagation model and an emission formation model. The
model overcomes the shortcoming of the previously reported

models in that it does not require any measured pressures

for calibration, In this model, the flame was assumed to

propagate across the combustion chamber as a spherical front

emanating from a spark plug; a heterogeneous temperature
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field and uniform pressure in the cylinder were also
assumed. The cylinder was assumed to consist of unburnt gas
and numerous elements of burnt gas which burned during
successive small increments of the crank angle. A study on
the effects of chamber geometry, air/fuel ratio, turbulence

intensity and other parameters on the pressure and
temperature history, burnt mass fraction and exhaust

emissions was carried out.

All simulation models surveyed above have assumed that
the working mixture to consist mainly of air, exhaust
residuals and single component fuel in the vapour form
only. Soliman(701, however, inlhis study on the effect of
methane/kerosene mixture as spark ignition engine fuel has
diverged from the commonly assumed vapour-air-residuals
working mixture. He assumed it to consist of 1liquid fuel
droplets in addition to the usual three components.
Soliman, wusing Spalding's equation for single droplet
evaporation[13]. calculated the evaporation rate during the
compression and combustion phases before the droplets were
traversed by the flame f£front. He did not consider the
evaporation and combustion of the droplets when they are in
the flame zone and assumed the flame propagated in a vapour-
air mixture only. Any liquid fuel 1left behind the flame
front was assumed to continue to evaporate in an oxygen free
atmosphere to form part of the emitted unburnt hydrocarbons.

Soliman reported that cylinder pressure increases as the

assumed vapour content of the mixture increases. The two-

zone combustion model takes into account heat transfer,
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flame quenching and auto-ignition phenomena.

In a recently published spark ignition engine model,
Yuen and Servatil71l included an intake manifold model which
accounts for not only the manifold filling effect (which was
included in Benson's model Ref.(67)), but also fuel
evaporation, deposition and entrainment. The model has been
designed to study engine performance in terms of its
drivability and emissions during a rapid transient. No
attempts have been made to simulate the cycle phases and
other in~cylinder phenomena, instead a general correlation
for mean effective pressure was used to predict power
generation. The emissions model was based entirely on the
correlation of existing data tabulated as a function of

inlet air flowrate and air/fuel ratio within the cylinder.

2.8 Closing Remarks

This literature survey clearly indicates that a lot of

work has been done to understand and solve some of the

problems associated with the spark ignition engine

operation. A significant physical insight into the
evaporation and transportation of air-fuel mixture can be
gained through the model of Boam and Finlay. Although this
model does not appear to deal with the wall film

quantitively, it nevertheless gives a good representation of

the whole flow in the intake manifold: by treating the fuel

as a multicomponent substance present in the manifold as
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droplets and wall film, the model becomes more
representative than simpler single component, single form
models. The model is supported by good agreement between
the predicted overall evaporation and the measurements of

Collins[29] and Paolao] under steady engine operation.

The reported cycle simulations show that great efforts
have been made in this area of research. Very advanced
theoretical modelling has been applied especially in the
combustion phase of the cycle, However, the survey also
indicates that some work 1is still needed for better
understanding of this type of engine. Many conclusions have

been withdrawn in both areas of interest. These are

summar ised below:

(1) The effects of mixture preparation on engine

performance and emissions are still not clearly
defined,

(2) No satisfactory work has yet been reported which

clarifies the behaviour of the wall film; its

deposition, entrainment and the manner in which it

really affects engine performance and emissions.

(3)

Fuel evaporation during the gas exchange process

has never been dealt with,
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(4)

(5)

(6)

(7)

The evaporation and combustion of multicomponent
fuels within the cylinder during the compression

and combustion phases of the cycle need more

attention,

The combustion of two-phase mixture, and the effect

of droplet size have not been modelled in any spark

ignition cycle simulation.

The effect of the multicomponent fuel on different
combustion parameters such as flame propgation and

auto-ignition has not been studied.

- Cycle simulations should be more detailed. They

should 1include flame quenching, auto-ignition
(engine knock) and variable mixture composition and

properties.

48



CHAPTER THREE

MODELLING OF MIXTURE PREPARATION PROCESSES
IN

A CARBURETTED SPARK IGNITION ENGINE
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3.5 The Liquid Wall Film

3.6 Mixture Preparation Model in the Intake System

3.7 Modelling of Fuel Evaporation and Combustion
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s o | Introduction

Mixture preparation processes are mainly the
atomisation and evaporation of the 1liquid fuel and the
mixing of the generated fuel vapour with air to produce the
required combustible mixture prior to ignition. In the
carburetted spark ignition engine this mixture is prepared

in both the intake system and the engine cylinder.

Fuel is introduced to the relatively high velocity air
stream at the caburettor jet leading to the production of a
wide range of droplet sizes. As the fuel is exposed to air
most of the 1light €£fractions are immediately vaporised
leaving the heavie; fuel components to traverse the manifold
as droplets or deposit in the wall film. Fuel is deposited

on the carburettor and manifold walls as a result of the

highly turbulent flow. 1If the engine is operating at small

throttle opening, most of the early wall film is re-

entrained to the mainstream and the fuel is re-atomised due
to the high shearing forces at the throttle plate. An
increase in the wall film quantity is expected if any bend
or branching point exists in the manifold. In the inlet

port, the rate of fuel evaporation is enhanced due to the

relatively high wall temperature.
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The remaining liquid fuel will be introduced to the
high temperature environments in the cylinder during the
intake stroke, leading to a high evaporation rate. During
the compression stroke, fuel evaporation continues until a
point is reached where it is found that £fuel vapour

condensation 1is possible, especially at high cylinder

pressures.

The present chapter examines the models used to
describe the processes involved in the mixture preparation
process in both the intake system and the engine cylinder.

A droplet combustion model is also included.
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3.2 Fuel Composition and Properties

Fuel atomisation, evaporation and combustion are
strongly affected by the composition of the fuel. In all
it's forms, petrol consists mainly of hydrocarbons with
variable amounts of impurities. Generally, however, this
basic form of petrol is not immediately suitable for use in
an internal combustion engine as it does not inhibit such
things as "knock", formation of "gum", nor does it contain

anti-rust additives, anti-icing additives or contains upper

cylinder lubricants.,

However, in the present work the only compounds to be
considered are the hydrocarbons, of which the normal petrol

contains approximately 36 different types(41,42) qpe

effects of chemical and physical properties of fuels on the
mixture preparation and combustion processes have been

recognised and reported in the literature. Litchyl72],

Taylor[73], obert{74] ang Goodger[75] reviewed the early

work on fuel properties and presented the studies which have

been carried out into basic fuel properties methods of

measurement, effects on engine performance and variation

with fuel composition. The basic properties of interest are

specific gravity, wviscosity, surface tension, vapour

pressure, latent heat of evaporation and calorific value.

Fuel specific gravity, surface tension and viscosity

have a considerable effect on Ffuel atomisation and

metering. Vapour pressure and latent heat of evaporation
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have a significant effect on fuel evaporation, mixture
homogeneity and distribution both between the individual
engine cylinders and within each cylinder. While chemical

properties affect the rate of flame propagation, cylinder

pressure and temperature,

Kraus and Richard[76] jnvestigated the effects of the
change in fuel composition on the emissions of carbon
monoxide, unburnt hydrocarbons and nitric oxides in vehicle
exhausts. They concluded that €fuel viscosity, vapour
pressure and specific gravity have significant effects on

exhaust emissions, but the magnitude of the effect depends

on the design of the intake system,

With 1light hydrocarbons (gaseous fuels) the problems
of mixture preparation are mainly confined to mixing, while
with the liquified gaseous fuels, some heat supply may be
necessary to make up for the latent heat absorbed. With
intermediate hydrocarbons the volatility is such that the
liquid fuel may -be introduced into the air stream under a

very small pressure difference with 1little attempt to

increase the liquid surface area and so permit sufficient

evaporation. Petrol, as mentioned earlier, contains all

types of hydrocarbons, therefore, it should be subjected to

all of the above processes in order to achieve the required

degree of evaporation,

As the modelling of all petrol components is

practically impossible, a representative fuel model must
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include components covering a wide range of boiling
temperatures. Many of the components in petrol,
particularly the heavier ones, are present in small
quantities which contribute 1little to the overall
evaporation[41]. Finlay et a1, [41] lumped together some of
the low concentration heavier fractions and produced a fuel
model of 16 components., This model 1is adopted in the
present work. The 16 components are listed in table (3.1)
together with their mass fractions and boiling
temperatures. The methods used to calculate the properties
of the individual components and the weighted mean

properties of the fuel are given in appendix (A).
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3.3 Atomisation of Liquid Fuels

In order to ensure high rates of 1liquid fuel
evaporation in the intake system, the liquid fuel must be
finely atomised and well distributed in the flowing air.
Atomisation of liquids in a gas stream has been studied by a
number of researcﬁers[77:78]. Three stages can Dbe

distinguished in the atomisation process[77],

3 Initiation of small disturbances at the surface of the

liquid, in the form of local ripples.

2, Action of air pressure and tangential forces on these

disturbances, forming ligaments which may break up

into drops.

3s Further disintegration of these drops in movement

through air,

Theoretical and experimental investigations of

atomisation process indicate that the following flow and

geometric parameters affect the process:

1. Physical properties of the atomised liquid and the

flowing gas.

2. Relative velocity between the two fluids.

3. the dimensions of the atomiser,
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In the present study the carburettor used is a
constant depression one in which air atomisation is the
principal process. The droplets are formed initially when
the stream issuing from the fuel jet encounters the air
passing underneath the piston. At small throttle openings,
droplets are re-atomised by the shearing effect of the flow
past the throttle plate. Another important but different
type of droplet generation is by wall film re-entrainment;

this will be discussed in a different section (sec 3.5).

The work of Nukiyama and Tansawal7/8] represents the
most extensive series of experiments on air atomisation.
Drop size-distribution and average drop size were determined
for a range of 1liquid properties, flow conditions and
atomiser size and configurations. Drop sizes were measured
by collecting samp}es on small oil-coated glass slides. The

effects of flow conditions and liquid properties on the

Sauter mean diameter, 632 were correlated by the
expression:
5 45
5.85 x 10 ,°L 3 My o7V 315
\Y)
a
(3.1)
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where

32 is the Sauter mean diameter, (um),

va'vL are the air and liquid velocities, (m/s),

o is the liquid surface tension, (Kg/s?),
oL is the liquid density, (kg/m3),
My is the liquid viscosity, (kg/m.s),

va'VL are the volume flowrates of air and liquid

respectively, (m3/s).

From this expression, it is seen that for small values
of (GL/ﬁa), atomisation is a function only of relative
velocity, surface tension and liquid density. At higher
values of (GL/Ga)' droplet size increases and 1liquid
viscosity influences atomisation. Finlay et al. [41]

suggested the following form for eqn. 3.1 when the liquid is

petrol:
.04 3 v 1.5
dy, = 22945 x 107 , 39 L, 193 (3,2)
a L v
a

At the carburettor Jjet the fuel is relatively

stagnant, eqn. (3.2) may be written as:

3.045 x 103 p 1,8
d,, = + 9,487 x 105 (& _1 3.3
32 v (pf K7F) ( )

where A/F is the air/fuel mass ratio and pe 1is the fuel
density.
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The Sauter mean diameter in eqn. (3.1l) was calculated

from the experimental data using the expression:

3

EddANd
Id AN
a~'d
where ﬁNd is the number of droplets having diameters
Add Add

between (dd -'_I") and (dd + ).
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3.4 Fuel Evaporation

The evaporation of the atomised fuel is the second
major step in the mixture preparation process. Fuel
evaporation may occur by either of the low temperature or
the high temperature mechanisms. The first mechanism occurs
when the temperature of the surroundings 1is substantially
the same as that of the fuel. Under this condition the
evaporation rate is determined by diffusion processes, the
predominant fuel property being the vapour pressure. The
high temperature evaporation occurs when the difference in

temperature between the fuel and the surrounding atmosphere

is considerable. Godsavellll found that the volatility of

the fuel does not have a dominant effect in determining the
evaporation rate in this case. Instead, the rate |is
determined by the rate of heat transfer to the fuel, and so
the important fuel characteristic is the heat necessary to

raise the temperature of the fuel to it's boiling point and

evaporate it.

