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Summary

The available literature has been surveyed to determine the parameters
affecting fuelling requirements of spark ignition engines and their
relation to engine performance and emissions. Theories and experiment
relating to two phase and multi-component flows have also been
examined and the techniques employed in the measurement of droplet
sizes and liquid wall films have been reviewed.

Following preliminary steady flow visualisation experiments to examine
the trajectories of droplets discharging from the valve port an
extensive practical investigation of the spectrum of droplet sizes
formed by the break up of the wall film has produced results which have
been correlated in terms of the important fuel and airflow parameters.

It is concluded that the Sauter mean diameter of droplets formed by the
break up of the wall film will vary between 70 and 150 um, depending
on the operating conditions of the engine. The spectra of droplet sizes
measured show that a significant proportion of the total mass of the
wall film breaks into drops which will be too large to burn completely
and, by comparison with measurements of unburned hydrocarbon
emissions from engines supplied with a homogeneous mixture of air and
gaseous hydrocarbons, it is concluded that the droplets from the wall
film are likey to increase emissions by 50%.
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CHAPTER 1.
INTRODUCTION

1.1. Mixture quality in spark ignition engines

The spark ignition engine is supplied with a mixture of fuel and air
which is ignited by the energy of an electric spark and burns to
release the chemical energy of the fuel. The pressure of the burnt
mixture rises due to the energy release and acts on the moving piston,

converting part of the chemical energy into mechanical work.

The mixture which is ingested into the cylinder must be capable of
propagating a flame and the rate at which the flame travels out
through the mixture must be sufficient to insure not only the
combustion is completed before the working stroke of the piston is
complete but the energy is released in a manner to obtain the
optimum conversion into mechanical work. In the homogeneous charge
type of engine the mixture of fuel and air is created by a carburettor
or by the injection of spray of fuel droplets into the air stream. In
order to propagate a flame the ratio of fuel to air must lie between
the limits of weak extinction, when there is insufficient fuel to
sustain the combustion process and rich extinction, when there is
insufficient oxygen. An indication of the relationship between these
limiting states and the temperature of the mixture is given in fig.1.1

for a homogeneous mixture of air and methane.

The charge which enters the spark ignition engine is compressed,

whether in the two-stroke or the four-stroke engine, so that its
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temperature is raised above that of the atmosphere before the spark
is passed. The compression process also increases the density of the
charge which further affects the rich and weak extinction boundaries

for the air fuel mixture.

The velocity with which a flame is propagated through the mixture is
dependent principally upon the air/fuel mass ratio but also upon the
temperature and density of the mixture. The nature of this
relationship is shown in fig. 2 for homogeneous mixtures of air and
three different gaseous hydrocarbons. Therefore, in order to ensure
that the flame will travel throughout the mixture to give complete
combustion in the time available, it is necessary to ensure that the
‘correct' air/fuel ratio is supplied to the engine and that this mixture

is ignited at the optimum time for maximum energy conversion.

It has long been appreciated that the complete evaporation of liquid
fuel into the air stream is undesirable on account of the
accompanying reduction in density of the mixture. This limits the
mass of mixture which can be drawn into the cylinder and thereby
limits the total energy which can be released during the combustion

process.

1.2. Ingestion of liquid fuel

Neither the carburettor nor the petrol injection system produce a
truly homogeneous air and fuel mixture. Motor gasoline is a blend of
more than 30 separately identifiable hydrocarbons and when liquid

droplets are sprayed into the air stream in the induction tract the
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'light fractions' of the petrol mixture evaporate very rapidly but the
heavier fractions much less so, leaving a mixture of air, hydrocarbon
vapours and liquid droplets to be ingested into the engine. The
droplets which enter the cylinder continue to evaporate as the
mixture temperature rises during the compression stroke, although
there is some evidence that the increasing pressure will lead to
re-condensation of mid-range petrol vapours onto droplet surfaces

during the late stages of the stroke.

Following the passage of the spark, evaporation continues in the
unburned mixture as the flame front propagates and ideally the
original droplets will be of such a size that all the fuel is burned

completely .

A number of practical and theoretical investigations have shown that
the optimum size of liquid droplet entering the cylinder is in the
range 15 um to 35 um. Larger droplets will not burn completely and
the heavier hydrocarbons are simply exhausted from the engine as
unburned vapours formed by heat transfer from the combustion gases
in the very late stages of the expansion stroke and during the exhaust

process.

The spectrum of droplets sizes produced by carburation contains a
significant proportion which are larger than this optimum -- and
while the modern low pressure injector spray can be designed to

ensure that the droplets are of the correct size, it is only the

smallest of the droplets, about 4 um, which will be carried along in

<%



the air/vapour mixture and follow the same path Larger droplets are
liable to be deposited on the walls of the induction manifold by
gravity or by inertial separation of the main stream at bends in the
tract. The problem is particularly acute in the case of single
carburettor or single injector, multicylinder engines but much less
significant in the port injected engine where the fuel is injected into

each individual induction port immediately before the cylinder head.

A potentially serious problem is created by the presence of the wall
film, which comprises the heavier components of the petrol. The film,
which is not continuous but has been described as rivulets of liquid
streaming randomly on the walls of the manifold, breaks up in an
uncontrolled manner as it passes through the inlet valve port and
enters the cylinder as a stream of droplets formed by shear forces
and surface tension. If this stream contains droplets larger than
35um then these can be expected to contribute to unburned
hydrocarbon emissions from the engine. The reduction of such
emissions is the subject of increasingly stringent legislation world

wide.

1.3. Unburned hydrocarbon emissions.

Recent investigations into the source of unburned hydrocarbon
emissions have identified the small crevices in the region of cylinder
head gaskets and the clearances between the piston and cylinder wall
as particularly important. The flame front cannot propagate into
these crevices to burn the ingested mixture which has been

compressed into them and this mixture re-expands, unburned, to mix
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with the exhaust gases leaving the cylinder. The investigations from
which these findings arose were carried out largely using
homogeneous mixtures of gaseous fuel and air. The increased
potential for the generation of unburned hydrocarbon vapours from
liquid fuel entering these crevices warrants the close examination of
the size and nature and destination of liquid droplets ingested into
the cylinder, which is one objective of the work described in the

following chapters.
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CHAPTER 2.
LITERATURE ON CARBURATION AND PERFORMACE.

2.3, Fuelling, carburation and engine performance.

23 1 Mixture preparation and distribution.

The bulk of spark ignition engines use carburettors for fuel addition
but the principal problem with carburettors is that they do not give a
homogeneous mixture. In the carburettor air is the atomizing fluid and
has a far greater velocity than the ingested fuel. When air comes in
contact with fuel, the shear force of the air breaks up the ligaments
of fuel, thrown from the jet of the carburettor, into droplets which
will subsequently break into smaller droplets through the action of
the surface tension of the fluid and main air stream drag force. The
relative velocity between droplets and air promotes the required

rapid evaporation.

An experimental study was made by Yokio Hohsho et al (1) of the
evaporation of a group of droplets, made to fall freely in a quiescent
air under the sub atmospheric pressure conditions encountered in the
intake manifold of a spark ignition engine. With an ultrasonic
atomiser providing a spray of fine droplets, the evaporation rate was
determined by measuring the falling droplet diameters at different
heights.

Although the study assumed quiescent air conditions and does not
represent the aerodynamic conditions in an engine cylinder, the same

relative results could be inferred.

- 90 -



A mathematical model was suggested in which each droplet was
assumed to be enclosed with a spherical shell whose diameter was
equal to the distance between the centres of two neighbouring
droplets. The shell is also assumed to be thermodynamically isolated,

so that no heat or mass transfer occurs across it.

From their experiments the investigators showed that the evaporation
rate drastically increased with the temperature of the air. A
remarkable reduction in evaporation was noticed when the distance
between droplets was reduced but the evaporation quadrupled with

the increase in the distance between droplet centres.

Petrol (motor gasoline) is a mixture of different hydrocarbons of
different boiling ranges [boiling range approximately between 30 °C
and 200 °C ] (2’3).whose individual rate of evaporation after
carburation is determined by their vapour pressures, the surface area
of the droplet and the relative velocity with which it is moving
through the air. The light fractions evaporate quickly and the drops
reduce in size correspondingly. The smaller droplets follow the
motion of the flow of air and vapour passing through the manifold.
The larger droplets, comprising the heavier fractions of the gasoline,
either fall by gravity to the bottom of the manifold or are deposited
on the walls at bends, where their momentum overecomes the
aerodynamic drag of the main air stream flow. These heavy depositing
fractions are the main source of the wall film which will flow along
the wall until the major part of it is ruptured at valve exit, the rest

of it will flow unperturbed forming rivulets along the cylinder walls
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and is believed to be the major source of hydrocarbon emissions in
spark ignition engines (4)

The power output from a spark ignition engine is limited by
controlling the quantity of mixture entering the cylinders and hence
the fuel energy available per cycle. This is normally achieved by
means of a simple butterfly-type throttle valve immediately
downstream from the carburettor, which has the effect of reducing
the density of the mixture. In all but the fully open position a
proportion of the fuel droplets produced by the carburettor impinge on
the valve plate, where they agglommerate with others to produce
larger drops which are increasingly likely to be deposited on the
walls of the inlet manifold. At very low throttle openings there will
be secondary atomisation of the liquid at the throat of the throttle
valve, but at wider openings it has been shown that the wall film

quantity is increased by liquid deflected at the throttle. (5,6)

When the mixture which has been prepared by the carburettor is to be
supplied to a multi-cylinder engine then the manifold which
distributes that mixture to the individual cylinders must ensure that
each is supplied with the same mass of air, petrol vapour and liquid
droplets, mixed homogeneously and in proportions which will ensure
the optimum performance from the engine in terms of power, economy
and emissions. Various methods of vapourising the liquid gasoline in
the inlet tract have been described employing heat energy, either
from the exhaust gases or from engine coolant, to promote
vapourisation and improve distribution; while such methods have the
effect of increasing evaporated fuel in the mixture and improving

emissions they also result in a decrease of power output.
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The work reported by Trayser et al (7) showed that complete
evaporation of the fuel in the intake system can almost eliminate fuel
maldistribution but this will drastically affect the volumetric
efficiency by changing the negligible volume of fuel to a significant
volume of vapour. They also report that vapourising fuel resulted in
extended weak limits and that emissions were lower both at half load
and full throttle, ie. unburned hydrocarbons and Carbon monoxide were

significantly reduced.

The effects of complete fuel evaporation have been investigated by
Hughes and Goulburn (8) who worked with very lean mixtures. They
found that the mixture uniformity of the charge was considerably
improved by the vapourising approach but the mixture of gas and
vapour was not homogenous at entrance to cylinders. They concluded
that the engine can run on a lean mixture with reduced exhaust
emissions, but a power reduction of 25 to 30% was reported. They
advise the need for greater homogeneity of the mixture to achieve a
fast flame propagation and a longer duration for combustion [to be
increased by a factor of two] subsequent to ignition, to eliminate the
slow burning accompanied with partial burn cycles.

Vapourisation has very little effect on rich mixtures but Harrow (3)
reports that experimentally it has been proven that the leaner a
mixture becomes the more is the improvement on brake specific fuel
consumption (bsfc). He concludes that with very lean mixtures an
improvement of 25% in fuel consumption can be obtained over the
ordinary carburetted engine. He also confirms that smaller benefits

are reported to have been obtained from fuel injection systems.
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Beale and Hodgetts (4) reported that good mixture quality and
homogeneity was by no means a guarantee of low fuel consumption

and low carbon monoxide emissions .

2.1.2. Effect of liquid droplets on performance and

emissions.
It was stated in section 2.1.1 that the presence of liquid droplets
increased the mass of fuel which could be ingested and hence the
power output of the engine. Many researchers have published evidence
that droplets of the correct size are beneficial in stabilising the

combustion process and minimising exhaust emissions.

Peters and Quader (9) reported that homogeneous mixtures are not
necessarily the best feed stock for lean engine operation as they
resulted in higher hydrocarbon emissions and increased fuel
consumption, and it was the heterogeneous charge which was better

for lean burn operation.

Induction of rich mixture near the spark plug with an over all lean
mixture has reduced emissions more than using a homogenous mixture
(10) The reason is believed to be that the relatively high mean
temperature promotes oxidation of carbon monoxide and hydrocarbon

but the lower peak combustion temperature inhibits Nox formation .

In Ottocycle engines it has been found useful to introduce easily

ignitable fuel droplets to act as distributed ignition sources. Mizutani
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and Nakajima (1) found that addition of small kerosine droplets to
lean propane air mixtures increased the burning velocity for a mixed
fuel/air ratio and also extended the region of stable burning towards
leaner mixtures, but this could only be done to an optimum value
beyond which the burning velocity fell below that of propane - air
mixture. The lower the flow velocity and the weaker the intensity of
turbulence, the larger were the kerosine drops and the less was the
effect on higher velocities. Separate studies by both experimenters
have shown that the combustion promoting effects were due to the
liquid droplets. They gave the following reason why kerosine droplets

assist in accelerating the combustion process :

1 - the interaction of the droplets with flame and changing the
front from smooth to wrinkled, increasing its surface area
resulting in an increased burning velocity.