A model of a single-component fuel droplet vaporising
into static atmosphere under steady state conditions is
shown in Fig. 3.1 Vapour diffuses to the ambient atmosphere

at a saturation pressure corresponding to the droplet

temperature. It is assumed that droplet temperature is at a

value below that of the surroundings, so that heat |is

transferred to the droplet at a rate just enough to supply

the required heat for evaporation. For the condition of
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spherical symmetry, the differential heat and mass transfer

equations for a spherical surface at a distance, r from the

droplet centre is given by[l32]:

aT

&t = L'-Fcﬁ'}gr;rfz ar (33

dm  47PDM r? >

3 = —RT— oF [an(1-p=) ] (3.6)

where:

L is the latent heat of evaporation at droplet
surface temperature,

Cp is the vapour specific heat,

T is the temperature at the stagnant film around
the droplet,

Ts is the droplet surface temperature,

K is the mixture thermal conductivity,

r is the radial distance from droplet centre,

D is the diffusivity of vapour in air,

B, is the molecular weight of fuel,

P is the ambient pressure,

R is the universal gas constant,

Pv is the vapour pressure,

In the derivation of these equations it is assumed

that:
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i. a quasi-stationary state exists such that the vapour
concentration and temperature gradients around the
droplet, at every instant, are those corresponding to

equilibrium values for the existing droplet size, and

% the temperature in the droplet interior is constant at

it's equilibrium value.

Assuming that Cp , K and D/T are constants and
represent the mean values between droplet surface and the
surroundings, the integration of egqns. 3.5 and 3.6 and the

introduction of correction factors ¢ and a yields:

2nkd
dm _ d
Sl P (3.7)
271 DMwd
dm _ d -
af m—r—— (PV,S Pv'm]a (3.8)
where:
tn (14 CE-(TS"TS)]
o= . L (3.9)
p (T -T_)
T 9 8
P - P
o = P/ [ Ep—F] (3.10)
V.S
. tp=p )
v,
and
Tg is the ambient temperature,
s is a correction factor for the effect of mass

movement of the fuel vapour on the heat

transferred to the droplet surface.
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a is a correction factor for the difference in
the calculated values of diffusion rates based
on diffusion of one gas through a second

stagnant gas and equimolar counter diffusion.

For evaporation into 1low temperature surroundings
where the sensible heat change of the vapour between the
droplet surface and ambient atmosphere is small compared
with the latent heat of evaporation, the correction

factor, ¢ approaches unity and eqn. 3.7 reduces to:

_ 2ded

e (Ty=Tg) (3.11)

Similarly, for evaporation where vapour pressure at
droplet surface is small compared to the total pressure, the

correction factor, a approaches unity and eqn. 3.8 reduces

tos

a‘E = T—— (PV’S - Pv'm) (3-12)

In the above quasi-steady model of droplet evporation

it is assumed that droplet temperature is spacially uniform

and temporally constant. The heat supplied is assumed to

account for the heat required for evaporation only. In high

temperature environment, however, the heat transferred to

the droplet 1is sufficiently high such that the temperature
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of the droplet is temporally varying. Many models [18-21]
have been reported accounting for this phenomenon. K For

evaporation with droplet heating eqn. 3.5 becomes:

dm _ 47K 2 QT
JdE T HFC (r-Try ' ar {3:13)
P S
where H is the slowly-time-varying effective latent heat

of evaporation, that includes the latent heat of
evaporation, L, plus the amount needed to heat the

droplet interior per unit mass of evaporated fuel.

Secondly, most of the practical fuels are blends of
many compounds with wide range of physical and chemical
properties., In the calculation of evaporation rate for
drops of multicomponent fuels the partial saturation vapour
pressure of each component at the droplet surface |is
modified by the presence of the remaining components. This

can be determined by assuming that the 1liquid mixture

behaves as an ideal mixture such that Raoult's law:

i, s =~ Mg Py g (3:14}

applies, where Mfi is the mole fraction of fuel component

i. Eqn. 3.14 states that the partial pressure of component
i in a mixture is proportional to it's vapour pressure when
it is in the pure state, the proportionality constant being

it's mole fraction in the mixture.
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Finally, the conditions during mixture preparation
process in the engine are such that a relative velocity
between the evaporating fuel and air always exists.
Correlations of the droplet evaporation under forced
convection are based on both heat and mass transfer

relations. Accordingly, egqns. 3.1l and 3.12 become:

2nKd
dm _ d - 3.15
gt = —r— 1By = T ), ( )
2nDM_d
dm _ w- d -
ae RT (Pv,s Pv,w) Nup, (3.16)

where Nuh and Num are the Nusselt number for heat and mass

transfer respectively.

Several expressions for the Nusselt number of

evaporating drops are found in the literature. The Ranz and

Marshalll79] correlation has been adopted:

1 1
Nu, =1 + .3 Re 4 /2 Pr/3

(3.17)
Nu

i
o
+
w

1 |
Redfz Sc /3

where:

Red is the droplet Reynolds number,

Pr is the Prandtl number,

Sc is the Schmidt number.
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35 The Liquid Wall Film

Normally, the fuel enters the cylinder of an engine by
three routes: as a vapour, as droplets and as a liquid film
flowing along the wall of the inlet port. The physical and
chemical properties and the quantity of the liquid fuel in
the film are important parameters in determining the engine
performance and emissions. Film quantity and properties are
not constants but vary with the mode of engine operation.,
They are influenced by the amount of heat supplied, air

velocity, turbulence level and throttle plate setting.

The mechanisms of wall f£ilm generation and destruction
in the intake system of an engine are not fully
understood. No work has yet been reported on the rates of
droplet deposition and re-entrainment, which are not only
important in determining the wall film quantity, but also in
the calculation of the momentum and energy interchange
between the main-stream and the wall film, In the
experimental part of the present work, however, it |is
revealed that:

(M For a straight manifold the wall film is mainly

generated upstream the throttle plate due to one or

more of the following reasons:

a) poor atomisation at the carburettor nozzle leads to
the generation of relatively large drops which

cannot be carried by the air-stream and so deposit

on the wall,
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3.

b) due to the combined effect of fuel viscosity and
surface tension some of the fuel flows directly

from the nozzle to the wall without being atomised.

c) the droplet deposition rate is very high due to the

highly turbulent flow within the carburettor, and

d) the geometrical nature of the carburettor increases

the probability of droplet impaction on the walls.

At partial throttle opening, the throttle plate
increases the rate of droplet deposition due to both
the deflection of the main flow towards the wall and
the increase of turbulence level downstream of the
plate. At small throttle openings, however, air
velocity at the throat is so high that the wall film

is sheared off to the main-stream.

In the manifold, the combined effect of wall film

entrainment and evaporation is higher than droplets

-

deposition, so that wall film quantity decreases as

the length of the manifold increases. However, it

never becomes zero. At smalf wall film thickness the

net change in film flowrate is zero and the film

reaches it's equilibrium thickness.

At bends, droplet impaction is high which increases

the wall film flowrate. The entrainment from a sharp

bend is found to be higher than that from a smooth
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bend, so that the wall film quantity is higher after a

smooth bend for the same manifold length.

The measured wall film mass flowrates have been

correlated with an equation of the form:

*3
m

. 02
= 3.18
gg = Ayt AIM o+ A pmo o+ Agme, ( )

where:

Mee is the wall film rate of change = Qe + Qv - Qd

Qe' Qv and Qd are the entrainment, evaporation and

deposition rates respectively.

Ao, Ay, A, and Ay are correlation parameters, whose

values depend on the total fuel in the system.

An equation to predict the initial wall film mass

flowrate at the throttle plate has been derived:

Mee. = A exp (Bmft) _' (3.19)

where:

Mey is the total fuel mass flowrate,

A and B are correlation parameters, whose values

depend on the throttle plate setting.

A smooth and sharp bend factors have also been

determined. Details of the methods used to derive these

equations are given in chapter (5). Eqns. 3.18 and 3.19 are

"wépgficient for the prediction of the wall film mass flowrate

A
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at any point within the intake system; however, individual

values for Qe' Qd and Q, are required in the calculation of
energy interchange between the wall film and the main-

stream.

Generally, four different mechanisms are known for the
deposition of suspended particles (liquids or solids) on the
wall of the carrying duct: diffusional, gravitational,
electrostatic and inertial forces[80]., For the deposition
of fuel droplets on the manifold wall, however, the
diffusional and electrostatic forces are not important.
This is because droplet sizes are large enough to ignore the
diffusional effects and that the earthed metallic manifold

wall overcomes the generated electrostatic charges.

Theoretical and experimental studies[27,80,82-84] op

the deposition of suspended particles have assumed that the
process is unidirectional, (i.e. the deposited particles are
not re-entrained)., For such a condition the following

equation is commonly used for the deposition rate:

Qd = ch (3.20)

where Kd is the mass transfer coefficient and C is the

droplets concentration within the gas stream.

Relations for K have

a been suggested by many

researchers, however, no general agreement is noted. In

addition to the usual problems associated with experimental
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accuracy, McCoy and Hanrattylez] pointed that results in
horizontal flows could be gquite different from those of
vertical flows because of the influence of gravity. Very
little work has been reported on the deposition in
horizontal flow. Among these are the works of Friedlander
and Johnstone(89] and Ssehmel[84] which are of no interest

here since their experiments were carried out using very

small particles.

Alexander and Coldernl27] carried out experiments on

the deposition of 27 um water drops on the wall of a
horizontal pipe carried in an air stream at velocities of
25-100 m/s. The deposition rate was estimated by examining
the change in the radial profile of the droplets flux: the

mass transfer coefficient, Kd was correlated by:

<% 117
Kq = 8.34338 x 10 ¥ ‘ (m/s) (3.21)

where V, is the air velocity, (m/s).

On the other hand, droplet entrainment may occur in

one or both of two mechanisms: wave entrainment and

entrainment by the release of bdbbles[351. In annular two-

phase flow the interface between the main-stream and the
wall film is not smooth but covered with a complex pattern

of waves. McManus[24] found that the amplitude of the waves

might be several times greater than the mean film

thickness., A wavy film can be entrained in several

different ways such as roll-wave shearing off, wave

undercutting, droplet impingment and liquid  Dbridge
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disintegrationlasl. For horizontal flow the shearing off of

the roll-wave crests is the most important entrainment

mechanism[36'87].

Many factors are known to affect droplet entrainment,
the most powerful of these are the main-stream velocity and
the thickness of the wall film. There is no reliable method
for entrainment rate calculation. There are, however, many
methods to correlate the entrainment rate such as those of
Hewitt[88], Dallman and Hanrattyl89] for vertical flow and
of Akagawa et al.[28] for horizontal flow. Akagawa et al.
correlated the entrainment rate to the main-stream velocity

and the wall film thickness in an equation of the form:
-7.3,5 9 .
Q, = 4.57 x 10 hm Va Pe (kg/mé.s) (3.22)

where hm, va and P are the mean film thickness, (m), gas

velocity, (m/s), and the density of the liquid in the
£ilm, (kg/m3).

Liquid film thickness can be related to the film mass
flowrate if the distribution of the film around the manifold

periphery 1is known. In horizontal annular flow, gravity

acts in a direction normal to the flow and this produces a

circumferential flow in the f£ilm which is superimposed on

the axial flow. That is, the horizontal annular flow tends

to be asymmetric even if the liquid is injected uniformly

around the periphery. This asymmetry is well illustrated by

the results of MCManuS[24] and Finlay et al. [33].
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However, many factors affect this behaviour and force
the £film to be wuniformly distributed. Pletcher and
McManus [90] suggested that secondary flows of the gas phase
may cause upwards liquid transport from the bottom of the
tube., A further mechanism which affects the redistribution
of the f£ilm under gravitational effects is that of droplets
entrainment, Since the f£ilm is thicker at the bottom of the
tube, higher waves exist and more entrainment occurs.
Redeposition of the droplets on the upper part of the tube

occurs and a continuous cyclic process is set up in which

the uniform distribution of the film is established.

In the present work the £film is assumed to be

uniformly distributed around the manifold periphery. Hence,

film thickness may be related to it's mass flowrate by:

m
£f
= D {3.23)

h =
PEYE™m

where V. and D~ are the wall film velocity and manifold

diameter repectively. In eqn. 3.23 both, h and V

¢ are
unknowns. It is shown in appendix (B) that:
£ p Vaz
Ve = —9—‘5—— h (3.24)
£

where fg, pg and ue are the gas phase friction factor,

density and liquid film viscosity.
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The size of the entrained droplet is important in

determining the mass and heat transfer rates. Kataoka et

al.[86] reyiewed many of the available entrained droplet

size correlations and set their own correlation for the

volume mean diameter as:

2 | 2
12 €9 p u
pg32 £ £

D = .01
vm

where jg is the gas flux.

In a recent study, Azzopardiigll carried out several
series of experiments to determine the effect of gas
velocity, drop <concentration, film flowrate and tube
diameter on drop size in an annular two-phase flow. Film
flowrate and tube diameter have been found to have very
little influence on the sizes of drops. Azzopardi suggested

an empirical equation to calculate drop size:

G
dgp = x123:d: 4 q.5 e,

where A {aL/pLg
2
o pLVa A/GL is the Weber number

GLe is the entrained liquid mass flux.

As the present model assumes a monosized drops, it is
therefore assumed that the entrained droplets will have the

same size as that of the droplets which already exist in the
flow,
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Finally, the evaporation rate from the liquid film is
assumed to follow the low temperature evaporation model
mentioned in sec.3.4. The Nusselt number, however, is taken

as that of forced convection in tubes for Reynolds

number - 4000, that is;

IB tu
gh * +023RS P2

=2
I

(3.27)

.8 M
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3.6 Mixture Preparation Model in the intake System

From the literature survey on mixture preparation, it
is clear that little work has been done on the modelling of
fuel evaporation and transportation in the intake system of

a carburetted spark ignition engine. It was decided to

adopt the model proposed by Boam and Finlay[42] to study

mixture preparation within the intake system. This 1is
because:
h 88 The model assumes a multi-component fuel which is more

representative of the actual case than simpler single

component fuel models,

24 The model treats the liquid fuel as entrained droplets

plus wall film which is more practical than dealing

with droplets only.

3 The model is supported by good agreement between the
predicted overall evaporation and the measurements of

Collins(29] and paol30] on a running engine,

However, a new wall film deposition and entrainment

model has been suggested and incorporated into the Boam and

Finley model. The annular two-phase, multi-component flow

of air, fuel vapour, fuel droplets and wall film found in

the induction system is assumed to be one-dimensional,

steady and turbulence free. It is additionally assumed

that:
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1.

6.

Air and the multi-component fuel vapour are perfectly

mixed and behave as ideal gas.

The droplets are spherical, monosized, with the Sauter
mean diameter to represent the size, and uniformly

suspended in the mixture.

Internal circulation of the fuel within the droplet is

so fast that the droplet temperature and composition

are maintained spatially uniform but temporally

varying.

No combustion or other chemical reaction takes place.

Droplet coalescence is ignored.

Secondary atomisation at the throttle plate is

possible.

Liquid fuel transferred from the main-stream to the

wall film and vice versa is assumed to mix perfectly

with the surrounding liquid.

The manifold 1is represented by a circular,variable
cross-sectional area pipe and the complex geometric
area of the carburettor is assumed to be as shown in

Fig. 3.2 following Finlay et al,[41],
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10.

Following Boam and Finlay[42], the throttle plate is
treated as a convergent-divergent nozzle. The flow
past the throttle plate is assumed to be a constant
enthalpy expansion to the required manifold
pressure, Down-stream of the throttle plate a
recovery length is assumed at which the flow area is
less than the geometric area of the manifold. This

length is considered to be proportional to the degree

of the throttle plate opening (see Fig. 3.2).

The curved inlet port is modelled by a variable cross-
sectional area pipe of equivalent 1length (6.r).

These later parameters are obtained from cylinder head
drawings supplied by Ricardo Consulting Engineers
plc. Wall film deposition is increased by a bend
factor obtained during tests on a Ricardo E6 engine
using a variety of manifold configurations with fuel
supplied from an SU carburettor. These tests are
described together with the analysis in chapter 5.
Heat flux through the inlet port wall, valve stem and
valve head is considered to be always present. The
inlet valve 1is treated as a convergent-divergent
nozzle in a manner similar to the throttle plate.
Swirl effect is neglected, but it can be considered by
increasing the inlet port length assuming that the

effect of swirl is to increase the path of the flow.
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11. Wall film is assumed to be present only down-stream
the throttle plate. It starts at the throttle plate
with a maximum value which depends on the air/fuel
ratio and throttle setting.

12, The drag on the droplet is mainly caused by the
difference between the local velocities of the droplet
and the gas stream. The drag coefficient for the

droplet is assumed to follow the correlation of Ingebo
[92].

Cd = 27 Reé | (3.28)
where Red is the droplet Reynolds number.
13. The density of the air-vapour-liquid fuel droplets

mixture is calculated using the formula suggested by

James (93] for two-phase flow:

pm = . 1 . ‘ (3.29)
x1°*5 + (1—x1 5)
pg pL
where: .
m
X = —7—41—7— is the mixture quality
mg + mp
ﬁ is the mass flowrate,
p is the density,

and g,L are for gas and liquid phases.
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14. Film thickness is assumed to be very small compared to
the manifold diameter and the shear stress in the
liquid film is taken to be constant and equal to the
wall shear stress, This leads to that the friction
factor between the main stream and the film is equal
to that between the main stream and the manifold
wall, For the calculation of the friction factor the

Colebrook correlation [94] is used.

e/D

1 _ _ m 2.51
VE T T2LO%10 (777 * TRe ve) (3.30)
where f is the friction factor,
€ is the surface roughness,
Re is the main stream Reynolds number.

15. It is assumed that fuel vapour is saturated at the

fuel surface (droplet or film) and the saturation

pressure 1is given by the Clausius-Clapeyron relation

ass

Ly

1 1
P . = exp [ { - w11 (atm) (3.31)
st,1 Rv,i Tb,i T;
where
L is the latent heat of evaporation,
Rv is the fuel vapour gas constant,
Tb is the boiling temperature,
Tg is the fuel surface temperature,

i is of the jth fuel component.
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16.

where

17.

Vapour is transferred by diffusion and convection from
the 1liquid fuel surface. The binary diffusion
coefficient of fuel component, i, is calculated using

the correlation of Slattery and Bira[951,

1/ 1/
-8 2 3
_ 2,745 x 10 Mw,i + Mwa] (P P )
i~ P [ . M c,i ca
W,1l wa
495 1 823
. . 2 3.32
(Tc'i TcaT T (m2/s) ( )

Mw is the molecular weight,

P is the total pressure, (atm),

Pc is the critical préssure, (atm),
T, is the critical temperature, (%K),
T is the system temperature, (%K),

a is for air.

In the calculations of heat transferred between the

main stream and the liquid fuel (droplet or film), the

adiabatic temperature, T w is required., This 1is

calculated wusing the formula given by Kays and

Crawford[96];

-1
T, =T (l+rx 1§~ M2) (3.33)
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where:

Y is the adiabatic exponent,
Ma is the Mach number,
r is a dimensionless "recovery factor" which is a

function of Reynolds and Prandtl numbers.

r = p::_/2 for laminar flow.
1/3
= Pr for turbulent flow.
The value of Tawd is calculated wusing droplet
R
Reynolds and Mach numbers €3 and Mad, while Tawf is
calculated using manifold Reynolds and Mach

numbers Rem and Mam.
Boam and Finlay applied the laws of conservation of

mass, energy and momentum to both liquid and gas phases and

obtained the following equations:

1. The conservation of energy applied to air and fuel

vapour gives:

dr_ adnndé
ar_ [—“vg" (Tg~ Taw,d) + mhpae (Tg - Taw,f)
6 dmde,i dl;lf .
-1L1Cpy, i (—ar— (Tq = Ta) + —gp— (Tg = T} +

a0
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1
- r6— (3.34)
im Cp* igl mv,i pv,1]
where
*a i/ /
a.= =2 (2 + .6Re /2 pr /3)
d dd d
(3.35)
Ka .B cl’
ar = 5 x .023 Rem Pra
m
and

T temperature

L distance from fuel jet

a heat transfer coefficient
n number of droplets/sec passing any section
dd droplet diameter
\Y/ velocity
Dm manifold diameter
Cp specific heat
M mass flowrate
K thermal conductivity

£ of £ilm
d of droplet
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3.

where

v of vapour
aw adiabatic

e by evaporation

The conservation of energy applied to liquid fuel film

gives:

£ 1
ar - Te [ oDy {H=ag(Te= Ty, g) + Qg Cpq

iZ1 Mg, Cpg,i

dmfe,i

16 _ .

Qd deposition rate

L latent heat of evaporation
H manifold wall heat flux

The conservation of energy applied to 1liquid fuel

droplets gives:

2
de ) 1 - a3 ﬂdd 16
ds 16 o V4 (Tq - Taw,d) +iLy Li
iZ1 ™g,iPq,1
d&de'i + Q 1D Cpe (T
—ar — +* Q"D Cpg (Te- Ty)l : (3.37)

Qe is the entrainment rate.
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4. The conservation of mass applied to air and fuel
vapour gives:
V. aA + %6 \" " 0
Pa Ya “c Tig1l Py,i Vg Ao =m, 1Ly My,
(3.38)
from which, if Va = vg
dp 16 dp 3 16 dm
a Vil Vel
1 Va1 By ik —ar— _ 51 Tar
vV_ ~d¥ ° A_ "d¥ 50 B 0
a ¢ Uoghily py,5 !} Ao Valeg *iIy oy, 4!
(3.39)
where
Ac cross~sectional area
P density ¢
a air
v,1 vapour of ith component
5. The conservation of momentum applied to the system
gives:
ap . av
T 16 .
A —_— = 1r, f V2 4 a
c ar =~ ""n * Pn (m 4 mv,1] a7t
16 dmde : . dVd 16 dm
+H(Vy - Vq)iky —ar— - Mg —g7 - Va il fe d
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where

and

where

+ an Vd (Qd - Qe) =0

PT total pressure

Ty hydraulic radius

P mixture density

Applying the partial pressure law yields:

(3.40)

(3.41)

dp dp dT
1 a 1 a 1 a .
i i R o (3.42)
dap R [dmde'l dmfe'il [Pp=iEy Py,
v,1i v,1i da dsi Vi
ds : [P + P £, p
maRa T V,i i=l v;i
(3.43)
am nnd?
de,i _ "9 = _
am
fe,i -
—ar— = "Pn fg,4 Paer, i — By,1) {8y 4
Wt _ Maed . Mee, §
ar az az (3.46)
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da "v,i “d
(3.47)
! 023 Re. Sc.
g = . e c,
£:d1 D Rv,i Tf m i
and
P partial pressure
ﬁst saturated partial pressure
R gas constant
D diffusion coefficient
Sc Schmidt number
B mass transfer coefficient.
8. Equating the rate of change of momentum to the drag
force on the droplets gives:
2
9 dg Pq Vg '
where
Cd is the Ingebo drag coefficient,
9. The application of continuity of mass to the fuel
droplets yields:
9% 2 16 Giae 4
da¥ 2 i=1 df, (3-49)
dd Pdn
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10. The mass flowrate of liquid fuel in droplets

. nn d3

_ d Pa
mg = —g (3.50)
Whence
. 1
smd /3
d, = ( )
d nm pd

Full details of the model are given in Ref., (42),
Equations 3.35 - 3.50 were integrated from the carburettor
jet to the required intake system length using a fourth-

order Runge-Kutta method.
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3.7 Modelling of Fuel Evaporation and Combustion

Inside the Engine Cylinder

To complete the study of fuel droplet life history,
fuel evaporation and combustion inside the cylinder |is
modelled. The period under consideration is that during the
intake process, compression stroke and during the flame
propogation process. The combustion of the droplets within
the flame zone is also modelled. Physically, this period
corresponds, as far as the evaporation process is concerned,
to the situation involving a droplet located few millimeters
downstream the inlet valve just before the intake process

starts until this droplet is traversed by the flame front.