2 - burning droplets act as a high temperature heat surface
which accelerates instantaneous burning velocities, or act as
stablisers for the flame at the limit of lean air/ fuel ratios.

3 - randomly located burning droplets generate turbulence which
leads to increased burning velocities attributed to higher rates

of diffusion.

Subba Rao and Lefebvre (12) performed a very interesting experiment
and very relevant to the current research. The experiment was carried
out on the ignition of kerosine sprays in an air stream at air

velocities of similar magnitude to those encountered in the intake
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manifold (37 to 46 m/s). A spectrum of sizes was investigated and
different Sauter mean diameters were plotted against ignition
energies. The test clearly manifested that the weak limit of ignition
was considerably improved by the reduction of mean drop size. Rao
and Lefebvre plotted minimum ignition energy against fuel-air ratio
and noted that the curve grows steeper with the increasing drop size;
a much greater increase in spark energy is needed to extend the weak
limit.They also noted when air-fuel ratio was reduced towards the
stoichiometric, a more rapid reaction within the flame kernel will
liberate more heat in the mixture and extend into a region of larger
droplets. On the contrary when air-fuel ratio is increased towards the
weak limits smaller drops were needed for ignition and the fresh
mixture had a more drastic effect in quenching the flame kernel. At
levels richer than stoichiometric the ignition limits become totally

independent of fuel drop size.

Subba Rao and Lefebvre give the following explanation for the
phenomenon: the total fuel contained within the spark kernel can
produce local mixture strengths that are close to stoichiometric and
hence more conductive to ignition. The authors postulate that under
these conditions an increase in droplet size, with consequent
decrease in surface area per unit mass of fuel and fuel evaporation

rate, will actually improve combustion (see fig. 2.1).
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Lefebvre (13) in a theoretical model has also speculated that the
minimum ignition energy is affected most by droplet sizes, air
velocity and air-fuel ratio. He developed expressions for the ignition
of both stagnant and moving mixtures of air and fuel.

Elwakil et al (14) in their study of core and peripheral temperatures
of an evaporating droplet subjected to convection, declared that their
measurements show no significant differences between these two
temperatures, even during the initial transient heating period. These
authors' observations revealed the existence of internal circulations,
which imply that the assumption of a uniform temperature may be

realistic during droplet convective vapourisation and for combustion.

Be'er and Chigier (135) reported that tests performed on evaporating
monodisperse droplets had shown that they obey a law which
confirms that the square of the droplet diameter varies linearly with

time and obeys the relation:
t= -4 (dm/dt)/mpd

which means that reduction of d? is directly proportional to time.

The above equation holds true until approximately 90% of the fuel is
burnt, which is taken to be an indication that the combustion of the
volatiles is completed and the heavy hydrocarbon residuals have begun
to burn. The significance of this relation is that it gives a very
positive indication of the effect of the initial droplet size on burning
time or evaporation time. The gradient of this relationship for the
residual heavy fractions is less than that of the bulk combustion

gradient.
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Williams (16) (17), Agoston et al.{(18) and Sjognen (19) have given
data confirming the variation of the extinction velocity with droplet
diameter, and although Williams (20) points out that there is an
uncertainty about the interpretation of the data, yet he confirms that

their relation between extinction velocity and droplet diameter

o i 1/2
appears to be valid, viz. Ve o d,

Williams goes on to say that imm droplets have extinction velocities
of about 50 cm/s in air and this implies that extinction velocities for
droplets of about 100 um diameter burning with air in a spray would
have an extinction velocity in the range of 5 to 10 cm/s. The
extinction velocity drops to zero when oxygen content drops to
between 14 and 16 mole %.

Williams also reports that a number of studies have been under taken
to obtain information on the drag coefficient of evaporating and
burning droplets which have been restricted to pure relatively
volatile fuels. He summarized the findings as follows :

0< Re< 80 Cd - 27 / Re 984

80< Re<10* Cd 0.271 Re 9-217

10 < Re Cd = 2

The author asserts that in practical terms in the combustion of light

fuels the (d 2 ) law is sufficiently accurate for design purposes.

Putnman (21) has proposed the following expression for the standard

drag coefficient of a sphere for Reynolds numbers of less than 1000:

Cd x Re/24 1+ Re?3 /6
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Faeth (22) reports that this expression has been used extensively by

other researchers.

Ranz and Marshal (23) correlation for evaporative mass and heat

transfer is also frequently used by many researchers:

Nu = hDk =2+03Re'2[Pr'3 8§c1B]

where

k is the thermal conductivity of surrounding fluid.
Re is the Reynolds number

Nu is the Nusselt number ( heat or mass transfer )
Sc is the Schmit number ( mass transfer)

Pr is the Prandtl number

2:1.3. Effect of fuel properties and manifold geometry.
A major parameter in gasoline specifications is the volatility, which
determines vapour pressure and specific gravity and is controlled by

the recovered volumes at specified temperatures.

Petrol (motor gasoline) contains three different categories of
hydocarbon -- paraffins, naphthenes and aromatics. Although it is
generally accepted that specific gravity is the principal factor which
determines volatility this is not absolutely correct. The highest
gravity among the above mentioned groups is that of the aromatics
and varies between 0.860 to 0.885; the average gravity of naphthenes

is 0.770 and the average gravity of paraffins is 0.771 .
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Ricardo (2) established that the aromatic content could be taken as a
more appropriate measure for volatility despite the fact that the
gravity of the aromatics is the highest of the three groups. Ricardo
confirms that the highest power and efficiency is obtained by
maximizing the aromatic content of the fuel, which is mainly
attributed to the lesser tendency to knock and the reduced need for a

higher compression ratio.

Restrictions on exhaust emissions introduced since 1970 have
resulted in general engine modifications and consequent change of
vehicle performance. These changes, although effective in improving
general economy as well as emissions, did not result in specification
change for specific gravities. Little information is known on the
correlation of specific gravity with fuel economy. Most of the
literature available is related to richer than stoichiometric levels.
Caddock (24) expects a similar dependence on specific gravity to
apply to the economy of lean burn engines, operating in conjunction
with improved mixture preparation and modified ignition systems,
providing good distribution of the fuel mixture exists and an
appropriate fuel is used, having suitable aromatic content and

distillation range.

Goodger (25) has shown that sharp bends give better uniformity of
mixture than do smoother bends with large radii of curvature. With
the gentle bends it has been found that heavier fractions deposit on
the outer wall due to centrifugal force and this may also occur due to

the decrease in velocity of the gas stream, the heavier the component
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the earlier it will be deposited - (ibid). The fuel reaching the inner
wall of a sharp bend or elbow has the tendency to be thrown into the
main stream as droplets. Basically the change of radius of curvature
weakens the effect of surface tension and hence it may result in the

rupture of the film and subsequent formation of droplets.

Andreussi and Azzopardi (26) refer to the work of James et al. (27)
who concluded that eddies in an airstream only affect droplet sizes
below 80 um. This point, if proven, true could be very important in
the study of combustion variables, because it will determine the
maximum size beyond which attempts to improve fuel/air mixture in
the manifold will not be productive of any substansial effect. On the
other hand turbulence is needed in internal combustion engines for

flame propagation and good fuel/air mixing.

The rate at which droplets evaporate affects not only the combustion
characteristics of the charge but also the emission of unburned
hydrocarbons and, indirectly, of carbon monoxide and oxides of
nitrogen. All these products are damaging to the environment and are
the subject of regulations to limit their emission in most countries

of the world.

2.1.4. Sources of emissions from spark ignition engines.

Heywood (28, 29), the sandia report (30) have reviewed work on the
sources of unburned hydrocarbon and other emissions. They report
that liquid fuel and unburned charge may accumulate in crevices such

as the small volume, between:
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1- piston rings and cylinder walls
2- threads around the spark plug
3- space around the plug centre
4- intake and exhaust valve

5- cylinder head and head gasket

Gas flows into and out of these crevices during the course of the
engine operating cycle. The largest of these crevices are the volumes
between the piston, piston rings and cylinder wall. Some gas flows
from there to the crank case and is referred to as the 'blow-by'. The
total crevice volume is a small percentage of the swept volume, but
during compression, unburnt mixtures are forced into these crevices.
Since these volumes are thin, they have a large surface/volume ratio
which extinguishes combustion. When pressure drops in the cylinder
these gases will flow back out of the crevices and are the major
contributing factor to wunburnt hydro carbon emissions. The
re-expanded gases also contribute to replace air or air/fuel mixture
in the fresh mixture and results in loss of power and efficiency.

The thin film boundary layer (some times termed as the quench layer)
plays an important role in the heat transfer to chamber walls and in
hydrocarbon emissions, is thickest during the latter part of the
expansion stroke, and is scraped off by the action of the piston from
the walls. It is then entrained by the combustion products and
exhausted to atmosphere. It is reported that the mass of gas in this

boundary layer can exceed 30 to 40 % of the total charge.
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2.1.4.1 Exhaust emissions and air-fuel mixture

Before the serious consequences of exhaust pollution were properly
appreciated only power, efficiency and economy were sought in
designing the spark ignition engine. The introduction of stringent
restrictions on pollutant limits have made it necessary to reduce
exhaust emissions to the minimum practical level consistent with

advancing technology.

Heywood illustrates the process of formation of the emissions in the
spark ignition engine in three stages :

1- When spark is initiated causing fuel to ignite and flame to
proceed and then quench as it reaches the wall, nitrogen oxide is
formed in the high temperature combustion products throughout
the cylinder. Carbon monoxide is also formed during the
combustion process.

2- during the expansion stroke the piston will recede and falling
temperature will stop any reaction of carbon monoxide with
oxygen (termed as freezing the reaction ).

3- the exhaust valve will then open and the gases (carbon monoxide,
nitrogen oxide and unburned hydrocarbons caused by unburnt
gases from the quench layer) will then be exhausted to

atmosphere.

A strong correlation was found to exist between the three emissions
concentrations and the equivalence ratio, see fig. 2.2, defined as the
ratio

(Actual fuel/air ratio )/(stoichiometric fuel/air ratio)

-



NO, CO AND HC CONCENTRATIONS (NOT TO SCALE)

AIR-FUEL RATIO

FUEL - AIR EQUIVALENCE RATIO

Figure 2.2., engine exhaust emissions

and fuel/air equivalence ratio
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Formation of Nox (nitrogen oxides) increases with increasing
temperature and oxygen concentration with the maximum rate
occurring at slightly lean air/fuel ratios, although a significant Nox

reduction is achieved with very lean burn configurations.

Hydrocarbon emissions decrease with increasing air- fuel ratio as the
fuel density in crevice gases decreases and the availability of excess
oxygen increases in combustion products enabling post combustion
oxidation of gas which expands out of crevices. Hydrocarbon
emissions may increase with very lean mixtures because the flame
speed is reduced and incomplete combustion causes partially burned
charges to be exhausted or the charge may misfire, when the spark
cannot ignite too weak a mixture. It has been reported by Germane et
al. (10) that considerable hydrocarbon emissions will occur as the
weak extinction limit is approached, leading to misfire and flame

propagation failures.

Multicylinder engines depend on the ability to distribute the mixture
uniformly and consistently to individual cylinders. For lean burn
engines the need to have good distribution is greater than is the case
for engines operating close to the stoichiometric air-fuel ratio,
because the effect of maldistribution is proportionally more serious

for leaner ratios.
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2.1.4.2. Measures employed to reduce emissions:

Nitrogen oxides (Nox).

Exhaust gas recirculation ( EGR ) is used for cutting down on
nitrogen oxides formation but this has led to penalties in fuel
consumption which necessitated proportional control of the

recirculating quantity.

Spark retarding also partly reduces nitrogen oxides emissions but a
more complete solution requires the use of a catalytic reactor, which
is a complex system that has to cope with carbon monoxide and

hydrocarbon emissions at the same time (3),

Hydrocarbons:

Hydrocarbons are controlled by air- fuel ratio to a point beyond which
retarding the ignition could be attempted as a second step, but even
this has to be done carefully or else it will result in more damage to

economy.

Carbon monoxide:

The emission of this pollutant strongly depends on air-fuel ratio: the
leaner the mixture the less will the carbon monoxide be and the more
fuel economy might be reached. The removal of carbon monoxide from
exhaust involves afterburning in the exhaust pipe, either thermally or
catalytically, with air injection into the reactor. The rich mixture
used and the power expended in operating the air pump will both

result in more fuel consumption.

= P



Blackmore (31) summarises the efforts employed for improvements,
that could be attained and where they are mostly required in spark
ignition engines. His table also gives an indication to the economical

feasibility of the improvements.

2.1.4.3. The lean burn approach.

Most research on spark ignition engines is currently concentrated on
lean burn engine development. The two main reasons are the
anticipated improvement in fuel economy and the likely reduction in
emissions. Another less important reason is that it is the preferable
mode for the investigation into the use of alcohols in spark ignition

engines.