In Fig.3.3 the intake stroke model 1is shown. The

model may be broken down into the following stages:

1. Initially, the cylinder contains residuals at

pressure, P,, temperature, T,, and mass, p,,

2. As the crank shaft rotates through a step 46, the
cylinder draws fresh mixture containing a number of
droplets, Na (with initial SMD, d, and initial
temperature, T61) and fuel vapour of mass, Vapa,

which depends on the achieved total evaporation in the

intake system. The mass of the fresh mixture drawn

and hence the number of the droplets and fuel vapour

mass are functions of the step length, system geometry
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3.

4.

and the thermodynamic conditions in both the cylinder
and the inlet'port. The pressure, temperature and
mass in the cylinder are updated according to
the thermodynamic model (described in chapter 4)

to P,,T, and mp; with fuel vapour concentration:

Vap_

vapz my

Practically, the evporation process takes place within
step (2) at varying cylinder conditions from Py, T,

and m; to Py, T, and my at different fuel vapour
concentrations and other droplet related parameters.
In the model it 1is assumed that the evaporation
process takes place at mean cylinder conditions

P+ P2 T+ T2 m);+ mp
(i.e.P=——T--*:T=——— and m=—2—) and

2
that the droplet parameters Td and d are those at the

start of the step. Due to the evaporation process,
cylinder ©pressure, temperature, vapour quantity,
droplet diameter and temperature will be changed to

the final values of P

£ TE' dal, Vapf, T .The

da1
predicted values of cylinder pressure, temperature,

mass and fuel vapour mass are considered to be the

initial values for the next step (P,, Ty, m,, Vap,).

In the second step of crank shaft rotation droplets of

number, N_ with the initial SMD, di and

temperature, le will undergo evaporation at:
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P+ Py 1+ T2 my+ my
P=—§-—'-—;T='——-2'—;m=-—2"‘— and

(Vap, + Vapb}/2
C =
vap m

with final conditions of:

P3, T3, m2, Vap2 ( = Vap) + Vap,+ vapour produced in
the process), db1 and Tdb1 + The size and temperature
of the droplets db1 and Tdbl produced in this step
are different from dal and Tda1 produced by step (3)
due to the relatively smaller evaporation rate of
segment (B). This is due to the 1lower cylinder
temperature and higher vapour concentration at the

time when segment (B) is introduced into the cylinder.

During the second step the droplets in segment (A)
undergo their second stage of evaporation at:
Pa+ 2y T3+ T, my+ my

P o ity T B tei— =
5 ' 5 p M 5 and

(Vapz + Vapy)/2
Cvap = = with final conditions of

da2 ' Tdaz and Vapf (= Vap, + vapour produced in the
process). Due to evaporation cylinder pressure and

temperature are updated to Pf and Tf. The

values of this step are considered to be the initial

final

values for the next step.
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6. In the third step of the crank shaft rotation the
droplets in the newly introduced fresh mixture
(segment(c)) evaporate as in point (4) with £final
conditions of P3, T3, mp, Vapjz, dél and Tdcl' Droplets
in segment (B) evaporate for the second time as in
point (5) with final conditions of:

Py, Ty, my, Vapj, de and Tdb2 . This is followed by

the third evaporation of the droplets in segment (A)

at:
P“"" Pl Tq+ Tl m1+ mo

P = e - T 5 e— e S,

5 ' 5 y M 5 and

(Vap3+ Vap))/2 .
C = to the final conditions of:
vap m

v .
Pf, Tf, apf, da3 and Tdaa

As the intake process proceeds droplets which entered
the cylinder at the start of the process may evaporate
completely as a result of longer residence time in the
cylinder. The mixture at the end of the intake process
(trapped point) will therefore, contain droplets with wide
range of sizes and temperatures, Using eqn. 3.4 a new
Sauter mean diameter is found. A new droplet temperature is
required as well. To obtain this a "Sauter mean

temperature” is introduced here as:
P

Tay, = =g (3.51)
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The intake stroke 1is followed by the compression
stroke during which the increasing mixture temperature tends
to enhance the evaporation rate while the increase in
mixture pressure tends to retard it. A point may be reached
at which the effect of pressure on the evaporation rate
becomes more than that of the temperature and the vapour
starts to condense on the droplet. There is no strong
evidence in the 1literature against the condensation of the
fuel wvapour inside the cylinder. 1Indeed, Peters'sll]
measurements oOf droplet size inside the cylinder indicates
that the droplets were growing. Peters put the following

explanations for the increase in droplet size:

a) Droplet expansion due to heating,
b) droplet collisions,
c) condensation of fuel vapour due to the increase in

cylinder pressure,

d) different droplets have been monitored due to the

effect of swirl.

However, Peters rejected the first three possibilities

and suggested that the effect of swirl is the only factor in

the observed phenomenon.
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Further supporting evidence to the possibility of fuel
vapour condensation is that of Lawl21], During the testing
of his multi-component droplet evaporation model, Law has
set the ambient fuel vapour concentration of all the
components to zero "hence excluding the possibility of

condensation for any species"[21],

The interchangé of vapour between the droplet surface
and the surrounding atmosphere will continue during the
compression stroke until the spark is discharged. After the
development of the flame front the combustion chamber is
subdivided into two 2zones. Droplets in the unburnt zone
continue to evaporate in the manner explained above,
however, the evaporation rate might be greater due to the
higher temperature. Droplets traversed by the flame front
during flame propogation evaporate with combustion, 1In such
type of evaporation ambient vapour concentration is no

longer important, instead oxygen concentration is the

controlling parameter, During combustion, it is assumed

that the outwardly diffusing multi-component vapour reacts
stoichiometrically and completely with the inwardly
diffusing Oxygen at an infinitely thin flame around the
droplet. Droplets which survive this process are assumed to
continue e€vVaporating behind the flame front in an oxygen

free atmosphere, forming part of the unburnt hydrocarbons.
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The major assumption in the present evaporation and
combustion model is that there is no relative speed between
the droplet and the surrounding mixture. If such speed is
found in the «cylinder, this assumption 1leads to lower
evaporation rate, While the measurements of Petersl[l]
indicated the presence of swirl in the cylinder, this does
not necessarily imply droplet relative velocity. In the
present work intake system evaporation model it is found
that the relative velocity depends on the inlet valve

lift. In the table below the relative velocity is given for

two positions at different valve lifts:

Air Velocity, Droplet Velocity (m/s)
Valve lift _ at the

6 mm

mm throat downstream
.645 172,46 70,52
4,97 25,20 13,20
10.69 (max) 12,14 9,13

droplet diameter = 29 um.

This table shows that the droplets are settling down

very quickly and implies that the assumption of zero

relative velocity 1is acceptable. Furthermore, at small

valve lifts, where the relative velocity is high, the number
of droplets entering the cylinder is not sufficient to

affect the total evaporation rate. Finally, Petersl(l]

observed that droplets that enter the cylinder at low valve
1ifts, both at the beginning and end of the intake process,

were larger than those entering at higher valve lift which,
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in turn, reduces the evaporation rate of these droplets.

Evaporatidn rate is calculated using the "ideal
mixture" model for multi-component fuel droplet evaporation
proposed by Lawl21l, This model is basically the classical
"d2- Law" mode1[11] modified to allow for droplet heating,
which is expected to be an important factor in controlling
the droplet evaporation rate. In this model it is assumeé
that as the cylinder temperature and pressure continuously
increase, the droplet temperature will also increase. Part
of the heat absorbed by the droplet 1is used for

evaporation; the rest is used in heating up the droplet.

In addition to the assumptions detailed in section
3.6, it is assumed that diffusion and radial convection are
the controlling transport processes in delivering heat from

the ambient to the droplet surface, and subsequently in

dispersing the fuel vapour from the surface to the ambient.

The "ideal mixture" model of Lawl21] is as follows:

1. Assuming quasi-steady process and spherical symmetry
for the gas-phase, the conservation of fuel vapour and

enerdY Yields (in non-dimensional form):

ﬁlF = tn{1 + ) (3.52)

where

M, is the total mass evaporation rate
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and

where

1l
et

6 * L oo
(I ™y ¢ my = my/4me,Diry

D, is the diffusion coefficient of fuel

component, i

r3 is the droplet radius
B is the transfer number
~ ~ V)
= (?_ ~-T_ + Y Q)/(L + H) (3:53)
oo S 0,
T is temperature = Cb T'/Lr
T is the dimensional temperature,
Lr is the reference latent heat of evaporation.

The species-weighted quantities, designed by n A ", are

A 16

L =i£l Q. L, Latent heat of evaporation
0 = %6 2.0 Heat of reactio 3.54
Q@ =¢ky Y action s |
A A

Y =Y /v Oxygen mass fraction

o,m o'u}

A 16 ¢

V=B vy Stoichiometric oxygen/fuel

ratio,
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ni Fractional mass evaporation rate = mi/mF

=ds T (Yi,s_ Yi,f)(l -‘YF,S)/[YF,S- s

(3.55)
where
Y mass fraction
s at droplet surface
£ at flame surface
i of ith component
F of total vapour

o at ambient (cylinder).

The slowly time-varying heat input function required
to heat the droplet, H, is given by:

A A A A A
(T~ Tg + QI+ + ¥ ) [O-L(1 = ¥, 2)/(1 - ¥

F,s!]
(1 %%, 1= % J(1=% ) =1

H =

(3.56)

In the above equations Yi £ is artificially set
’

to =% 0 so that generalized expressions are obtained which

can be specialised to combustion, with Y = Y =0,

i,f F,f or

pure evaporation, with YO

r

w =0 and Y,
1

o £ i—r“.
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2.

where

3.

Phase-change relations give:

P,
the mole fraction Mfi = ;'S
i,s
Pi s is the saturated partial pressure given by eqgns.
I
3.14 & 3.31
Pi s is the saturated pressure of component i.
r

The combination of egns (3.14) and (3.31) yields:

Mc. Cp;L;

_ fi iTi 1 1
Xi,s = B exP {¢— (r— - )} (3.57)
© i bi S

and Xi's is related to Yi,s through

X, W, /(1 =1 i (3.58)
Yi,6 = %i,s Wy /(1 =42y Xi, stk Xi,8" } ‘
Wi = Mwi/Mwa
Mg is the molecular weight of ith component
Ma is the molecular weight of air.

" Liquid phase balance give
droplet radius:
1 Rm 1P M., W /
© t 151 P
R o= {1yl S g At )
o L
r0 if1 Mgy Vi/Ppi,0

(3.59)

97



| a o e —————

where

“a
R=T.'_
d,o
=‘ 2 ' . .
t t (3piDi)/(rS'0 pr) dimensionless time
pé reference vapour density

Li liquid pure state

o at time zero,

droplet temperature

-
T, =T ot § [(m H)/(R%p,)]dt (3.60)
where _

. 16 PL.i
Py, = 1£1 Pri ¥ PLy - dimensionless density

P r

M W
Bﬂi = —p Mfi Wi : partial density
jE1 Mgy Wi/e'py

Full details of the methods used to derive these

equations are given in Ref.(21). The equations are

integrated using a step-wise technique.
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Fuel droplet

Temperature

Y

Pressure of
diffusing

vapour

—— S —————— —

h.
[

Radial Distance

FIG. ( 3.1 ) Model for Evaporation of Droplet
Under Static Conditions.
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The components are listed according to bolling point.

Mw = molecular weight
To = normal bolling point,” K
L = |atent heat of evaporation ,MJ/gm.mol
Qvs = heat of combustion , GJ/Kgmol
Noj Formula Name Mw T L Qvs Welght
%
e e
1 {C3sHa Propane |44.087| 231.1| 18.773 2.044 .05

21C4H4o | Iso—-Butane |58.124| 261.3| 21.208 26858 | 1.44

3lC4Hqo N-Butane |38.124| 272.7| 22.302 2851 | 479

4|CsHy2 25’3'@?,"," 72151 301 | 24888 | 3284 | 7.3

51CsH12 N—Pentane |72.151| 308.2| 25.773 3272 | sss

6]CaHyo |ZTHMN=2 | 0 0as| 3117| 26304 | 3a3¢ | 238
7|CeH14 2;::;2:,’2 se.178| 333.4| 27781 | 387 | 82t
8|CsH1s | N—Hexone |s8.178| 341.9| 28832 3888 | 7.13

gjCgHg Benzene 78.114| 3333]| 3076 31.604 | 288

10 c 7 H 18 2.3"'0‘"10“‘“

Pentane ~ |100.2 | 3829 | 30388 | 4.489 3.48
11§CyH4g | N-Heptane |100.2 | 371.6| 31.897 45 414
12jCyHy Toluene 92.141 | 383.8) 33.179 3.772 11.16

13]CaHyg | M—Xylene |[106.188]412.3 | 36358 4374 | 1847

S—Ethyl
Tol uene 120.19 ] 4345 38.534 499 2.08

C.H Pseudo
15§“oM 42 Cumene 120,19 442.5| 39.248 4.978 5.03

N-B ;.
18]C10H 14 B.nz:m |134.22| 458.4| 39.248 5.614 8.83

14]CoHya

Table ( 3.1 ) Composition: of Fuel used to Simulate Petrol
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CHAPTER FOUR

MODELLING OF THE SPARK IGNITION ENGINE

CYCLE PROCESSES
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Flame Propagation

Unburnt Hydrocarbons Formation
Auto-Ignition Delay (Engine Knock)

Heat Transfer

Prediction of the Combustion Products.

Concentration

Gas Exchange Process
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4,1 Introduction

It has been shown in the review of previous work on
mixture preparation in spark ignition engines that £fuel
evaporation is incomplete in the induction system. To study
the in-cylinder mixture preparation processes and the
effects of the remaining 1liquid fuel droplets on the
combustion, engine performance and emissions it was

necessary to develop a realistic cycle model to accommodate

the proposed models of fuel evaporation,

The present chapter examines the models used to
describe all the processes which are .relative to energy
transfer during the complete spark ignition engine cycle.

The computational procedures 1involved are presented in

chapter 6 and appendix (E).

The basic assumption made in this model 1is that

combustion will only proceed in a mixture of air and fuel

vapour, taking into account the vapour produced when the

droplets are encountered by the flame during flame

propagation. Any liquid fuel left behind the flame will

continue to evaporate in an oxygen free atmosphere forming

part of the unburnt hydrocarbons in the exhaust.

104



The model may be broken down into the following

stages:

At the release point "Exhaust Valve Opening, EVO"
cylinder contents start to leave the cylinder under
the effects of pressure difference (blow down), and
piston movement. Valve overlap period commences at
"Inlet Valve Opening, IVO" and continues to "Exhaust
valve Closure, EVC", during which blowback via the
inlet valve is possible. During the induction process
the fresh charge, which is assumed to be a mixture of
fuel vapour perfectly mixed with air and mono-sized
fuel droplets uniformly suspended in the mixture, is
drawn from the inlet port. As these droplets enter
the cylinder at different <cylinder conditions,
depending on the time aﬁ which the entry occurs,
evaporation rate from the droplets will be
different. Additionally, different residence time in
the cylinder will produce a mixture of multi-diameter
droplets. At the trapped point "Inlet Valve Closure"

a new Sauter mean diamater 1is calculated. Heat

transfer between the working mixture and the

surrounding surfaces is ‘accounted for during these

processes.

a. The induction process is followed by the

compression process. As this proceeds, cylinder

pressure and temperature increase. The rate of

vaporisation is affected in a way that it is
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enhanced by the temperature rise and retarded by
the pressure rise. Except at the initial stages of
the compression process, heat transfer is from the

working mixture to the surrounding surfaces.

b. Due to the rise in mixture pressure and temperature
and due to the changes in vapour fuel
concentration, the auto-ignition period, which is
assumed to be dependent on the physical and

chemical properties of the mixture will be

decreased.

When the mixture is ignited by the spark, there is a
short delay before a self sustaining flame |is
formed. This period corresponds to the time required
for the flame kernal to propagate through a mixture of
volume equal to .001 of the total cylinder volumel67],
After the delay period

is consumed the combustion

chamber 1is subdivided into two 2zones, burnt and

unburnt 2zones, separated by a spherical flame front.
As the flame propagates across the combustion chamber
fuel droplets in both zones continue to vaporise (pure
evaporation) at the corresponding cylinder pressure
and the appropriate burnt or unburnt temperatures,

while droplets traversed by the flame front will

evaporate with combustion. During this stage it is

assumed that no heat is transferred between the burnt

and unburnt zones but that each transfers heat to the
surrounding surfaces.
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The flame is assumed to propagate with laminar burning
velocity through the boundary layer around the spark
plug and the rate of flame propagation depends on the
conditions in the cylinder (pressure, unburnt mixture
Eemperature and fuel vapour concentration). When the
flame front has crossed the boundary layer, it is
considered to propagate with a higher burning velocity

depending on the turbulence level in the cylinder.

When propagating across the combustion chamber the
flame front encounters a variety of relatively cold
surfaces. The interaction between the propagating
flame front and these surfaces produces a thin layer
of unreacted mixture. The fuel left in this quench
layer 1is considered to form part of the unburnt
hydrocarbons in the exhaust.

The increase in the pressure and temperature of the
unburnt mixture ahead of the flame front decreases the

auto-ignition delay, hence increases the probability

of knock occurrence.

Flame propagation will proceed until one of the

following alternatives occur:

a. the flame traverses all the combustion chamber

space in normal combustion burning the available

vapour fuel, or
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b. the auto-ignition period is consumed and knock

occurs.

5. Expansion follows with an increase in the cylinder

volume until the exhaust valve opens.

4.2 Flame Propagation

4.2.1 General

The assumption of a finite period of time for the
combustion process to be completed in requires the ability
to calculate the mass of charge burnt at any particular
point of flame travel in the combustion chamber. This can
only be achieved from the knowledge of the rate at which the
flame propagates, the volume of the mixture traversed by the

flame during a particular interval of time and the density

and composition of the unburnt mixture.

The flame speed measured in an engine combustion
chamber by ion probes or combustion photography is the sum
of the burning velocity relative to the unburnt mixture and

the transport velocity of the flame front due to the
expansion of the combustion products, The fundamental
quantity to be investigated in this section is, however, the
flame front motion due to the reaction only, that is, the
flame propagation relative to the unburnt mixture. It has

been shown by many workers[97-99] iyt the two forms oOf
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flame propagation (viz. laminar and turbulent) might exist
in the combustion chamber of a spark ignition engine.
Laminar flame propagation occurs at the two ends of the
combustion process due to the presence of a laminar layer
around the spark plug at the beginning ‘'of the combustion and
near to the combustion chamber wall at the end of the flame
travel. In the laminar layer the mixture is practically
stagnant; thus until the flame propagates out of it into the

more turbulent region of the chamber, the flame speed must

be laminar in nature.

The effect of different flow parameters on the burning
velocity has been studied <experimentally and many
expressions have been reported correlating the burning
velocity to the mixture temperature, pressﬁre, composition
and turbulence level. For flame propagation in engines, it

is generally assumed that:

15 the ratio of turbulent to laminar burning velocities

is a linear function of engine speed, and

its the flame propagates in a spherical pattern from the

spark plug.

The prediction of the 1laminar burning velocity is

difficult for many reasons [107], These are:

1. there is no complete theory which can readily be

used.  There.are, however, a number of approximate
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equations in the literature which approach the problem

of flame propagation from various viewpoints,

1. there is no data on the kinetics of the oxidation
process under flame conditions, and very little data

on transport properties at high temperature, and

iii, different methods of flame speed measurement give
different values, so that it is difficult to compare

data from different sources.

4.2.2 Laminar Flame Propagation

In view of the above mentioned difficulties in
predicting burning velocities, various assumptions and
approximations are made to simplify the problem. Based on
the type of the simplifications |used, two 1limiting

mechanisms for laminar flame propagation were developed:

a. the thermal mechanism, and

b. the diffusional mechanism.

The thermal mechanism is based on the assumption that
heat conduction 1is the most important physical process

involved in the transfer of the reaction zone from one layer

of the mixture to the next. The concentration of a given

component at a point is assumed to be governed only by flow
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and
and
the
the

the

reaction processes. The Mallard and Le Chatelier [65]

Semenov [ 61] equations of laminar burning velocity are

original and most frequently used expressions based on

thermal mechanism. They are not used in this work for

following reasons:

aa

the Mallard and Le Chatelier equation requires the
knowledge of the ignition temperature and the
reaction =zone thickness which are difficult to
obtain especially when dealing with multicomponent

fuels and highly turbulent flow respectively.

both equations ignore the effect of pressure on

flame speed, whilst it is widely accepted(68,102

103,106] that pressure has a non-neligible effect.

Bailey‘loo] attempted to wuse the Mallard Le
Chatelier equation for his work on the combustion
limitations of <gaseous fuels 1in reciprocating
engines. Some difficulties were encountered
relating to the adjustment of temperatures: these
were attributed to the exclusion of pressure-

related effects on the burning velocity.

The diffusional mechanism maintains that the burning

velocity 1is determined by diffusional processes. It is

postulated that active particles and radicals (e.g. H', OH'

and 0'), produced by dissociation in the hot burnt gases and

by chain branching, diffuse into the fresh mixture and cause
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it to react explosively. the best known expressions based
on this mechanism are those of Tanford and Pease [104] ang

of Manson[105]. Neither was used in this work however.

This was because:

a. their accuracy of prediction is quite poor over the

entire equivalence ratio range[107]:

b. the Tanford and Pease expression requires detailed

knowledge on the rate constants for the reactions

involved, which are difficult to obtain,

c. in this work it 1is assumed that no pressure
gradiant exist in the combustion chamber. The
Manson theory, however, is based on the assumption

of a small pressure drop across the flame front.