Cyclic Variations in lean burn engines:

Cyclic variations are predominant in lean burn engines and more
attention is constantly drawn towards that field of research. Efforts
are however being made to stabilize the combustion process. Fast
burning mixtures do not suffer from large variations because energy
release takes place close to top dead centre, where piston velocity

and cylinder volume are changing slowly.

Generally cyclic dispersion is dependant on the homogeneity of the
Air-Fuel mixture ( drops, etc..), turbulence at the time of and within
the vicinity of the ignition process. Two main parameters greatly

influence increase cyclic variations in lean burn engines :
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1- Ignition variability which is caused by combustion starting
before +10% of the total combustible mass is burnt (10)
Variations in this region are caused by the low ignition energy,
which leads to poor formation of the flame kernel. Near the
critical flame radius, high turbulence around the spark gap at
time of spark discharge causes heat transfer out of the
developing flame kernel.

2- The other parameter is the time of spark discharge in the
compression cycle, which affects the temperature and pressure
of the mixture. These causes of variability are most difficult to

measure.

2.1.5. Effect of the liquid wall film of emissions.

Hasson (6) reported that the removal of the wall film improves the
overall performance of the engine and reduces emissions, especially
hydrocarbons. From his theoretical investigation of the effect of the
size of the liquid droplets on performance and emissions, he advises
that for optimum level of emissions, the large film droplets formed
by rupture of the wall film at valve exit should be broken down to
smaller droplets the size of 20 to 35 microns.

Hasson states that the film alters according to engine speed and
operating conditions. When the throttle is closed suddenly during
deceleration most of the film is suddenly flashed off as the manifold
pressure decreases; the additional film which enters the cylinders
passes through the engine without burning completely. If the throttle
is then snapped open, a liquid has to replace the one flashed off

before re-establishing equal amounts of fuel to all cylinders .
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Hayashi and Sawa (32) studied transient characteristics of a

carburetted engine during a gradual closing of the throttle plate. The

following was observed:

1 - Mean wall film thickness mainly depends on the intake air
velocity and air fuel ratio, its value ranging between 0.05
and 0.2 mm.

2 - Wall film rate increases proportionally with air velocity and
inversely with air/ fuel ratio.

3 - In small engines mean wall film velocity is equal to about
1 to 6 m/s. and that corresponds to 1/ 100 to 1/ 200 of air
velocity.

4 - The percentage of wall film increases with the increase in

engine speed, air / fuel ratio and intake manifold length.

Servatti and Yuen (33) studied the behaviour of liquid fuel in an
intake manifold. They assumed the film to be a couette flow at the
lower part of the pipe. They also found that the wall film decreases
with the decrease of the air velocity. Their findings also showed that

percentage wall film can be more than 90 % of the total fuel flow.

Nightingale and Tsatsame (34) measured the wall film using
separators at the branch ends of a four cylinder engine manifold
during a cold start. Their findings indicated that wall film can reach
as much as 50 % of the total fuel feed for a 50 seconds cranking time

at 2 /3 choke condition.
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2.2. Carburettor research and modelling.

Finlay et al (35), major contributors in this field of research,
measured fuel distribution in the region of throttle plate of an air
valve carburettor, and used an isokinetic probe for wall film

measurement.

Their findings were :

1- There is more concentration of droplets in the core than near the
wall and the droplets are not evenly distributed.

2- The distribution of either droplets or wall film is better
immediately down stream of the throttle plate than further down
stream or prior to the engine.

3- Drop mass flow rate upstream of the throttle plate is greater
than that down stream.

4 - Wall film quantity down stream from the throttle plate is less

than that upstream at 1500 /3000 rev/min, full throttle.

As Boam and Finlay (5) suggest in their computerized model the
reduction wall film quantity down stream from the throttle plate
agrees well with their finding that secondary atomization occurs at
by the throttle plate, with droplets being entrained into the core
flow. They concluded that for the mixture quality to be improved, film

quantity has to be reduced as far as possible.
Hasson (6) measured wall film quantities downstream from the

carburettor af a single cylinder engine, using a wall film separator to

remove the film. He investigated the effect of throttle opening,
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straight duct length and typical bends and found that the wall film is
thickest in half throttle operation, the quantity being reduced by
secondary atomisation at lower throttle openings and by reduced
deflection by the throttle plate at wider openings. The wall film
quantity was found to reduce along the length of a straight duct, due
to entrainment of droplets, but tended towards an eventual
equilibrium between entrainment and deposition within ten pipe
diameters from the throttle plate. The effect of a sweep bend of
radius to diameter ratio 2/1 was to increase the wall film quantity
by a factor of three in all but quarter throttle operation, while the

mitre bend caused a reduction of up to 50%.

2.2.2. Theoretical models of carburation.

Boam and Finlay (3) base their carburation model on a
multi-component analysis of the petrol. They reduce the 36
identifiable hydrocarbon constituents of petrol into 16, which
adequately represent the major components of the gasoline fraction.
It is worth mentioning that this model was the first model to treat
petrol as a multi-component fuel and satisfies the heat and mass
transfer equations between the three components of the fuel mixture,
the wall film, the droplets and the gas core (air and vapour).

The authors also considered the effect of adding heat to the mixture
in three different ways --- to the fuel before entry to carburettor, to
the air and to the wall of the induction pipe down stream from the
throttle plate. They conclude that the most effective application was

that of wall beating, which acts directly on the heavier components
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flowing along the wall. Application of heat to the fuel was effective
in that it caused the lighter components to flash off but its effect
died out gradually along the induction pipe.

The work of Servatti and Yuen (33), already discussed, represents an
earlier stage in efforts to produce a complete computer model and

included the effect of droplet evaporation and the liquid wall film.

2.2.3. Alternative carburettor designs, lean burn engines
and alternative fuels.

Several attempts have been made to improve the quality of the

mixture delivered by carburation systems. Harrow () reviews the

following:

1 -  Ethyl Corporation rectangular hot box.
The carburettor is sunk in the exhaust pipe cross over of the
engine, the air-fuel mixture emerging from the primary barrel
passes through the hot box . Under all driving conditions the fuel
air mixture from the secondary barrels by-passes the hot box
because a high velocity air/fuel mixture can be relied upon to
keep a good quality distribution even without evaporation. The
outcome is said to be an improvement across the full spectrum
of driving conditions. Also because the main flow of the
combustion air is not heated, therefore the volumetric efficiency
is maintained.

2 - The Vapipe.
A heat exchanger conveys heat from the exhaust system to

vapourise the fuel under all operating conditions. Because there
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is a lack of evaporative charge cooling, there is a loss of the
volumetric efficiency, to counteract this effect a larger
carburettor can be used.
The Dresserator.
This is a variable carburettor with a mechanically actuated
sonic throat, which has proven to be very efficient for fuel
atomization and mixture quality:
a - by introducing the fuel over a large surface area subjected to
sonic flow .
b- by passing the combustible mixture through a shock wave
to atomize and improve homogeneity.
c- by eliminating flow variation caused by a down stream

throttle plate .

Fuel injection :

There is a lot of controversy about the benefits of fuel injection
in gasoline engines. Generally the system operates with a low
injection pressure spraying fuel into the manifold immediately
upstream from the inlet valve of the individual cylinder, although
somewhat higher pressures are used with EFl ( Electric Fuel
Injection ) controlled systems. It is however, established that
the maximum power outputs are improved in fuel injection
systems. It is reported that the EFI manifold is better
aerodynamically because it allows better mixing than

carburetted manifolds

Mixture quality increases in importance the leaner the mixture
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becomes. Good mixture uniformity eliminates or cuts down
maldistribution and allows carburettors to be tuned for optimum
economy. For short trips fuel consumption is considerably reduced by
improved mixture quality under cold running conditions. Many devices
have been introduced for improving mixture quality on condition that

spark timing and mixture strength are optimally adjusted.
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CHAPTER 3

Droplet Formation and Two Phase Flows.

Droplets are formed by the break up of a liquid jet or sheet, or by
entrainment from a liquid surface into a passing fluid stream.
Therefore droplets will be formed at three different stages during the
carburation and ingestion of the petrol/air mixture into the cylinders
of a spark ignition engine. The carburettor (or the modern spray
injector) is designed specifically to produce very small droplets,
giving a high surface area per unit mass ratio to ensure rapid
evaporation and mixing of the fuel and air. The larger droplets fall to
the walls of the inlet manifold and stream as rivulets or a thin liquid
film and droplets are torn from waves on the surface of these liquid
streams. Finally droplets are formed from the wall film as it flows

through the inlet port and into the cylinder.

- Ve 8 Droplet formation in sprays and atomisers

Nukiyama and Tanasawa (36) made extensive drop size measurements
with a twin fluid atomizer. The liquid ( usually water) was introduced
into the air stream at a relatively low velocity. Air velocity was
varied from 150 to 1000 ft/s and the sizes of the liquid tube and air
nozzle varied from 0.2 to 2 mm and 2 to 5 mm, respectively. Drop

samples were taken on the axis of the nozzle at a distance of 150 to

250 mm. The Sauter mean diameter, d,,, was given by:

dg, = (585 Vo )/(up) + 597 (w/Veop) %4 (1000 V|/Va)1-5
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where

u = air velocity relative to the liquid (m/s)
o = liquid surface tension ( dyne/ cm )

p = liquid density (g / cm 3)
p = absolute viscosity of liquid ( Poise )

v| = volume flow rate of liquid

V, = volume flow rate of of air
For water at 15 deg. C this becomes
dy, = (16,430 /u) + 41.0 (Q, /Qg)
where

Q,, = weight flow rate of water (lb/hr)

Q, = weight flow rate of air ( air pressure = 1 atm ) (lb/hr)

u = air velocity relative to the liquid (ft/s)

The Sauter mean diamete, d32, mentioned above is defined as the
diameter of the drop having the same (surface /volume) ratio as that

of the whole spray.

Wigg (37) measured the distribution from an atomiser by using the
freezing wax method, described in chapter 4. Based on his own
measurements and the measurements of other researchers he
concluded that the Nukiyama- Tanasawa equation overestimated the
ratio of liquid to air flow. He later on developed an equation to

describe the median diameter:

dm = 0.004 Vo5 W' (14 W/A) h®' ¢ %2 p 39y !

where 7V is Kinematic viscosity m2/s
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W s liquid mass flow rate  kg/sec
h is height of air annulus. mm
p is the fluid density = kg/m?®

o is the surface tension N/m

du is the relative velocity

Mullinger and Chigier (38) made comprehensive study of the effects
of changing geometrical variables in atomizer design and the
thickness of oil film in the mixing chamber. They verified that Wigg's
equation for the determination of mean drops sizes agreed closely
with experimental results. Their tests included values of air/fuel
ratios of 0.005. Those experimental results were taken as proof that
the geometry of the atomizer plays little part in determining the
droplet size. The equation has been used to analyse sprays for many
designs of twin fluid atomiser and it has been shown that only

density and velocity change had any effect on the droplet size.

3.2. Droplet formation from a liquid surface

A major cause and source of droplet generation has been identified as
the shearing off of the roll wave crests. The idea that the droplets
are atomized into the gas flow by rupture of wavelets was thought to
be originated by Woodmansee (39), who suggested that wavelets are
caused by the imbalance of pressure variations of the gas over the
wave surface interacting with the retarding forces of surface tension
and gravity according to Helmholtz' instability criterion. He suggested
that wavelets are accelerated towards the front of the roll wave, and

while this is happening, the wave is lifted as a ligament in the form
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of an arch. The centre part of the arch ruptures while the end of the
arch, which is still attached to the liquid film, falls back into the
film. (fig. 3.1 ). Hall Taylor (40) also reported that liquid droplets
are entrained by the crests of disturbance waves which are torn off

due to the gas core.

Dombrowski (41) idealized the drop formation from aerodynamic
waves using the model shown in fig. 3.2, which assumes that waves
will continue to grow until the crests are blown off. The waves will
be broken up into half wavelengths which shrink to ligaments that
subsequently break into drops. This original speculation conforms
favorably with very recent theories of drop formation, for example it
generally agrees with Woodmansee's postulation of the formation of
droplets from rollwaves.

Zannelli (42) showed that the wave lengths which would arise in
wall film flow are within the range required by the Helmholtz
instability criterion, while Taylor (43),using a sinusoidal wave

model, concluded that large waves can occur under these conditions.

3.3. Two Phase Flows.

The flow in the engine inlet system is essentially a two phase,
multi-component flow. The general subject of multi-phase flows
received little practical or theoretical attention before the middle of
the present century, when an understanding of the generation of
steam in the riser tubes of steam-generating boilers began to assume
greater importance as power ratings and operating pressures
increased sharply. The need to ensure adequate safety margins in the

design of steam generators for nuclear power plant added to the
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importance of understanding the nature of the two-phase flow and the

energy and momentum transfers involved.

Lockhart and Martinelli (44) identified and examined six different

flow regimes illustrated in fig. 3.3 as:

1 - bubble or froth : bubbles dispersed in the liquid.