In view of the 1limitations in wusing any of the
available theoretical laminar burning velocity expressions,

it becomes necessary to base the rate at which the flame
propagates in the combustion chamber on an empirical
expression. Techniques for the measurement of flame speed

may be considered under two categories: one in which the

flame front is stable and stationary while the mixture is in

motion through the flame, and one in which the mixture is

initially quiescent and the flame propagates through it.
Andrews and Bradley[108] pregented a comprehensive survey of

the different techniques for the measurement of burning

velocity. The survey was carried out with particular
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reference to the maximum burning velocity of methane-air

mixtures.

The effects on the burning velocity of mixture
temperature, pressure, equivalence ratio and fuel type have
been studied using steady flow rigs or combustion bombs. It
has been found that the initial temperature of the mixture
has an appreciable effect on the burning velocity. It is
generally found that burning velocity is a function of this
temperature raised to a power betweeh 1.4 and 2.1, the
exponent varies with the temperature range covered. For
propane-air mixtures in a temperature range 200-7000K,

Wanger et al.[109] gyggested the expression:

SL = 25 + ,0085 Ti (4.1)
where

S, is the laminar burning velocity (cm/s),

'I‘i is the ipitial mixture temperature (0K),

and for methane-air mixtures in the same temperature range,

Andrews and Bradleytlos] suggested the expression

S;, = 10 + .000371 Ti (4.2)

The pressure dependence of burning velocity has been
found by many investigators[68,102,103,106] (o pe of the

form:

Sy, = Sp,P" (4.3)
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where SLa is the laminar burning velocity at one atmosphere
and P is the mixture pressure,. Under room temperature
conditions, it has been found that the pressure exponent, n,
is small (4£1) and negative for fuels with low burning
velocities, and it is small (£1) and positive for fuels
with high burning velocities. The results of Goldenberg and
pelevinl[102] showed that for a wide class of hydrocarbon-air
mixtures the exponent is negative and varies within narrow
limits of .25 - .3. Kuehl[68] found that this exponent is
also dependent on mixture temperature. He found that for
propane-air mixtures the value of the exponent approaches

zero as the mixture temperature approaches the auto-ignition

temperature.

Equivalence ratio effects on burning velocity have

been studied by many workers[106,108-110,120,122,68], It

has been found that as equivalence ratio is increased the

burning velocity passes through a maximum at an equivalence

ratio between 1 and 1.3. The variation of burning velocity

with equivalence ratio is more or less symmetrical about
this maximum, For lean hydrocarbon-air mixtures, the

burning velocity and equivalence ratio may be related by an

expression of the forml[110],

sL = A + B/¢ + C/$2 + D/¢3 (4.4)

where A,B,C and D are pressure dependent correlation

parameters and ¢ 1is the fuel-air equivalence ratio.
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The above investigations provide data for wvarious
ranges of temperatures, pressures and equivalence ratios for
different fuels. However, none provide data for
simultaneous variations of all parameters, although, the
available datal®8] gshow that interaction of the variables
must be taken into account in order to obtain generalized
correlations. Recognising the need of such data, Kuehl[68]
carried out an investigation to study the simultaneous
effects of temperature, pressure and equivalence ratio on
the burning velocity of propane-air mixtures. He proposed

the following expression correlating the flame temperature,

unburnt mixture temperature and system pressure:

6 - 09876

(10* + 900)4+,938

Tf u
in which Tf, Tu and P are the flame temperature, ox, the

unburnt mixture temperature, %K and the pressure, inch Ilg

repectively.

This expression was not wused in the computer

analytical model in this work for the following reasons:

a. it correlates data of lean propane-air mixtures

which means that both equivalence ratio and fuel

type are ignored,
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b. pressure and temperature ranges at which the data

was obtained is not comparable with those found in

engines,

c. the use of ‘flame temperature which is difficult to

determine accurately. Indeed, Benson et a1.167]

used the burnt zone temperature instead of T but

f'
the problem arises from estimating the initial

value of the burnt zone temperature.

Metghalchi and Keck([110,112] peagured the burning

velocities of mixtures of air with methanol,
volume

propane and indolene using the constant’ bomb method for

iso-octane,

equivalence ratios .8 - 1.5, over pressure range .4 - 50

atmosphere and temperature range 298 - 7000k, They found

that for temperatures above 350°K, the data for all fuels

could be fit within + 10% by a simple power law of the

form:
Tu a,P B
St, = Spp (T") (p—) (1-2,1f) (4.6)
r
where
= - 2
Sgp = Bp t Ble = ¢) (4.7)
is a fuel dependent reference burning velocity at
reference pressure, Pr = 1 atm. and reference

temperature, T = 2980k,
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B, B and L are fuel dependent correlation

parameters,

a, B are fuel independent correlation parameters,

« = 2,18 = .8 (¢ - 1)

B = = .16 + .22 (¢ - 1) (4.8)
Ty is the unburnt mixture temperature

P system pressure,

£ exhaust residuals mass fraction,

) fuel-air equivalence ratio.

This expression will be used in the analytical model

of the present work because it is simple and accounts for

the most effective parameters in the combustion chamber

during flame propagation. Additionally, Metghalchi and Keck
have considered the effect of partially vaporised fuel which
is important in this work. Jones and Evans[122] used this

expression successfully in their work on the burning rates

in spark ignition engines.

For the present work it is assumed that the equation

for indolene provides the closest approximation to the

laminar burning velocity of gasolene. The constants in

equation (4.7) for indolene are:
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PP

vs}
1}

27.58 cm/s

m
B = -78.34 cm/s
o = 1,13
4.2.3 Turbulent Flame Propagation

The fact that flame propagation can be considerably
accelerated by turbulence has been familiar to the designers
of internal combustion engines since early days[114]r but a
fundamental understanding of turbulent combustion has been
lacking. The increased rate of burn of a turbulent flame
over a laminar flame is normally accepted as being due to

either one or a combination of the following three

processes [115] H

1. the turbulent field may distort and wrinkle the flame
front thereby markedly increasing its surface area.

Turbulent burning theories which are based on this

process are called Surface or Wrinkled flame front

theories in which:
_ T

where S and A are the burning velocity and the flame

surface area respectively and T, L are for turbulent

and laminar.
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2. turbulence may increase the rate of transport of heat

and active particles, thus increasing the actual

burning velocity.

3. turbulence may rapidly mix the burnt and unburnt

mixtures in such a way that the flame becomes a

homogenous reaction.

Theories based on processes 2 and 3 are defined as
three-dimensional or volume turbulent combustion theories,
the use of one of these is beyond the scope of this work.
Thus, the turbulent burning velocity has to be based on a

wrinkled flame front model. The work of Smith[l1l6] gp

turbulent flame structure in engines supports the use of
such a model. He found that the mean flame thickness is
always greater than the laminar values and increases with
engine speed due to the increase in turbulence density. The
turbulent burning velocity is, therefore, the product of the
laminar burning velocity calculated using Metghalchi and

Keck expression (egn.4.6) and a correction factor, Kf,
thus:

Sp = Kg x 5y, (4.10)

The correction factor allows for many parameters

affecting the rate of flame propagation in the combustion
chamber which are not directly catered for in the Metghalchi
and Keck expression, These primarily involve the

aerodynamic conditions (viz. the turbulence and swirl)
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existing in the combustion chamber. Many workers have found
that this factor is a linear function of engine speed. A
summary of the measured and predicted correction factors for

different engines is given in table (4.1).

Benson et al, [67] suggested that this factor can be
predicted by one of two methods. The best approximation of
the value of Ke can be obtained by carrying out a number of

calculations with different values of Kf and comparing the

computed pressure-time diagrams and the experimental
pressure—-time diagrams. When the peak pressure in both the

diagrams are matched the correct value of Kf is obtained.

the other approximate method is followed in the case when no

experimental pressure-time diagram is to hand. 1In this, Kf

is adjusted until the computed pressure diagram gives a

symmetrical burning time about TDC.

The value of Ke adopted in the present work is that

found by Harrow and Ormanll18] fyron experiments on the

Ricardo E6 engine. This value was also used by Phillipps

and Ormanl64] in their Ricardo engine cycle simulation

model. The technique used by Harrow and Orman to determine

the value of Ke involved measurements of the flame speed in

the combustion chamber using two ionization probes. The

relation of Harrow and Orman is:

S

5, =1+ .002 x N (4.11)

where N is the engine speed (rpm).
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4.2.4 Flame Propagation Pattern

Knowledge of the pattern in which the flame spreads
out from the ignition sourse is very important in the rate
of burning and heat transfer calculations. It has been

assumed in previous computer simulations of combustion in

spark ignition engines[64,66,67] tnat the flame propagates

spherically outwards from the spark plug, but from the works

of Rassweiler and ‘Withrow[lzll, Rabezzana et al.[58] ang
many others it is clear that the flame does not propagate
spherically. Moreover, Beretta et al.[ll9] found that the
flame centre is not always at the spark plug. Their data

suggests that the flame centre moves rapidly when flame

radius is less than 10 mm but stabilises for larger radii.

Numerous factors are known to exert some influence on

the manner 1in which the flame propogates through the

combustion chamber. Some of these are:

a. the geometrical design of the combustion chamber

and inlet port which affect the swirl and

turbulence intensities,
b. piston movement, and

c. charge homogeneity.
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In the present work, however, the flame front is
assumed to be spherical, or more exactly, that part of the
sphere with its centre at the spark plug and contained
within the geometrical 1limits of the combustion chamber.
Turbulence is assumed to be of small-scale, that is, it does
not affect the geometric shape of the flame front but merely
makes it "ragged" and so increases its area. The

justifications for assuming spherical flame propagation are:

a. the present work simulates the cycle of the Ricardo
E6 engine which is equipped with a disc-shaped
combustion chamber. This geometry reduces the

effects of the combustion chamber on swirl and

turbulence intensities, and

b. the effects of piston movement has been considered

in the method used to calculate the required

parameters.

Annand[120],  reported a computational method to

calculate the enflamed volume, flame front area and the wall

surface area bounding the enflamed volume for a disc-shaped
combustion chamber with the centre of the spherical flame at
any chosen point on one of the flat surfaces. This method

is adogted here with a modification to allow for the effect

of piston movement. This modification consists of the

updating of the chamber depth as the combustion process

proceeds and setting a new range for the flame radius to
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suit the new chamber depth. The method is described in

appendix (c).

4.3

4.3.1

Unburnt Hydrocarbons Formation

General

The mechanism of formation of the unburnt hydrocarbons

in the combustion chamber of a spark ignition engine varies

with the mode of engine operation. Until recently, it was

believed that one or more of the following mechanisms is the

source of these emissions from a homogeneous charge engine:

de

at normal combustion chamber wall temperatures, the

predominant mechanism is the quenching of the

propagating flame at the walls. Daniell123] found

that the flame failed to propagate through the

mixture located within about .05 to .38 mm of the

combustion chamber wall,

at low wall temperatures, the UHC formation

by wall quenching is augmented by fuel
condensation(124,125]

a very small concentration of hydrocarbons can be

formed as equilibrium products of the combustion
reaction, [123],
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d. the very high turbulent condition of the mixture in
the combustion chamber may allow small pockets of

unburnt mixture to pass through the reaction zone

without being ignited[123'126];

e. incomplete burning of the charge at the presence of

high exhaust gas residuals.

The wall quenching model of UHC formation has a
stronger bases of support than any other mechanism,

Experimental evidence has been found[123,127] yhich

indicates that wall quenching of the combustion reaction
occurs in an internal combustion engine. The apparent
quench distances observed are in agreement with the quench

distances from burner data at the same pressures and

temperatures. In addition, the observed quench distances
are of the right order of magnitude to account for the UHC

found in the exhaust gas of an engine at many operating

conditions.

Recently, however, this model has been substituted by

a new understanding regarding the sources of UHC emitted by

homogeneous~charge engines. It is now believed that crevice

volumes and to a lesser extent oil films and/or surface
deposits are the major sources of UHC emissions rather that

wall quench layers[1231. This new understanding was

obtained by applying newly developed measurement techniques

and analysis methods. However, this model has not yet been
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presented in a way which may be adopted for use in the UHC

predictions under engine operating conditions. In the
present work, therefore, it is considered that the UHC are

produced from two sources:

1s The 1liquid fuel droplets which fail to vaporise

completely in the flame zone and are left behind the

flame front,

2. The flame quenching on the combustion chamber walls.

£.3.2 Flame Quenching

The quenching effect of relatively cold solid surfaces
upon pre-mixed laminar flames has been explored by several
workers. Friedman and Johnston[129] peasured the quenching
distance between two- parallel plates for propane=-air flames
at different mixture pressures, temperatures and equivalence
ratios and found that the increase in mixture pressure and
temperature reduces the quenching distance; also there is an

optimum equivalence ratio for minimum quenching distance.

By varying the initial composition in a constant

volume bomb, Gottenberg et al.[130] found that the measured

quenching distance increases in proportion to the amount of

unreacted hydrocarbons. They also found that the quenching

distance is affected by some of the bomb design and
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operating parameters: it increases with the increase of the

bomb surface area/volume ratio and decreases with the

increase of burning velocity and wall temperature.

Potter and Berland[131] studied the effect of fuel

type and burning velocity on the quenching distance. They
found that:

a. the minimum quenching distance, for all
hydrocarbons tested (saturated, unsaturated and
aromatics), is obtained with rich fuel-air mixtures
at equivalence ratio between.7 = .9, and decreases

as molecular weight of fuel increases,

b. for stoichiometric fuel=-air mixtures, the quenching

distance varies inversley with burning velocity.

Daniel[123] was the first to demonstrate the existence
of the quench layers in the combustion chamber of the spark

ignition engine with photographs showing a decrease in flame

luminosity close to the wall. He wused the relations

suggested by Friedman and Johnstonl129], for laminar flame
quenching distance, to calculate the thickness of the quench
layer for several engine operating conditions. Daniel found

that the calculated quench layer thicknesses are in fair

agreement with the corresponding measured values using

combustion photography.
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Goolsby and Haskell [127] investigated the effects on
quenching distance of the variation in equivalence ratio,
manifold pressure, wall temperature, spark timing and fuel
type using a CFR engine. The measured gquench layer
thicknesses ranged between .1 - 2 mm, and show strong

dependence on equivalence ratio and manifold pressure.

433 Unburnt Hydrocarbons Formation Model

As mentioned earlier, the UHC sources considered here
will be the 1liquid fuel droplets overtaken by the flame
front and the flame quenching process. The UHC

concentration at any time duriﬁg flame propagation can be

calculated as:

MeL + M
uHC (%) = (=9 __ 9y « 100 (4.12)
P
where
UHC (%) is the percentage of the UHC in the burnt
charge,
Meg is the mass of liquid fuel left from

incomplete droplet combustion,

Meg is the mass fuel trapped in the quench layer,
m, is the total burnt zone mass.
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The mass of the charge in the quench layer in an

increment of time can be calculated froml701;

my = Py (%) & v, q, (4.13)
where
mq is the mass of charge (air + vapour fuel +
liquid fuel + exhaust residuals) in the quench
layer,
Pu is the unburnt charge density,
(%) is the burnt zone surface area/volume ratio,

AV is the volume of charge traversed by the flame

front during the time increment,

d4 is the quench layer thickness.

The thickness of the quench layer is predicted using

the equation developed by Friedman and Johnston[129] viz.,

qd = qdf (‘P'_) (T—‘ (4-14)

where:

dgp is the reference quench 1layer thickness at
reference pressure, Pr and reference

temperature, Tr'

are the mixture pressure and temperature,

a,B are correlation parameters.

Friedman and Johnston reported the following numerical
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values for the correlation parameters Agpr © and B for

propane-air mixtures at Pr = 1 atm and T = 300 K;
; 9 gy (Mm) - 8

I? .I? .g I.s

1 .083 9 .6

143 .084 .96 .49

From this data and the values of the quenching distance of
hydrocarbon fuels reported in NACA report No. 1300 (ref.
132), Soliman[70] correlated the quenching distance for

different hydrocarbon fuels using the following relation:

Pr a Tr B
g * ¥ qd:r(f."') ('.11—) (4.15)
where:
P = 1,25(H/C - 3.26)2 + ,563

H/C is the hydrogen® /carbon atoms ratio

92 - .7 x ¢ (¢4=1)
.187 + 033 x ¢ (¢ DN1)
a = .63 + .267 x ¢

B = 6.122 - 5.522 x /o (64 1)
= 1,386 - .786 x ¥Y¢ (o N1)
¢ is the fuel-air equivalence ratio,
Tr = 300 K,
Pr = 1 atm.
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4.4 Auto-Ignition Delay (Engine Knock)

4.4.1 General

Under certain operating conditions of a typical pre-
mixed-charge spark ignition engine, large amplitude pressure
waves are developed ﬁithin the charge during the propagation
of the turbulent flame. This phenomenon is called "knock"
[135,136] ang it affects engine efficiency, emissions, life
and automobile drivability. The effect of the knock on
engine life is mainly due to the increase in the rate of
heat transfer to the combustion chamber walls. This is
believed to be due to both the increase of flame temperature
and the destruction of the boundary layer of the stagnant

gas which normally protects the combustion chamber walls

from direct contact with the flame.

Analysis of combustion data 1led to two general

theories for the onset of knock[135]: the auto-ignition

theory and the detonation theory. The auto-ignition theory

postulates that due to sensitisation of the fuel-air mixture

in the end gas region by preflame reactions, several
portions of the charge undergo simultaneous auto-ignition,
and this high speed combustion results in a local pressure
imbalance and the characteristic gas vibration. On the
other hand, the detonation theory implies that shock waves,

are somehow developed during the propagation of the regular

spark ignited flame-front,and initiate a reaction in the end
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gas at detonation speed, when travelling through the unburnt
mixture. However, as presented in a recent 1literature

survey[135] the bulk of the experimental work supports the

auto-ignition theory.

Theoretical research attempting to describe the
detailed kinetics of the auto-ignition phenomenon(137,138],
although extremely useful for understanding the problem, has
not yet been able to produce practical‘tools for generalized
knock prediction in engines. It is well known that even for
pure hydrocarbons such as ethanell38], the kinetics of the
pre-reactions leading to auto-ignition are very complex.
Thus, a detailed analysis of this kind is hardly
conceivable in the case of commercial fuels which are a
mixture of a wide variety of hydrocarbons. The model used
here 1is, therefore, based on empirical correlations of
experimental data obtained either from engine tests or

combustion studies of the auto-ignition phenomenon in a

simulated engine-like conditions.

4,2.2 Description of the Auto-Ignition Rnock Model

Auto-ignition delay has been defined by many workers

[140-144] 55 a function of the mixture physical and chemical

properties. It was decided to use the model proposed by

Douaud[143,144] ynich relates the auto-ignition delay to the

pressure and temperature of the end gas and to the

equivalence ratio of the mixture. The model is simple and
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makes use of an overall reaction rate which is valid for the

pressure and temperature range encountered in spark ignition

engines.

In this model the production rate of chain carriers
(da/dt) as a function of their concentration a and the

pressure and temperature of the end gas can be described by

the equation:

%% = aA' p" exp(- B (4.16)
where

P is the mixture pressure

T is the mixture temperature

a is the chain carriers concentration

Al is a constant

n is the pressure coefficient

B is the temperature coefficient,

When pressure and temperature are constants, the

integration of eqn. (4.16) between t, and t_ yields:

- B
T=t, -t =AP" exp () (4.17)

The time t ~ for the occurence of auto-ignition

corresponds to the critical value for the concentration of
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the chain carriers ag s and the time, Tt is usually

referred to as the auto-ignition delay.

Many investigators[140'142] have correlated the data
of auto-ignition delay obtained at constant pressure and

temperature studies for many fuels using eqn. (4.17).

When applied to time-variable pressure and
temperature, the model (eqn. 4.16) can be written in an
integral form provided that the critical concentration a
obtained at time tc of auto-ignition is independent of the

pressure and temperature level, In this case, time tc will

be given by the equation:

t d

L= f % — £ (4.18)
'Eo AP(L) exp(-.?.—(-{:—)-)

Livengood and wull45] getermined the parameters A, n
and B for a fuel using a compression machine and found that
these values can explain the occurrence of knock in an
engine using the same fuel. They computed the integral with
the experimentally determined values of pressure P(t) and
temperature T(t) of the end gas and compared k., at which

the value of the iﬁtegral reached unity with the observed

time of knock in the engine cycle,

When the delay parameters of a fuel are known, knock

occurrence can be predicted by the thermodynamic simulation

of the engine cycle which describes the pressure and

temperature of the end gas, Unfortunately, the reported
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values of these parameters differ widely in the literature
for any given fuel, In addition, the available data |is
limited to few fuels, namely, n-heptane, n-dodecane, n-
hexane, [142],  penzene, iso-octanel[141l]l  and commercial
petrol[l44]. For the present work it was decided to use the
reported parameters for the commercial petrol. The delay

time can be predicted using the formula:

-3 __1 685
t = 7.29107° pT - exp(i%il) (4.19)
where
T is the delay time in seconds
P is the pressure (atm)
cop is the temperature (%K)

The effect of air/fuel ratio is also accounted for by

the variation of the pre-exponent factor expressed by the

following equation:

A
o _ ¢ $ 2
=1+ .9625 - 1) + 5.445 - 1
Ay 5 o {1t )
3
48,32 (T%I - 1) (4.20)
In this equation Al 1 is the value of the pre-

exponent factor, A for the fuel-air equivalence ratio, ¢ of

1.1 and A¢ is the value of A at any ¢ between .8 and 1.2,
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In order to predict the onset of knock in the engine
it is assumed that knock occurs when the auto-ignition delay
is completed. the summation of the ratios of the increment
of time and the instantaneous value of auto-ignition delay
is used to predict the onset of knock. The auto-ignition

delay is considered to be completed when:

where dt is the time increment.

4.5 Heat Transfer

4.5.1 General

Heat transfer information is becoming increasingly
important with the dreat emphasis on engine efficiency and
because of the strong influence of heat transfer on exhaust
emissions. In addition, heat transfer is important in
estimating heat release rates and flame propagation from

pressure-time data and in other engine simulation studies.

The amount and type of heat exchanged between the
working mixture and the surroundings in an engine cylinder
depends on the crank angle at which the exchange occurs.
During the intake and compression strokes heat transfer,

which for all practical purposes is entirely convective, is
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normally small. Indeed, Lichty[72] has estimated it to be
of the order of .5% of the heat of combustion. This is not
very surprising in view of the comparatively low mixture
temperatures during those two phases. In fact, during the
intake stroke and the initial stages of the compression
process, it is possible for the heat flow to be from the
hotter surroundings to the cooler working mixture. As
compression process proceeds, however, mixture temperature
increases to become higher that the temperature of the

surrounding surfaces and the heat flow is once again from

the mixture to the walls.