2 - plug : plugs of liquid followed by plugs ofgas.

3 - stratified : liquid and gas flow in stratified layer.

4 - Wave : gas flows on top of pipe section, liquid in

waves in lower section

5 - slug : slugs of gas bubbles flowing through
the liquid.

6 - annular : liquid flows in continuous annular ring

on pipe wall, gas flows through the centre of

the pipe.

The objective of their analysis was to provide working relations for
the momentum transfers and corresponding pressure drop encountered
in two-phase flow in circular pipes and their theoretical analysis did
not make a close examination of the physical origins of the
correlations. Indeed the basic assumption was that the pressure drop
encountered in two-phase flow could be related by a simple constant

factor, the 'Martinelli’ parameter, to that which would normally be
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expected for gas flowing in the same circumstances. The
experimental results of their work are presented in the form of a
chart which allows the numerical value of the constant to be

determined for the desired flow geometry and other conditions.

Krasikova (43) was the first to discover an eccentricity of the wall
film existed, when measuring the wall film thickness in a horizontal
pipe using an electrical resistance technique. The length on which the
wall film was measured was great and hence an average rather than a

point-wise measurement was made.

McManus (46) confirmed that this eccentricity existed and is among
the very few investigators who have examined local film thicknesses
and its relation to surface characteristics of the pipe wall. He
confirmed that the velocity profile of the core flow was influenced by
the presence of the wall film and in horizontal flows the maximum
velocity occurs at a position above the centre line. The displacement
is related to the thickness of the wall film; no correlation was

offered.

McManus also showed experimentally that the liquid Reynolds Number
varies almost linearly with static pressure drop and he used the
Martinelli Parameter "X" to prove experimentally that the ratio of
pressure drop to the total pressure drop varies almost linearly with
the parameter for the turbulent/turbulent case for high liquid flow

rates. See fig 3.4.
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An important finding of McManus is his correlation for the mean film

thickness. The correlation is:

§/D = k [( Re)2/ (Reg)® 1 pg/pL )°(hi/ng)d  wrreemmees (1)

where:

§ = Film thickness.
D = Tube diameter.
k = Empirical constant.

Re = Reynolds number.

p = Density.

p = Dynamic viscosity.
L is for liquid.
g is for gas.

a,b,c and d are exponents "undetermined in the available literature ".

Hewitt(47) who has published extensively on the subject of
two-phase flow and covers more aspects than any other author in the
available literature regarding different aspects of the annular
two-phase flow confirms that in horizontal two-phase flow regimes
liquid tends to go to the bottom of the pipe and hence film
thicknesses are higher in these regions, but he declares that for this
to be significant it might require a long tube. Hewitt also mentions
that a situation can be postulated where gas flows under shear stress
may cause a flow of liquid upwards that balances the effect of the
flow regime originating from gravitational forces. Since a thicker

film exists at the bottom, it will cause entrainment of droplets and
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eventually lead to an equilibrium situation, and redistribution on the
upper wall may also occur. He claims that it is possible to have thick
liquid films in horizontal flow at low Reynolds numbers, whereas in
vertical flow at high gas flow rates, the liquid films are extremely
thin. He confirms that naturally the wave formation leading to droplet

entrainment is greatly different in the two cases.

3.4. Droplet entrainment and depostition.

As the information on liquid film formation, droplet entrainment and
droplet deposition in a two-phase annular mist flow is important for
planning and designing nuclear reactors and steam generators Koji
Akagawa et al (48) sought to clarify some characteristics on liquid
film flow. Since it is uncommon to find a reasonable study that
investigates droplet deposition and entrainment and at the same time
discusses the variation of film thickness, their work is presented in a
very comprehensive way. They suggest a correlation for film

thickness, droplet deposition and entrainment.

Koji Akagawa et al used a horizontal rectangular channel, employed a
scoop to remove liquid film, and measured entrainment by using an
isokinetic probe. The velocity distribution at entry to the channel was
almost uniformly distributed but is gradually offset with the
increase of horizontal axial distance where liquid flow in the lower

part becomes reduced owing to :

1 - The increase on frictional resistance on the liquid face.

2 - The exchange in momentum due to droplet creation.
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3 - The effect of distribution of droplets concentration.

The velocity distribution is asymmetrical along the height of the

channel and maximises at a distance of approximately:

YH = 0.6 = =eeccceee- (2)
Y is the vertical displacement.
H is the height of the channel.

This agrees with Krasikova (45)

Koji Akagwa et al express the local droplet concentration using the

local droplet flow rate (Ggy) and local gas velocity (Ug).

C= Gpy g --reme (3)

G usually in g/s ( total droplet flow)

They compare their horizontal flow model with that of Gill et al (49)
(30) who correlated the dependance of entrainment on the axial
distance covered by flow regime. Their findings are similar, as the
entrainment showed an axial increase which reaches a fully developed
state and steadies out at a distance of approximately 5 meters.
Obviously such distances are much greater than those found in engine

intake systems.

The same authors suggest an empirical result for entrainment:

GE/GEO = 1-e -0.38 (x-a) _______________ (4)

where Gpn is Gg at a state of equilibrium and the

constant "a" depends on flow conditions and has a value of 0.22 to

0.43 . [x is the width of the channel].
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The cross sectional axial entrainment follows an exponential

distribution and is similar to what other researchers have described.

i/B d GE/dZ = WC- Wd -------------- (5)

As d Gg/dZ = zero at the fully developed region, the rate of

deposition equals the rate of entrainment.

W, (entrainment) = W, ( deposition rate)  ------------ (6)
Since the scoop removes the film there will be no entrainment:
W.=0

WelsstatleB . (dGetidZ il [ o ot dens (7)

The axial change of concentration in the vertical direction has a
similar shape independent of the horizontal position, the droplets
diffuse to the upper part of the duct and concentration increases
proportionally as the axial distance Z increases. Concentration can be

expressed by the following dimensionless equation:

(C-CHVi(Co- Cy) =fell YHIN A yyred .4} g,

where : a = V¢ H/ Ep

v =  Settling velocity could be reasonably considered

as the terminal velocity, m/ s

H is the height of the channel
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Ep ( m2/s) is the turbulent diffusion coefficient. Co, and Cy are

droplet concentrations at Y = 0 and Y = H respectively.

Koji Akagawa et al used correlations formerly used by Ueda (51),
Hewitt (47) Dallman  and Hanratty (52) for their results, and
concluded that the entrainment in the horizontal regimes is larger
than that obtained in vertical flows.

The correlations used by Ueda and Hewitt are:
(We / {Ugo vV (p pg)} -versus- Gy )
Gf (Liquid film flow rate per unit wetted perimeter)

Ugo is the gas core velocity m/s.

Pl, Pg liquid and gas densities respectively.
Although the correlation of the vertical tube cannot apply for the
horizontal tube, yet the entrainment rate can be expected to be in the

form of:

f
W, = Ugod Gt

where d and f are constants.

The liquid droplets are strongly affected by turbulent diffusivity and
by gravity. Mass transfer in a vertical direction at a height y was
assumed to depend on the product of turbulent diffusivity and velocity

owing to the gravitational precipitation .

Thus
Wc - {Ep (de/dy )}

where Ep = eddy diffusivity.

-



C = concentration.

Thus it was deduced that entrainment rate and deposition rate are

given by:
Wicy = Eo(@c/dy) yo h max.  —eceeees (14)
Wy, = U Cy= hmax. = seeeeeeeee (15)
where h max = maximum thickness
Akagawa et al. quote the relation
Ep = R (16 )

where a is a dimensionless parameter determined from

their experiment.

At the equilibrium condition when W , = W 4 then the above

equations can become:

Wc=(Uf/a) H(dC/ dY) _______________ (17)

Koji Akagawa et al concluded that:

1-  Total droplet flow rate can be represented by the following

formula:

Gg / Ggg = 1- & AR (18)

where Z is the distance from the incipient point of droplet
entrainment.

2- The following relationship between the droplet entrainment and

B0



the property (i.e assumed breadth, height, velocity and frequency

of occurrence) of disturbance wave was obtained:

We = 488x 10 ® {( B A h) /1A} Ugo S0

B is the breadth of wave in Sekoguchi's model (fig. 3.7), Ugo is

the gas velocity, | is for liquid.

The generalised form of the above equation is:

Wikl 2985005 SR £ Ue il 40,35 R o 007 101P) 58]

eg

3 - An equivalent diffusivity coefficient depending on gas velocity
and liquid flow rate (Ep) was suggested. This coefficient is
higher than the diffusivity coefficient in the single component

gas flow.

Gill et al(30) reported that the flow of entrained droplets increased
in the axial direction of the flow and that the deposition of entrained
droplets equalises with entrainment flow at approximately two

hundred diameters from point of introduction of the fluids.

A notable relation quantifying the entrainment was the correlation
by Wicks and Dukler(33): see fig. 3.6

R=(B WLEVLfvg)/(dPF/dZ)G _________________ (19)

in which the parameter R is related to the Martinelli Parameter X by:
X = Martinelli parameter = 0.069 R%-3%9  —oeeeee. (20)

W, g = Flow rate of entrained liquid.

(dPg/dz)g is the frictional pressure gradient for the gas flowing

alone in the tube.

B is an empirical constant having a value of 22 for smooth injection

89



of fluid and a value of 13 for pulsed injection.

Alexander and Coldren (34) carried out experiments on the deposition
of 27 um water droplets on the walls of a horizontal pipe. The
deposition was estimated by the rate of change of radial profile of
the droplets mass flux and determined by :

Qq.KqC

Kq = is the mass transfer coefficient

= 0.834338 X 10°% Vg 117 ccoocmcococnnnee (21)

C is the concentration of the droplets within the gas stream ( kg/m?®)

McCoy and Hanratty (55) have tried to find a general correlation
applying to both vertical and horizontal regimes. They conclude that
gravitational settling can have important effects on this type of flow
under scrutiny, yet they say that the settling or deposition could be
different from that for vertical flow regimes [an argument also put
forward by  Hewitt (47) ].

Correlations obtained from vertical flows can only be used for
horizontal flows within certain limits. Provided kg,/V, is greater
than 10, McCoy and Hanratty quote:

N = kDVPGWLE/WG """""""""""""" (22)

where ky, is the deposition rate constant and V, is the terminal

velocity.
N = Mass rate deposition per unit area

W ¢ = isthe mass flow rate of the dispersed droplets,

N



W, = is the mass flow rate of the gas.

In their analysis of the work of other researchers, McCoy and Hanratty
derived an average figure of 1.7 for the ratio of deposition rate
constant over the frictional velocity for vertical flow regimes, based
on a large volume of data. However they arrive at an important
relation, and that is the straight line relation between the vertical
and horizontal deposition constants over the corresponding frictional

velocities.

Andreussi et al (26) measured the sizes and ejection velocities of
droplets in both annular vertical and horizontal flows. The velocities
and direction of trajectories (paths) were found to be independent of
each other. The mean values of ejection velocities were related to a
model extended from James et al (27) which shows that large
droplets entrained by the gas are ejected from large disturbance
waves which are formed on the film and continue to travel at about
their initial velocity in a constant direction until they are deposited ;

a mechanism which can be called direct impaction.

It was found by Andreussi et al that the larger droplets achieve lower
axial velocities because of their shorter residence time in the flow .
The authors claim that a number of entrained droplets deposit by a
random diffusion like mechanism caused by successive trajectories
of gas phase eddies. It was mathematically represented that droplets
whose original transverse velocities were zero deposit according to
an exponential decay law, and that 20 diameters from film removal

section, it was found that deposition occurs due to droplet

- BH -



concentration through a drag coefficient, and is almost independent

of flow conditions and tube diameter.

The authors introduce the following equations:

f=.079 (pg /2pq U R) %22 F

g

But since they assume that F; is equal to 1 then the equation reduces

to Blasius equation f = 0.079 Re g -0.25

f has the usual notation of coefficient of friction.

R is the tube radius.

( where F; is a correlation factor . )

Other symbols have their usual meaning

Using the laser axial view technology the authors introduce the
following correlation for the mean droplet diameter:

Vi =11.1U Vpg/p)

*

U

Frictional velocity
= v ( £/ p )

They used U ¥ oyl (Pg/p|) to correlate the above equation .

They conclude by :

1 - Commenting on the difficulty of horizontal flow due to the
complication caused by the asymmetry of the liquid film. The
thick film flows along the bottom of the channel and that is the

main source of entrainment.

A very important remark is quoted:
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"However it has been observed that data from higher gas rates
are similar to vertical flow data for the same pressure if the
area occupied by the liquid at the bottom of the channel is

deducted from the cross sectional area.”

2 - Ejection velocity of drops is independent of the direction and
drop size.
3 - It has been found that larger drops achieve lower axial

velocities than smaller drops because of their shorter

residence time in the flow.

3.4.1. Droplet entrainment and deposition rates

Tatterson (96) asserts that no complete model exists that can
predict the rate of atomisation or drop size distribution. However he
implies that pressure variations cause waves to grow leading to the
shearing of droplets from wave crests, that surface tension is the
principal force retarding this process and that viscosity has a minor
effect. He refers to atomization from roll waves as one of the factors
which contribute in the process of making droplets. Larger droplets
will be sub divided into smaller ones depending on the balance
between normal gas forces, surface tension and viscosity of the

liquid in question. This subdivision will continue to occur until the

ratio of "gas resistance pressure" p (UG‘Ud)2 to "surface tension

pressure" (o / p) is greater than some critical value

This ratio is the Weber number

We =pg(Ug-Uq)? d/s

where: Ug = Gas velocity

= 87 =



Uq = Drop velocity
d = Drop diameter
c = Surface tension

pG = gas density

Hinze (37) found the critical value of the Weber number varies
between 10 and13 for rough pipes and 22 for smooth pipes.

Koji Akagawa et al used a model referred to by Sekoguchi (58) (see
fig. 3.7 ) to correlate the droplet entrainment characteristics which
are obtained from the experiment. The droplet flow rate created by
the shearing off from a disturbance wave by the gas stream per unit

width is expressed as:

(KBl avp izl fkgdim) " e (9)

where K1 and K2 are constants .

The passing frequency of the disturbance wave is :
Ud/ A (s') and residence time is 1/U  (s/m)

If the frequency of droplet entrainment from disturbance wave is n,

the liquid droplet flow rate W, can be expressed as:
We - {KyBK,Aa hl p[(Ug/x 1)+ (17 Ug)l n
= {K,Ky pi/a} [BAh)/A]N  wooeeeee (10)

It is clear from above that Wc is a function of B'Ahll and the

relation is shown in fig. 3.8a.
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Figure 3.6.a, Wicks and Dukler entrainment parameter.
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Figure 3.6.b., Wicks and Dukler entrainment correlation [after

Hewitt and Taylor (47).]
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Figure 3.7., Sekoguchi's Model of droplet entrainment.
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The frequency of the liquid droplet entrainment, n, is a function of

superficial gas velocity, U go

from the relation of 5[ o U 4.

go
Wc = 4.88x10 % (B Ah/A)Ugo4‘5p| _______ (11)
where the unitof W, = kg/m?s

B Ahand A arem

Ugo iS m/s

p| is Kg/md

The relation between the average film thickness h , and W, is

shown in figure 3.8b.

Evidently the value of W, is affected by the average film thickness

and the authors derived the following equation to show dependence on

h,, and Ugo

-7
WC = 45x10 hm Ugo BRI L s (12)

Koji Akagawa et al express this equation in a more generalized form

by introducing the Reynolds number of thel iquid flow to give :

= average velocity of the film

Q ¢ = liquid film flow rate

e %



The above equation can be written as:

Wec =293 X 10-5 [(Ref/ 102)3-5 (R @ .1710 5)-5.5]

g

Attempts have been made by a Japanese team, Isao Kataoka and
co-workers(sg), to investigate the major cause of droplet formation
and the size of droplets by applying empirical relations. After
surveying the work of different experimenters in the field and
examining a large quantity of experimental data they concluded that
the standard Weber criterion, based on the relative velocity between
droplets and gas flow, predicts excessively large drop sizes.
Therefore it was assumed that the majority of the droplets were
generated by shearing off from the roll wave. They show analytically
that their postulated mechanism is the dominant factor in
determining the drop sizes. Their model allows all the available data
to be correlated satisfactorily and although they produced no
experimental work of their own, they approached the problem
analytically and finally arrive at the conclusion that the diameter
largely depends on the turbulent gas flow, because the Weber number

is not a strong function of the liquid Reynolds number.
Hence in their correlation, they finally omit the dependance of the
Weber number on the Reynolds number, providing that the Reynolds

number does not vary widely.

Isao Kataoka et al quote:

We (d,n,) = 0.028 Re; *"'® Regy #°(pg/pg)'"®(ng/p)?/°---(23)
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This expression may be reduced to:

= 0.01 Reg2"3(pg/pf)'”3(pg/pf)2f3 ------------------- (24)
Therefore the recommended mean diameter becomes:
Dym = 0.016/pgi?gReq®2(pg/pf) P (ng/nf)?/® - woveeeav (25)
and the average maximum size becomes:
Dmax = 0.0316/pgi?gRe *3(pg/pg) /3 (kg/pg)-mmmmmmmmm- (26)

( The experimental data fit the log normal distribution, and

were correlated within plus or minus 40% error. )

Where:

We = Weber No.
Re = Reynolds No.
p = Viscosity.

p = Density

D = Droplet diameter.
j = Volumetric flux.

o = Surface tension.
g = Gas.

f = Liquid.
vm = Volume mean.

max= Maximum.

Azzopardi (60)gdeduced a formula to correlate the droplet size of
two-phase annular flows. He used a laser diffractor for his
experimental work, proving by comparing his results with those of
other workers that the machine gave accurate comparable results.

However the empirical formula, which has a similar form to that of
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Nukiyama and Tanasawa, has a major limitation in that it is specific
to flow situations in which drop sizes increase with the liquid flow
rate, hence the formula cannot be generalised. He concluded that
the drop sizes had been found to depend on gas velocity, which agrees
with the findings of Kataoka and co-workers. He also went on to say
that the droplet sizes depend on drop concentration but not on the

tube diameter.

Azzopardi quotes:

dgo/A= 15.4/We0-98435 G p/p Ug  -rrmeeeeees (27)

where:

d32 is the Sauter mean diameter.

= T (d3ANg)/z (d2ANy)

We = is a Weber number= pLUG2 A8, A =\olpg

U = is the gas velocity.
G g = is the entrained liquid mass flux.
o = is the surface tension.
pL = is the liquid density.
Ng = proportion of droplets in size range

The findings of Kataoka et al could be expected to be more useful,
because they could be used for general situations, since their
analysis does not apply only to any one particular mode of annular

two phase flow.
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for annular flow. [after Akagawa ]
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The literature survey on this chapter has covered the theory on
droplet formation, the behavior of the film and the way it flows and
breaks up due the action of drag force (air, gas). The viscosity and
surface tension have been shown to be the main influences controlling
the formation of the droplets and the film break up, especially at the

very initial stages.

It has also been found that most of the analyses used to describe

two-phase flow are postulations mostly based on empirical relations.
In horizontal two-phase flows it has been shown that the main source
of droplet formation is the film which runs along the wall of bottom

part of a channel or pipe.

For the flow field to reach a fully developed form, it requires lengths
of pipe or channel exceeding 200 diameters. However, at high rates of
gas flow it has been found that the horizontal and vertical two-phase
flow regimes could be described by the same empirical relations.

Inspite of the fact that trajectories and velocities are governed by
undefinable factors (random-like and eddying effects), the
entrainment of the droplets has been found to conform with the

empirical relations and mostly described by exponential decay laws.

The main fact is that the survey on this chapter has given an insight
on the behavior of liquid films and formation of droplets in two-phase
multi-component flow fields, such as that existing in the induction

pipe and cylinder of a spark ignition engine.
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CHAPTER 4

Wall film and droplet measurement techniques.

In the literature review of chapter 3 certain of the measuring
techniques commonly employed in wall film measurement have been
referred to by name and droplet size limitations have been quoted.
The principal measuring techniques will now be reviewed, in order
to clarify later details of the experimental programme and design of

the test equipment, discussed in chapter 5.

4.1. wall film measurement (47).

Since the wall films involved in most types of film flow are rather
thin (<2.54 mm) their measurement is not easy, a variety of
alternative methods have been practiced. They can be classified into

three main groups:

(a) film average method:

The average thickness is measured over a considerable length of
liquid film. This includes making an instantaneous average, obtained
over a fixed length of the film or by conductance methods where

averages over both distance and time are obtained.
(b) localised methods:

Involves techniques for obtaining a reasonably localised

measurement of film thickness without being able to obtain an

R



instantaneous value. These methods include radio active absorption
and emission, conductivity probe and capacitance measurements.
Using these methods makes it possible to obtain information on the

temporal variations of film thickness.

(c) fixed point methods:

Involves methods whereby statistical or continuous information can
be obtained at a point in the liquid film. This will include the needle
contact method, the light absorption method, the photographic

techniques and the fluorescence technique method.

4.1.1 Film average methods

Hold-up measurements
The technique consists of isolating a section of the pipeline,
draining it and then measuring the volume, normally two isolation
valves are needed for smooth control of flow. To avoid excessive
shock, the flow stream may be diverted through a by-pass. This
method neglects entrainment which renders it inaccurate at high

flow rates.

Weighing methods

These are similar in principle to the draining method except that it
is arranged to measure the hold-up in the experimental section.
Normally this method is inaccurate for vertical conditions with gas

flow.

M



Film conductance method

This depends on the conductance of a certain length of film, which
could be made conducting by adding electrolytes, and is made to
flow over an electrical insulator. Electrical connections are then
made to the length in question by inserting the electrodes in the
wall. This method has been used by many experimenters but although
the results are reproducable yet the presence of surface waves may

lead to an error thought to be in the order of 30%.

4.1.2 Localised methods:

Radioactive absorption and emission:

A radioactive substance is dissolved in the flowing liquid, the
amount of radiation detected will depend on the amount of the liquid
in the locality, and hence on the film thickness, the intensity of
radiation is detected as a function of the thickness. All radiation
methods suffer from lack of accuracy, and special attention has to
be given to safety aspects.

Conductance probe method:

Electrodes are placed in close proximity on the surface over which
the film is flowing and are connected flush with the wall. The
specific advantage of this over other methods is that it can give
limited information about instantaneous variation of film thickness
and enters the time factor into consideration. The dependence of
conductance upon the film thickness is initially linear except for

high thicknesses.



Measurement of capacitance:
Use of the capacitance method has proved difficult and it is not

recommended because corelations are geometry dependant.

4.1.3 Local measurement methods

(a) Needle contact method

When the needle is made to contact with the film, the distance
between the needle point and solid containment is noted. If no
waves exist, the first measurement will represent the film. When
waves are present , then the troughs of the waves will be touched.
The point of contact can either be determined by electrical or
optical methods. The electrical method is the more reliable and
consists of measuring the conductance between the needle tips and
pipe wall. This method can provide statistical information but it has
to be noted that it does not give continuous information about the
changes in the film. One disadvantage of this method is that contact
hysteresis might occur. (Surface tension might cause the film to
stick to the needle) resulting in more delay of signal. Another
disadvantage is that the flow must be disturbed to introduce the

contact needle.

(b) Light absorption method
The idea is to pass a beam of light and then detect its intensity on
the opposite side. The amount of light absorbed will be a function of

the film thickness. Normally special dye stuffs are added to
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increase the light absorption. The disadvantage of this method is

that wavy films cause light to scatter resulting in reflection.

(c) Photographic, shadow and Interferometric methods

The measurement is carried out in a glass section and the glass
must have the same refractive index as the flowing liquid, the
advantage of this method is that it does not interfere with the flow
hydrodynamics of the liquid film, further more it is not necessary to
add any dye material or electrolytes to facilitate the film

thickness measurement.

Polarised light.

None of the afore mentioned methods is capable of measuring liquid
films in the anticipated thickness range (10 3 to 10 “4) mm. An
optical method using polarized light is capable of indicating
changes of liquid films of molecular dimensions (10 € to 107 ) mm
has been used. It makes use of the fact that polarized light when
reflected from clean metallic surfaces is elliptically polarised
and the presence of a thin film will cause a change in the

eccentricity by an amount related to the film thickness.
Fluorescence spectrometer method

A beam of light of a given wave length is passed into the liquid

film, a fluorescing dye material is added to the liquid and the
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incident light excites fluorescence of different wave lengths. The
amount of fluorescence increases with the increasing film and can
be metered by first separating the fluorescent light from the
reflected components of the incident light by means of a
spectrometer. (See fig 4.1). Blue light from a mercury vapour lamp
is passed through a microscope illuminator, and then focused in a
conical beam into the liquid film. The circulating water contains
fluorescing dye stuff in small concentrations, which has negligible
effects on liquid physical properties and does not influence wave
formation. The incident beam will excite green fluorescence in
the film. The fluorescent light is emitted isotropically through the
illuminated region of the film and some of this light is picked up
by the objective lens of the microscope illuminator, it then passes
through the half silvered mirror and to the collimator of the
spectrometer. The spectrometer separates the green light from any
reflected blue light. A photo multiplier (substituted for the eye
piece of the spectrometer) records the intensity of light, and the
signal obtained is sensitive to the geometrical arrangement of the

optical system.

Main advantages:
Good frequency response Gives highly localised measurement
No interruption to flow

Disadvantages:

Unstable for complex geometries.



A Mercury vapour lamp G Liquid film

B Filters H Barfitt spectrometer

C Prisms I Photomultiplier

D Half-silvered mirror J Amplifying microammeter
E Objective lens K Recording oscilloscope

F Tube wall L Multichannel switch

e

{

el Y, -~~~ Emitted "~ H
*“"=*® Reflected.*"~»

Blue light == - — o — == ==
Green light

Figure 4.1, fluorescence spectrometer Method
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Adding of fluorescent stuff may be good with water but may not be

acceptable with other substances.