During combustion and early expansion phases both
convective and radiative heat transfer may be important.
Mixture temperatures are much higher than the wall

temperature and heat flow is from the working mixture and to

the surrounding surfaces. Heat lost during these two phases

has been estimated by many workers[147-151], However the
estimates vary because of the use of many different engine
designs and operating conditions in the determinations. A
summary of the estimated heat loss during the combustion and

expansion phases, expressed as a percentage of the heat of

combustion, is given in table (4.2).
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4.5.2 Factors Influencing Heat Transfer

The processes inside the combustion chamber of a
reciprocating internal combustion engine are very complex,
involving rapid variation in mixture pressure, temperature,
and local velocities. Heat flux into the walls varies
throughout the engine cycle from a small negative value to a
positive value reaching up to several megawatts per square
metre, and also varies spatially due to differences in local
mixture temperatures and velocities and doubtless also due

to differences in orientation of the wall to the radiating

flames.

Alkidas{152] peasured heat flux at four positions on

the cylinder head of a 4-stroke, V-8 spark ignition engine

modified to operate on one cylinder. Tests were performed

for both fired and motored operation of the engine. The

primary engine operating variable was engine speed. It was

found that:

: 1 peak heat flux varies considerably with measurement
position. This spatial variation was considered to be
principally attributable to the spatial variations of
the temperature and velocity fields in the combustion
chamber,

ii.

advancing the spark timing increases the peak flux and

advances the time at which this occurs in the cycle.
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During the last stage of the expansion process the

magnitude of the flux is independent of spark timing,

iii. the peak heat £flux at each measurement position

increases with the increase of engine speed.

Alkidas and Myers[153] gtudied the variations of heat
transfer with air/fuel ratio and load (volumetric
efficiency) using the same engine. They found that the
local heat flux was not strongly affected by the variations
in air/fuel ratio at constant conditions of engine speed and
load. The peak heat £flux reached a maximum at near-
stoichiometric mixture, whereas at leaner or richer mixtures
the heat flux decreased. This trend was caused by the
burned gas temperature, which exhibits a similar variation
with air/fuel ratio, Alkidas and Myers also found that an
increase in volumetric efficiency from 40 to 60 percent
resulted in an increase in peak heat £lux of about 30%.
This increase is primarily attributed to the increase of the

convective heat transfer because of the increase in mixture

density.

overbye et al.[154] peasured heat flux at several

positions on the cylinder head of a CFR engine. Tests were

performed at near stoichiometric air/fuel ratio and an

engine speed of 830 rpm. The effect of intake manifold

pressure, turbulence and wall deposits on heat flux were

investigated. It was found that the effect of these
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variables is dependent on whether the engine is fired or
motored. Turbulence effect was found to be greater in the
case of a firing engine, whilst the effect of manifold

pressure was greater in the motored engine case.

Additionally, many other parameters and operating

conditions can influence the magnitude of the heat £flux.

these include:

i. charge pressure, temperature and physical
properties,

I 3 engine size,

iii, compression ratio,

iv. fuel type,

Ve exhaust pressure,

vi. combustion chamber shape,

vii. coolant temperature, flowrate and composition,

and

viii. lubricating oil quantity and composition.

In engine cycle synthesis the need of an accurate
instantaeous heat transfer expression led many investigators
to try to correlate the measured heat flux. Many
expressions have been repor ted; among these are of

Nusselt[155], Eichelberglﬁzl, Briling[155], Elser [157],

Oguri[158]: OverbY[1541 and Annand[159], to name a few.

Annand set out to derive his own heat transfer formula
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after reviewing the previous work in this field and
concluding that no formula satisfies all the requirements.
He considered the formulae of Nusselt, Eichelberg and
Briling to be unreliable because of dimensional
incorrectness. Thus, they cannot be extrapolated to predict
heat transfer rates under conditions far removed from those
of the experiments on which they are based. He also faulted
the formulae of Elser and Oguri because of the inclusion of
incorrect terms, whilst Overby's formula was criticised

becauée the wall temperature variation was not allowed for.

Recognising the limitations in attempting to include
all the parameters which can influence heat transfer,

Annand considered the following requirements to be of prime

importance:

i. The convective and radiative components should be
clearly distinguished since both are expected to vary

not only from engine to engine but also in different

parts of the same engine, and

| % 7 in convective heat transfer, the influence of Prandtl

number is completely swamped by that of the Reynold's
number.

From these considerations, Annand proposed that the

total heat flux could be represented by an equation in the
form:
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(Tg=T,) + c®(TY - Ty)  KI/m?.s (4.22)

instantaneous heat transfer rate; KJ/s
instantaneous area across which heat transfer

occurs; m?

working mixture thermal conductivity; KJ/ms.K
engine bore; m

Reynold's number = E;EE

working mixture kg/m3

working mixture dynamic viscosity kg/m.s

mean piston speed = %%ﬂ : m/s

engine stroke; m

engine speed; rpm

working mixture temperature; 0K

wall temperature; 0K

Stefan-Boltzman constant

I |
= 5,68 x 10 KI/m2.s.0K"

a,b and ¢ are empirical constants.

Values of the constants a,

statistically using Elser's measurements.

b and ¢ were determined

Comparisons were

also made with the measurements of Nusselt and Eichelberg,

with some local heat flux measurements in spark ignition and

compression ignition engines.

These led Annand to suggest

the following values for the constants:
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b = .7
a = .35 to .8 for normal combustion; "a" increases

with the increase of the intensity of charge motion.

i}

c 0 during compression

.5714 for compression ignition engines

.075 for spark ignition engines

during combustion and expansion.

4,.5.3 The Application of Annand's Formula to the

Computer Simulated Cycle Model

Annand's expression has been used to calculate the
instantaneous heat transfer rate during the different phases

of the Ricardo E6 engine cycle. The values of the constants

a, b and ¢ has been taken as:

a = .4
b = .7
c=

075 during combustion and expansion phases

]
o

during the rest of the cycle including

gas exchange phase.

With the disc-shaped combustion chamber found in the
Ricardo E6 engine and low level of swirl induced by the

inlet system, mixture motion in the combustion chamber is

expected to be very small., For this reason the value of "a"

was chosen to be .4.
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Combustion chamber wall temperatures are very
important in heat transfer calculations. In practice, these
vary not only from point to point in the chamber but also
from one instant to another. Allowance for all these
individual effects makes heat transfer calculations
extremely complicated. To reduce the complexity of the
present model the combustion chamber surface area is sub-

divided into three main 2zones each having it's own assumed

constant temperature, as follows:

> 38 the area of cylinder head surface (including the
valves) involved in the heat flow at an instant of

time, Ah at a temperature, Th of 420 K,

ii. the area of piston surface involved in the heat flow
at an instant of time, Ap at a temperature, T of

520 -K, and

iii. the area of cylinder wall surface involved in heat

flow at an instant of time, Ac at a temperature, T

These values for the temperatures Th' Tp and Tc were

considered by Johnson et al,[160] and Lucas and James[66] to
be typical of those existing in spark ignition engines.

Even if these are 1in error by &+ 25 K however, the

inaccuracies in heat loss estimations are only of the order

of & 2¢ [148].
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In Annand's formula, Tw can be calculated from

A .T. +A T+ A, T
T = c ¢ pA p__"h ~h (4.23)

where

= + + :
A Ac Ap Ah is the total area

During compression, expansion and gas exchange phases

these areas are given by

= = 2
A, = B, = wD2/4

A = mDy

where y 1is the distance from the instantaneous piston

position to the cylinder head.

During combustion period, however, a flame |is

propagating across the combustion chamber and the
quantities, A,s Ay and Ap in contact with both the burnt

and unburnt fractions of the charqge, are continuously

changing. These areas are functions of the flame radius
and piston position. The method used to calculate these
areas has been discussed in a previous section (flame
propagation pattern).
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4.6 Prediction of Combustion Products Concentration

4.6.1 General

Knowledge of combustion products composition and
properties are required for the thermodynamic cycle
calculations. The dissociation of the products of
combustion of hydrocarbon fuels produces various
combinations of carbon, hydrogen, oxygen and nitrogen. The
way in which these four elements are combined after

combustion and the proportion of the various species in the

burnt mixture depends on:

a. The proportions of these elements present in the

original mixture,
b. the temperature and pressure, and

c. the extent to which chemical equilibrium has been

approached.

In a high temperature combustion reaction between a

hydrocarbon fuel and oxygen the following general equation

may be written when the burnt mixture is assumed to consist

of twelve species:

CyHy + (y + X) 02* mNao+ nz0, + n3C0, + nyHy0 + ngCo
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+ n5H2+ n7N0 + n80H + ngN + an + n“O + n12A

(4.24)
with

y = °£/12.01, x = (1 - Ce)/4.032

and

c. = mx 12,01
f mx 12,01 + n x 1.008

In these equations, m and n are the number of carbon

and hydrogen atoms in a molecule of the fuel and n, (i 1

to 12) are the number of moles of:N,, 0O,, CO,, H,0, CO, Hy,

NO, OH, N, H,0 ,and argon respectively in the burnt mixture.

In practice, many other dissociated species are also

present in the burnt mixture. However, the choice of the

species to be included was made by choosing the twelve most

significant of the sixteen species included in published

data by AGARDI[161]",

Many models have been developed for predicting the

concentration of the products of combustion. These models,

either assume a complete equilibrium{162,163] yphich is not a

valid assumption or use relatively complete kinetic

solution [164/166] yhich is time consuming. The method used

here is based on the system suggested by Way[167] and has

the advantage of requiring fewer parameters to be estimated

(only 0/0, ratio): also it uses a combination of chemical

rate equations for some slower reactions with chemical
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equilibrium for faster reactions.

4.6.2 Kinetic System with Partial Equilibrium Model

The departure from chemical equilibrium, especially
for species such as nitric oxide and carbon monoxide has
been found experimentally to be extremely highl{165]. In
actual practice, the effect is to produce greater quantities
of NO and CO than would be the case if equilibrium were to

prevail., Measurements of Wimmer and McReynolds[168] ang

Huls and Nicol [169] indicated ‘that the concentrations of

these species correspond more closely to chemical
equilibrium calculated at the peak combustion temperature.
The measured concentration 1is, however, several orders of

magnitude greater than the equilibrium concentration

corresponding to the final exhaust temperature. The

explanation of this lies in the non-equilibrium behaviour of

these species during the combustion and expansion processes.

During the combustion process NO and CO are formed

rapidly, and reach near chemical equilibrium levels at the

combustion temperature. As the expansion process proceeds,

and the temperature of the products decreases, NO and CO

should, 1if chemical equilibrium is to be maintained,

decompose. It appears, however, that the reactions by which

they decompose is so slow relative to engine cycle events

that significant decomposition does not take place.
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The remaining species can be considered at equilibrium
as the reactions by which these species decompose are
extremely fast compared with the changes in the cylinder
pressure and products temperature. Hence a sufficiently
accurate kinetic treatment 1is possible which combines
chemical kinetic equations for the slower reactions with
equilibrium for the faster ones, with a considerable saving
in computer time. Details of the model and the numerical

method used are presented in appendix (D).

4.7 Gas Exchange Process

Most of the reported spark ignition engine cycle
simulations are confined to the closed period of the cycle
only. However, the trapped conditions in the cylinder have
a powerful influence on the subsequent events of the cycle

and depend on the valve areas, timing and the conditions in

the inlet and exhaust manifolds. It is necessary therefore,

to consider the open period of the cycle. Additionally,

this is important in studying the evaporation of the

remaining liquid fuel during the intake process.

Those who simulate the open periodl67/,170] have

assumed that mass transfer through the inlet manifold,

cylinder and exhaust manifold is the most important process

during this period. The cylinder draws vapour fuel-air

mixt