Many alternative methods are available for measuring film
thicknesses but none of them could be said to be completely ideal.
The fluorescence method is non-obtrusive and offers some
advantage for situations where it can be used: where it cannot, the

probe method is recognised as the best alternative.

4.2. Droplet size measurement methods. (74) (75) (76)
Three methods are mainly available for measuring droplet size and
distribution:

(@) mechanical methods

(b) photographic techniques

(c) light scattering methods.

4.2.1. Mechanical Methods

4.2.1.1 Coated slide techniques

In this technique the sample is collected on a glass slide coated
with a material which shows the mechanical deformation of the
coating due to droplet impacting. The materials used for coating
slides are either of lamp black or a white vaseline smoothed by
heating to 150 °C in an oven for three minutes, or magnesium oxide

formed by exposing the slide to magnesium ribbon. The data are
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correlated by introducing an empirical factor "the impression
coefficient", [/, such that;
| = 0.86 for 20 to 200 pm range
/
| = 0.77 (We)
where We = Weber No.

0.71 for 10 pm drops.

However, this method is tedious, and it is very difficult to get a
representative sample. Moreover, some of the smaller droplet sizes
escape being monitored and tend to flow with gas stream; smaller
slides have then to be used, which would reduce the method's
capture efficiency. Alternatively the slides may be surface coated
with a liquid coating which is immiscible with the spray. It should
not allow drop coalescence; the drop liquid aggregate should remain
stable, and should be less dense than the sprayed liquid, or else the
sample will be coalesced. Liquids which have been used include

liquid soap, castor oil and Shell Spirax Oil 250.

In such applications, a correction factor termed the flattening
coefficient is used. Oil soluble dyes are sometimes used to
facilitate size measurement. This method allows the determination
of drop size frequency distribution from the size count obtained

when the slide is examined under a microscope.
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4.2.1.2. Frozen drops in wax method.

For this technique the sample of droplets is collected by spraying
into a freezing bath, freezing the droplets into solid spheres. The
collected droplets are separated by sieving and it may be necessary
to insulate the sieving system, to keep sizes to standard level. To
escape the complications of freezing media, some investigators
have used a spray of paraffin wax sprayed at temperature above its
melting point. The droplets solidify in the cold gas stream and it
must be noted that the drop formation occurs before any alteration
in maximum temperature. This method eliminates the need for
techniques, which require a microscope to measure the drop size.
4.2.1.3. The cascade impactor

This is based on the principle that when a sample slide is placed in
the path of the large droplets, they will impact on the slide because
of their momentum, small drops will follow air stream: the air
velocity is increased successively by reducing the orifice through
which the stream is made to pass, and thus successively smaller
drops are made to impact. The relative mass impacting on each

stage can be determined by gravimetric methods.

4.2.1.4. Pulse counting technique:

Based on the fact that, voltage pulses are produced when the
droplets of a particular size, short circuit the tips of needles
across which a potential is applied. The distance between the two

needles is micrometer adjusted, the distribution of the droplets is
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derived from the relation between pulse count and separation. The
fluid in use should have a reasonable conductivity level. Again here,
a correlation factor is needed to interpret the signal pulses by short
circuiting the needle tips across two points of a droplet which do
not represent a measurement of its diameter.

This system is capable of measuring sizes in the range 15 to
100um., although the interaction between air and probe might lead

to errors.

q4.2.2. Photographic techniques.

4.2.2.1 Single and double flash illumination.

The single flash illumination technique provides photographic
information of drop sizes, using a microscope to measure the image
size. By using a double flash system it is possible to provide
information about velocity and flight angle of drops. The method
has been used for drops sizes between 5um and 1000pm and
velocities in the range from zero to 75m/s, and flight angles from
zero to 360°. The idea of the two spark system depends on two spark
sources which are fired in an optical system that focuses the light
on the test section. A camera is used to record the drop images
produced. The resultant negative can be used to measure droplet
velocity, angle of flight and size. The method produces two images
of the droplet pattern, Successive position of each drop enables the
droplet velocity to be determined while the droplet size can be

measured with a microscope. See fig. 4.2.
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4.2.2.2. Laser holography: See fig. 4.3.

Holography is the technique of recording the image of an object
using the intensity, wave length and the phase of light reflected or
transmitted by the object. Photography uses the wave length only,
while holography employs the phase content of the light. For the
purpose of holography light from a laser is normally split in two
beams, the reference beam is reflected unchanged in phase to fall on
holographic emulsion. The other beam strikes the object and is
reflected from the object to the emulsion which it reaches at the
same time as the reference beam, but the two rays are different in
phase and this causes interference resulting in a hologram of
varying illumination intensity. To reconstruct the hologram, the
reference beam from the laser is reconstructed at the same angle.
The hologram acts as a refracting screen, and behind it a wave
pattern is formed of the object originally seen in position. The
droplet size measurement is determined by relating the depth of

field of laser holography to droplet size and laser power.

4:2.2.3. Optical-Diffraction technique:

When a parallel beam of monochromatic light falls on a circular
disc or aperture a diffraction pattern is created. Some of the light
is deflected by an amount depending on the size of the disc and the
diffraction pattern is usually inversely proportional to the disk
diameter. The diffraction pattern is very large compared to the

geometric image. When a lens is placed in the light path beyond the
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disk and placed in the focal plane, then the undeflected light will be
focused at a point along the axis of the lens and the conical
diffracted light will be focused around the central spot. The
displacement of the disk will not move the diffraction pattern,
since any conical diffraction angle always ends up as the same
radial displacement in the focal plane. The diffraction pattern
produced on the screen is known as the Fraunhofer diffraction. The
light distribution will appear as a series of concentric rings,
alternating light and dark. The rings appear at different positions
for different sizes of discs, so in the case of droplets or
particles an integrated light distribution would be obtained where
by the drop size distribution could be entered. The Fraunhofer
distributions of rings of light are decreasing in light energy in
proportion to (sin x/x)2 3

The annular rings are light sensitive and the intensity of the light
falling on each is measured electronically, the allowance for the
increase in area of outer rings is made within the computer
software used to analyse the results.

The Malvern particle sizeris a commercial device which employs
the Fruanhofer fringe technique. It consists of a He/Ne laser source
which produces a continuous beam of coherent light which is
expended and collimated. The beam behaves as a high quality
monochromatic light beam with a wave length of 0.633 um. The

beam passes through the particle stream where it is diffracted and
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then passes into the receiver which comprises a single collection
lens, a photodiode detecter screen, and an analog to digital
convertor. The detector consists of an array of 30 annular detectors
on which the diffracted light falls. The computer programme which
analyses the diffraction pattern allows the user to analyse the data
directly or to fit that data to either of two accepted correlations

for the cumulative distribution of droplet or particle sizes.

4.3. Distributions employed in droplet size measurement.
4.3.1. The binomial distribution:

The commonest of many discreet types of variations assuming
random distribution of events is the binomial distribution. It has

been used successfully in a considerable variety of situations.

In the case of a stream of droplets in which all sizes co-exist the
sizes are assumed to exist in proportions of p and q, larger than a
particular size "d" and below that size respectively. If a number of
"n" drops is withdrawn from the stream, the probability of
combination would be, according to Bernoulli by the binomial
expression as:

(p+a)"
The mean number of sizes larger than "d" is "np" and the standard
deviation of the sample quality as Vnpq. The frequency at which the
(larger than size d) samples differ from p by more than +Vpg/n is
5%.
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The relations between frequency of sample quality and its
difference from the true proportions of the components in the
mixture will approximate to the theoretical relation only after a
sufficiently long time of mixing ie, the standard deviation will be

according to the Bernoulli formula after prolonged mixing.

4.3.2. Normal distribution:
It is modelled by the function:
ng= (1/V2n) exp (d-x)2/2N2)

where: x the sample mean, nd the relative frequency of size d and N
the standard deviation of a particle or droplet. The distribution is a
bell shaped curve.

The drawback of the normal distribution is that it is defined to be
finite over the interval - to +e, that means that some weight

distributions will give negative values.

4.3.3 Log normal distribution;
The weight frequency distribution is assumed to obey:
lg= 1/In(N) «V2r exp {Ind-Inx2/2In(N)?}
where: Id is the weight frequency at size d.
x is the geometric mean of the distribution and N is the geometric
standard deviation.
No values exist below zero, hence it does not give the same problem
as the normal distribution and it can account for a size weight

of (1 to 100)%. It can be represented linearly.
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4.3.4  Rosin Rammler distribution (76);
This distribution was originally developed to correlate the
cumulative distributions of size of coal particles, and has since
been found to apply to many other materials and situations: one of
the fields of application is drop size measurement. The authors
obtain the following from the probability equation (let the size
distribution be R over a certain size x):
df(X)/dx = 100n bx exp(-bx)
where n and b are constants,

1/b is a measure of particle (droplet) size present

n of the substance (fluid) being analysed.
Integration gives: R = n 100 exp (-bx)
This may be reduced to: Log log (100/R)} = const + n log x
If log log (100/R) is plotted against log x, a straight line results

with n being the slope of the straight line.
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Chapter 5.

Experimental programme and test results

5. General.

The objective of the experimental programme was to examine the size
spectrum of droplets into which the wall film broke up as it passed
through the inlet valve and entered the engine cylinder. Of the droplet
measuring techniques reviewed in the previous chapter only the
photographic method and the laser particle sizer were available and
because the particle sizer uses light diffraction as the basic
principle of its operation, it was clear that it would not be possible
to work on a firing engine, since the diffraction pattern would be
distorted not only by the droplets in its path but also by the laser
beam passing through a region of non-uniform temperature. It was
therefore decided to use the cylinder head from a single cylinder
engine and mount this on a mock cylinder barrel with suitable holes
drilled to allow the laser beam to pass through the stream of air, fuel

vapour and droplets leaving the valve port.

To reduce the danger of explosion from the use of normal petrol/air
mixture and in order to ensure that the droplets which were measured
had been formed only by the break up of the wall fiim it was decided
to inject separated wall film liquid, obtained during a previous
research programme, directly onto the walls of the inlet manifold. It
was intended that an exhauster should be used to draw air through a

carburettor and into the manifold at flow rates in the range normally
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employed in working engines; the valve gear would be operated by an
auxiliary drive and the wall film injected at an appropriate point
ahead of the valve port. Later tests were to be carried out using
petrol supplied by the carburettor in the normal way. The problems of
operating safety for the tests in which wall film and petrol were to
be used were investigated carefully and are the subject of a detailed

report attached as Appendix 1

The arrangement of viewing ports for the passage of the laser beam
was to be based on the design employed by Finlay et al (61)in their
investigation of droplet spectra immediately downstream from the
throttle plate of an air valve carburettor. This consisted of diverging
cones on either side of the test section, to contain the diffracted
beam, each termination closed by an optical flat to seal the inlet
system for vacuum operation and allow the undisturbed passage of the
laser beam. Finlay worked on a firing engine but it had proved
difficult to avoid clouding of the optical flats by droplets entering
the cones as a result of the pulsating flow. To overcome this problem
the investigators used shutters adjacent to the test section and an
"air curtain" to keep the glass clear. A rather simpler system was
designed and constructed for the present investigation, but the
experimental programme did not progress to the point where this was

utilised.
An initial series of tests was performed using air and water to

examine the general behaviour of two phase flows in a transparent

inlet system connected to the cylinder head of a single cylinder
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engine and to obtain some visual evidence of the break up of wall
films at the exit from pipes and engine inlet ports. This was followed
by steady flow tests in which the same system was fitted with a
transparent cylinder barrel to discover the likely trajectory of the
droplets within the cylinder. The work of Bican had shown that the
path of the gas flow into an engine cylinder was the same in both
steady and pulsating flow conditions and the object of these tests
was to ensure that the viewing ports would be correctly located in
the cylinder barrel of the final test rig for use with the laser particle

sizer.

Once the direction of droplet streams had been established the design
of the unsteady flow test rig and visualisation system was embarked
upon. When the details of this design had been finalised an extensive
series of unsteady flow tests was carried out in which air and wall
film were discharged through an oscillating valve fitted at the exit
from a horizontal pipe of circular cross section and the stream of
droplets passed through the beam from the Malvern laser particle
sizer. The results from these tests represent the main body of
experimental achievement: as stated earlier, time limitations
prevented any use being made of the enclosed discharge unsteady flow

test equipment with flow induced by the vacuum exhauster facilities.
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5.1. Steady flow tests using air and water.

5.1.1. Flow visualisation with open discharge.

The introductory test series referred to above was carried out using a
steady flow of air obtained from laboratory services and supplied via
a rotameter to the particular inlet configuration being examined.
Water was injected either from a spray nozzle on the centreline of
the pipe or directly onto the walls of the inlet system from radial
holes in the outside surface of an annular distibutor. The arrangement

is shown in sketch form in fig. 5.1(a).

Because the object of these tests was to gain some knowledge of the
physical nature of wall film flows the apparatus was not equipped
with sophisticated instrumentation. The system pressure drop and
total flow rates of air and wall film were measured, together with
air and water temperatures and laboratory ambient conditions.
Because the tests were carried out during the period in which the
literature on two phase flows was being reviewed an attempt was
made to correlate the present results using the methods of earlier

workers.

It was observed that the flow patterns were not affected by the way
in which the liquid was injected. The inlet system pipework was all
of circular cross section with the centreline in the horizontal plane.
At low rates of airflow the injected liquid formed a stream flowing
along the bottom of the pipe but at high airfow the liquid spread
upwards and flowed randomly in rivulets, or as a film with greater

thickness at the bottom of the pipe. The correlations in terms of the
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Martinelli parameter are shown in fig. 5.2 and indicate that the
analysis is applicable even in the short lenghts of duct which were
used in the present tests.

The break up of the wall film at exit from a plain horizontal pipe
indicated that the size of the droplets formed was related to the
airflow velocity and to the liquid flow rate. No attempt was made to
measure the size of the liquid droplets. It was observed at higher
liquid flows that a proportion the film flowing on the bottom of the
pipe tended to adhere to the lip of the pipe at exit and formed very
large drops which fell from the underside when their mass could no
longer be supported by the effects of surface tension.

When the inlet pipework was connected to a cylinder head in which
the inlet valve was held open the size of droplets was seen to depend
on valve opening and air/liquid mass ratio: small drops were
discharged at low openings. The direction of discharge was controlled
by valve opening: at very low openings the discharge was almost
uniformly distributed, but at greater openings the line was
established by the path which was followed by the main bulk of liquid
flowing along the bottom of the pipe and towards the outside of the
90° sweep bend within the cylinder head. As with the open pipe there
was a tendency for the film to follow the solid boundary at the
discharge and large droplets were seen to run along the underside of
the cylinder head.

These tests established the likely path of droplets at entry to the
cylinder, but it was judged necessary to extend the tests to include
discharge into a transparent cylinder barrel to establish the effect of

enclosing the flow.
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Figure 5.1. a

Horizontal rig for steady flow visualisation

Cylinder head Water inijection

Accryilic tubing

Cylinder confinement

Figure 5.1.b
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5.1.2. Flow visualisation with enclosed discharge.

A transparent cylinder barrel was fitted to the cylinder head used in
the experiments described in 5.1 and further tests were conducted
over a wider range of air flows, using both air/water and air/petrol
mixtures. The general arrangemet of the apparatus is sketched in fig.
5.1b. The instrumentation used enabled the same experimental data to
be recorded, but the observation of flow patterns and droplet
formation was supplemented by video-recordings. The frame
frequency of the video recorder is too low to permit the
discrimination of droplets in the flow and provided no more than a
permanent record of the direction of droplet discharge for a range of
valve positions under steady flow conditions. PIl. 5.1a and PI. 5.1b. are
photographs taken from the video screen and show clearly the pattern

of flow within the inlet pipe and the cylinder.

As in the free discharge tests it was again the case that smaller
droplets were formed at low valve openings, while the wall film
broke into a clearly directed stream of droplets for wider openings,
the size of the drops being governed by the air/liquid mass ratio and

the airflow velocity.
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Pl. 5.13
Annular flow in horizontal pipe.

Flow pattern of droplets entering
engine cylinder in steady flow




5.2. Droplet size measurement tests.

Two series of tests were undertaken to investigate the effect of
pulsations on the formation of droplets. In both cases the wall film
liquid was injected at a measured rate into the bottom of a straight
length of transparent pipe. Air was supplied from a centrifugal
blower which was capable of representing the full range of airflow
Reynolds numbers arising in the manifold of a typical spark ignition
engine from idling to full power conditions. The ratio of wall film
flow to total air flow used in the tests covered the full spectrum
reported in the literature. In the first instance the pulsating flow
was induced by means of a rotating disc at entry to the blower, while
the airflow and droplets were discharged from the open end of the
transparent pipe. The beam from the Malvern particle sizer was
arranged to pass through the core of droplet flow. The disc causing
the flow pulsations was slotted over a full quadrant to represent the
induction phase of engine cycle operation and a wide range of

rotational speeds was investigated.

In the second test series .a typically shaped valve was actuated at
exit from the transparent pipe: again the tests were carried out over
the full range of Reynolds numbers and valve speeds. The valve was
operated using a Scotch yoke mechanism which produced a sinusiodal
motion rather than the rapid lift and closure associated with
automotive valve action. The likely effects of this choice will be

discussed in a later chapter.
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5.2.1. Disc valve tests.

For these tests air was supplied from a low pressure blower to a
horizontal straight pipe representing the manifold. Wall film liquid
was introduced through a hypodermic tube lying on the inner surface
and flow pulsations were imposed by rotating a disc over the inlet to
the blower. A kidney-shaped hole cut into one quadrant of the disc
simulated the breathing operation of a four stroke engine. The
rotational speed of the motor driving the disc valve was controlled by
a thyristor and the speed of rotation was determined using a
stoboscope. The Malvern particle sizer was set up using the 600mm
lens. The number of droplets formed due to pulsations created at inlet
to the blower was insufficient to give the levels of obscuration which
are normally regarded as necessary to ensure 'good' results and tests
were carried out using a closely seived size range of silica sand
particles falling through the laser beam at similar obsuration levels.
The results of the sand particle tests showed that the particle sizer

was producing accurate results at these low obscuration levels.

5.2.2. Inlet valve tests.

The facilities used for these tests are indicated in the accompanying
photographs, Pl. 5.2a and Pl. 5.2b. Preliminary steady flow tests were
undertaken using a number of fixed valve positions before proceeding
to investigate the size of droplets formed in the full range of air and
film flows and valve operating speeds which represent engine
operating conditions. In the steady flow tests the presence of the

valve gave rise to significant droplet formation only at low valve
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openings: with the valve in operation and creating unsteady flow
conditions a wide range of droplet sizes was produced and it was
found to be necessary to use the 800mm focal length lens in the
particle sizer to ensure that larger drops were correctly identified. In
many instances tests were repeated to ensure that repeatable results

were being obtained.
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5.3. Results.

The results of the tests described above are presented in tabular and
graphical form in tables 1 to 8 and figs. 5.2 to 6. The initial steady
flow tests did not include any measurement of droplet sizes but show
that the data for two phase flow can be correlated using the approach
of Lockhart and Martinelli, despite the undeveloped nature of the flow
in short pipe lengths. Fig. 5.3 shows the effect of airflow Reynolds
number upon liquid droplet entrainment in the free discharge
conditions of the steady flow air/water test rig, demonstrating that
the rate of increase of entrainment decreases logarithmically
towards a constant value at high rates of core flow. The later tests,
in which droplet size measurements were taken in steady flow
conditions, show that roll wave shearing of the wall film did not
produce measurable droplets in the range of Reynolds numbers and
air/film mass ratios representing steady flow in the intake manifold.
The results for pulsating flow induced by the rotating disc valve
indicate that pulsations increased the extent of roll wave shearing to
the point where droplets were produced in small numbers, while the
tests in which a representative engine inlet valve was operated at
exit from the pipe show that a very wide spectrum of droplets was
produced. Supporting evidence was provided in a series of
photographs, from which the presence of large droplets is clearly
evident and it is also apparent that the wall fiim may follow the
geometry of the pipe exit to form very large liquid drops, particularly
in the conditions of relatively high film flow which would correspond

to cold start-up of an engine.
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Pl. 5.2a.
General view of Malvern Particle
Sizer and Inlet Valve

-

Pl. 5.2b.
Inlet Valve and Actuator



The significance of the findings from all the tests which were carried

out is discussed in the following chapter.
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CHAPTER 6.
DISCUSSION.

6. General.

The literature survey has demonstrated that up to 50% of the total
petrol which is carburetted into the cylinders of a spark ignition
engine may be streaming on the walls of the inlet manifold rather
than air and petrol vapour mixture, or being carried as small droplets
entrained in the core flow. The wall film hydrocarbons comprise the
'heavy' aromatic components of the original petrol, with an average
specific gravity of 0.86. The size of droplets into which the liquid
breaks up will have a vital influence on the power output and
emissions from the engine and on cycle to cycle variations in cylinder
performance, yet no research has been reported which investigates
the spectrum of droplet sizes or their dependence on operating
conditions. The present work was undertaken to assess the
contribution which the wall film might make to unburned hydrocarbon
emissions from spark ignition engines and determine the distribution

of droplet sizes formed as the film passes through the inlet valve.

6.1 Literature survey.

The literature survey revealled that most investigations of two phase
flow relate to vertical transport with fully developed flow and that
the annular flow met in the inlet manifold of a petrol engine is only

one of a wider range of two phase flows situations which might arise.
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The main conclusion to emerge from the small number of papers
dealing with horizontal flow was that empirical relationships
deduced from the correlation of vertical flow test results could be
applied successfully to horizontal flows only when the Reynolds
number of the core flow exceeds 5000 and the gas/liquid volume flow
ratio is greater than 2000. The establishment of fully developed
annular flow is recognised as requiring a pipe length of up to 200
diameters. This means that the expressions for pressure drop and the
rates of entrainment and deposition of liquid droplets which are
accepted in the literature will not apply in an inlet manifold, which is
typically no more than 10 pipe diameters in length downstream from
the carburettor with up to three 90° bends in the flow path, including

the geometry of the inlet valve port.

Nevertheless, the computer model of carburation by Finlay and Boam
gives a useful indication of the relative proportions of the mixture
which will enter the engine as air/vapour mixture, entrained droplets
or liquid film. What it does not attempt to predict is the size
distribution of droplets entering the cylinder after passage through
the inlet valve, nor has it made any allowance for the effect of bends

in the manifold.

The evidence of Peters and Quader or of Mizutani and Nakajima clearly
shows the important effect of droplets of liquid fuel on cylinder
performance through improving combustion characteristics, while the
predictions and experimental results of Hasson provide a clear

explanation for the effect of large droplets on emissions and the
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same author attributes cyclic dispersion to the irregular break up of

the wall film.

The literature contains no direct evidence to link cycle to cycle
variations in cylinder performance with the droplets formed from the
wall film and both the size distribution of these droplets and the
cycle to cycle consistency of that distribution remain important
unknowns preventing a fuller understanding of the performance and

emission characteristics of engines.

6.2. Flow visualisation tests.

6.2.1. Open discharge tests.

6.2.1.1. Open pipe discharge.

The main objective of the visualisation tests was to obtain evidence
of the nature of two phase flows within the inlet manifold and of the
manner in which the wall film broke into droplets as it left the valve
port. Despite the steady flow nature of these tests the results were
indicative of certain aspects of the later findings. The low level of
visible droplet entrainment from the wall film was verified later, in

the tests where droplet sizes were measured (see section 6.3).

The attempted correlation of the flow and pressure drop results
obtained during these early tests showed a logarithmic dependence of
the Martinelli parameter on the corresponding Wicks and Duckler
parameter. Fig. 5.3 shows the effect of droplet entrainment from the
walls, indicating that entrainment increases with Reynolds number

but at a rate which decreases logarithmically. The close correlation
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of these results is of little general value because it relates only to
the fixed geometry of the pipework used in the tests. However the
findings are in agreement with those of earlier workers, such as

Alexander and Coldren.

In the very late stages of this research a model for entrainment by
Azbel and Liapis (62) was found. These authors applied the
Navier-Stokes and continuity equations to both phases and obtained a
dimensionless correlation using similarity techniques. They
demonstrated that their solution was capable of correlating their own
experimental results. An entrainment example was calculated using
their method and compared with another model of entrainment
originally by Paleev and Flippovich (63), discussed by Hewitt and Hall
Taylor (47) The comparison produced encouraging results. Details of
the two models are in Appendix 3. A new correlation line for petrol
and air was assumed to lie between curves for the alcohol/air and
water/air mixtures , fig. A3.1, and an egation for the petrol film is
suggested in terms of the parameters used by these authors. In the
present situation this correlation suggests that approximately 40% of
the petrol will be entrained, a figure which compares well with the

values obtained by Finlay et al. in their carburation model.

6.2.1.2. Fixed valve at exit.

The use of a fixed valve at exit from the pipe system and the cylinder
head showed that small sized droplets were formed only when there
was a high rate of shear between the wall film and core flow, as

occurred when low valve openings were employed. These tests also
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indicated the possibility that large droplets will be formed and enter
the engine during the part of the induction stroke when the valve is
fully open. The way in which very large droplets were able to form
and remain attached to the underside of the cylinder head is
attributed to the steady flow nature of the experiment. In those tests
where the valve was actuated in the normal way the formation of
such large droplets took place over several cycles of valve operation
(see 6.3) and cannot represent what might happen in an engine
cylinder, where any liquid which flows across the valve seat and
remains attached to the underside of the cylinder head will get

evaporated off during the working stroke.

The direction of liquid flow out of the valve port with the valve fixed
in position was shown to depend on the mass ratio of gas to liquid and
on the valve lift. As stated above, small droplets were formed at low
valve lift when a high rate of shear existed between the fluid phases
at the valve throat. In this situation the droplets were discharged
almost uniformly in a conical pattern, but as the valve lift was
increased so the droplet stream was discharged closely in a single

direction.

6.2.2. Closed discharge tests.

Many of the observations made in section 6.2.1 apply to the tests
conducted with a transparent cylinder barrel attached to the cylinder
head. The general behaviour of the steady two phase flow in the

manifold was unchanged and the discharge of gas and liquid from the
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valve port behaved no differently at corresponding conditions.

The presence of the cylinder wall caused the larged droplets formed
at the valve port to break up further upon impact with the wall.
Whether the presence of a piston reciprocating in the cylinder and
moving away from the cylinder head as the droplets were discharged
would have changed this situation would depend on the relative
velocities of the piston and the droplet stream. Individual droplets
cannot be seen in the still photograph taken from the video film, since
the frame speed of the video camera is too low to capture the image
of a rapidly moving droplet. No attempt was made to measure the
droplet velocity, so it cannot be said whether droplets might impinge

on the piston crown.

The main droplet stream was observed to leave in a direction which
did not vary greatly with conditions, except at low valve openings,
and it was this direction which was chosen when the location of

viewing ports was selected in the design of final test equipment.

6.3. Steady flow roll wave shearing.

As stated in chapter 5 the test equipment used to conduct the
pulsating flow tests was first used to try to measure the size of
droplets produce by roll wave shearing in steady flow conditions. The
measurements were made with the laser beam traversing the stream
at exit from the straight length of transparent pipe and the wall film

liquid was injected from a single hypodermic tube lying on the inner
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surface at the bottom of the pipe. The available range of air and liquid
flow rates enabled all the normal flow situations observed in the
visualisation tests to be represented. By a suitable combination of
flows it was possible to achieve distribution of the film around the
complete periphery or to obtain a liquid stream in the bottom of the
pipe to represent the conditions which had been observed at exit from

the 90° bend of the cylinder head valve port.

Obscuration data for the particle sizer in these tests indicated that

no droplets were actually being entrained.

6.4. Pulsating flow tests.

6.4.1. Disc valve tests.

The arrangement of the test apparatus was described in chapter 5.
The inlet to the blower supplying air to the acryllic pipe was covered
by a rotating disc in one quadrant of which a kidney-shaped hole was
cut so that air flowed through the system in much the same pulsating
manner as found in the engine inlet manifold. Tests were carried out
over the range of airflow Reynolds number and air/film mass flow
ratios which is met in the inlet manifold of an engine. It was found
that the rotational frequency of the disc had little effect on air flow
rate from the blower and this was controlled by adjustment of the
blower discharge valve. Some roll wave shearing was observed. The
laser beam was adjusted to pass through the entrained droplets while
the remainder of the film dribbled vertically down from the open exit

of the horizontal pipe.
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Obscuration data for the particle sizer in these tests showed that
very few droplets were being entrained. Operation of the sizer at
these levels of signal is not recommended and reference has already
been made in chapter 5to the checks which were carried out using
fine silica sand and glass beads at similar obscuration levels to
ensure that the particle sizer analysis was giving credible results. In
this situation comparison with the solid particle results showed that
analysis by the log normal distribution gave more representative
results than the RosinRammler distribution. Repetition of the
readings showed that it was essential to clean the lenses thoroughly

to eliminate erratic results.

Figs. 6.1a to 6.1i show the effect of air/flm mass ratio on droplet
size for a range of Reynolds numbe, indicating that there is a steady
reduction as the proportion of liquid is reduced but little change with
increasing frequency of disc rotation, which corresponds to the
frequency of pulsations in the flow. The results from the complete
series of tests using the rotating disc are shown in fig. 6.2. These
tests were carried out over a wide range of Reynolds number, valve
frequency and air/film mass ratio and when lines of approximately
constant air/film ratio are drawn it is clear that this parameter has
great influence on the size of droplets produced, particularly at
higher Reynolds numbers. In general it may be said that droplet size
reduces as air/film mass ratio and Reynolds number increase. It has
already been observed that disc frequency has little effect on air

flow: it is apparent that it had little effect on the size of droplets.
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6.4.2. Inlet valve tests.

The results from the tests which were conducted using the system
described in 5.3.2 are shown in fig. 6.3a to 6.3i and plates 6.1 and 6.2a
to 6.2h. The plates show very clearly that the high rates of shear
acting on the liquid during unsteady flow through the inlet valve
produced high concentrations of droplets, many more than were
produced by roll wave shearing. Obscuration levels for signals
analysed by the particle sizer were always within the acceptable

range.

In these tests the airflow was measured using a viscous flow element
and the rate was again controlled by use of the blower discharge
valve. The airflow rate was not greatly influenced by the frequency
of operation of the inlet valve, although a slight reduction in flow
was apparent when the valve oscillated at the frequency which

excited weak pressure waves in the blower and pipework.

At a fixed valve frequency, for which typical results are shown in
figs. 6.3e and 6.3f, the particle sizer results indicate that there is a
small reduction in Sauter mean diameter of droplets as the air to
liguid mass ratio is increased. Such a result would be anticipated,
since the shear forces will remain of similar magnitude, due to the
fixed airflow rate, while the liquid film becomes thinner and, in
accordance with the theories of droplet formation which have been
reviewed, smaller diameter droplets form from the sheets and

ligaments of liquid on which these forces act.
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The spread of results about the mean lines shown in figs.6.3a to 6.3i
gives an indication of the accuracy and repeatability of the tests. The
use of a semi-logarithmic plot follows the practice of previous
investigators in the field of two phase flow. In a number of cases it
is apparent that the results are very repeatable, yet there are
instances where the Sauter mean diameter measured at similar

air/film flow rates varies from approximately 75um to 150 um.

The occurrence of these data would be more readily understood at
higher rates of air/film flow, where it was found that the discharge
of droplets was visibly and audibly inconsistent from one cycle to the
next. Consequently it was necessary to use a long scan interval to
obtain average readings from the particle sizer. The visualisation
tests had shown that there is no continuous film or flow of rivulets
at low rates of liquid flow and consequently there are occasions when
there is no liquid in the region of the inlet valve at the time when it
opens. A similar situation was apparent at the valve frequency which
corresponded to the natural frequency of waves travelling in the
system, referred to above, but this was approximately 400 rev/min
and the discrepancies in the results shown in fig. 6.3b are not

especially marked.

The above observation may be the key to understanding the origin of
cycle to cycle variation in cylinder performance. Fig. 6.4, taken from
an internal report, shows the way in which the variation in cylinder
pressure was affected when the wall film was removed immediately

downstream from the carburettor of a four cylinder engine. If the
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actual quantity of wall film entering the cylinder varies from one
cycle to the next, or if the size spectrum of droplets into which the
film ruptures varies from cycle to cycle, then it is evident that the
cylinder performance will change. In the present tests the varying
quantities of film arriving at the inlet valve during operation in high
air/film flow conditions led to the discharge of a varying mass of
droplets from cycle to cycle, but the method of particle sizer
analysis which was employed gave no indication of the consistency of
the size spectrum since the sample was scanned over a large number

of cycles.

The complete set of results for unsteady flow through the operating
inlet valve is presented in fig. 6.5, where the Sauter mean diameter of
the droplets is plotted as a function of the air/film mass flow ratio.
Attempts to superimpose lines of constant Reynolds number were
abandoned when it was shown that this parameter has little
significance. The equally negligible effect of valve operating
frequency has already been discussed in relation to figs. 1a to 6.1i.
The effect of air/film mass ratio is more important, but a six-fold
increase in the value of this parameter produces only a 30% reduction
in the Sauter mean diameter of droplets over the full range of tests
conducted with the induction valve mechanism in operation. These
results indicate that the Sauter mean diameter will be greatest in

conditions which produce the largest quantity of wall film.

If it is assumed that use of the choke in cold starting leads to an

overall air/fuel mass ratio of 10/1 then the 50% of total petrol in the
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wall film found by Nightingale and Tsatsame corresponds to an
air/film mass ratio of 20/1. This is lower than the minimum value
used in the present tests, but extrapolation of the least squares mean
line of fig 6.5 would indicate that the Sauter mean diameter of
droplets in these conditions would be approximately 150um. In half
throttle operation the wall film quantity has been reported as 25% of
total petrol. Assuming that the engine is running with an air/fuel
mass ratio of 16/1 in these conditions then the air/film mass ratio
would be 64/1, which is still less than the minimum of the present

test range.

6.5. Droplet size distribution.

Observation of the droplets streaming through the path of the laser
beam, which illuminated them sufficiently to be visible to the naked
eye, showed that there were substantial numbers of large drops
present in the stream. The series of photographs taken with flash
illumination against a dark background confirmed the existence of
these drops and also showed how the size distribution varied as the
valve opening increased. These photographs are shown in plates 6.1a
to 6.1h and it is apparent that in the early stages of valve opening the
drops which are formed are very small. As the valve opening
increases so the size of droplets increases until, with the valve in
the fully open position, the indication is that droplets are being
formed principally by the action of roll wave shearing within the
manifold. Thus the spectrum of droplets changes continually with the

motion of the valve and the long term average which the particle
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sizer recorded over 0.3 to 0.5 minutes will be the true average for any

one cycle of operation.

The photographs referred to above were taken to verify the existence
of large drops, since it is possible for the evaporation of liquid from
a droplet surface to produce a surrounding cloud of vapour which
diffracts the laser beam to produce a false image on the receiver of
the particle sizer, which the instrument interprets as caused by a

larger drop.

6.9.1. Effect of the valve operating mechanism.

The valve was actuated by means of a Scotch yoke mechanism, which
acts as an eccentric and therefore opens and closes the valve more
slowly than would the cam of an normal engine inlet valve. It may be
expected that the droplet distribution would be similar for a given
valve opening and air/film mass ratio, but the very rapid acceleration
which is characteristic of engine valves would reduce the proportion
of time for which small flow cross sections exist in the complete
valve motion cycle. The photographic evidence suggests that a
correspondingly higher proportion of the cycle time would be in the
conditions where larger droplets were formed by the reduced shearing
effects at greater valve openings. It is therefore possible that the
normal engine valve mechanism will cause an even less desirable

spectrum of droplets to be formed from the wall film liquid.
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6.6. Effect of wall film droplets on unburned hydrocarbon
emissions.

Use of the model independent analysis to obtain the distribution of
droplet diameters showed that the large droplets accounted for a high
proportion of the total mass and that the overall size distribution
was bimodal. This implies that if either the log normal distribution or
the Rosin Rammler distribution is assumed as the basis for the
analysis of the diffraction pattern then the mean value which is
calculated will be larger than that which would be obtained from the
model independent analysis. The consequence of this will be to
suggest that a greater proportion of the wall film remains unburned

than is actually the case.

The Sauter mean diameter values which are shown in fig. 6.5 are in
the range from 100um to 130 um and the value which Hasson's
predictions showed to be critical for complete combustion is only
35um. If the evaporation and reaction rates of the droplets during the
combustion stroke were known, then it would be possible to calculate
the additional mass of unburned hydrocarbon vapours present in the

exhaust from an engine.

Using the 'd?' law for burnout time, discussed in chapter 3 it may be
predicted that only 18% of the wall film liquid will be combusted. In
cruising conditions, when perhaps only 1% of the petrol enters as wall
film liquid, then some 0.8% of the total petrol mass will be emitted
as unburned hydrocarbons. This has to be put in the context of a

typical cruising air/fuel ratio of 16/1 and leads to the conclusion
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that some 0.05% of the emissions will be unburned hydrocarbons
coming from the wall film, ie. 500 parts per million. The situation
will be markedly worse when greater proportions of the petrol enter

from the wall film, as in cold start conditions or slow moving traffic.

The figure of 500 parts per million is typically quoted for engines
operating in cruising conditions, yet in that case includes the
discharge of unburned hydrocarbons from crevices and quench layers.
Some part of the explanation for this discrepancy lies in the use of
the log normal and Rosin Rammler distributions when analysing the

results obtained from the Malvern particle sizer.

It should be recalled that the big droplets which were noted to form
around the exit piping due to the Coanda effect (sticking to the wall),
took many cycles to form and were only shed off when the action of
gravity exceeded that of surface tension. They were neither catered
for when measurement was carried out, nor in the estimation of the
unburned hydrocarbon due to the film, because it is expected that such

an effect woud not exist in a firing engine.
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Pl. 6.2a.
Valve Lift Commences
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Pl. 6.2b.
Valve Lift Continues.




Pl. 6.2cC.
Valve nears Mid-Lift

P1.6.2d.
Valve beyond Mid-Lift.



Pl. 6.2e.
Valve nears Fully Open.
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Pl. 6.21.
Valve Fully Open.




Pl. 6.2q.
Valve Approaching Closure.

Pl. 6.2h.
Valve Closure Imminent.
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(a) 2000 rev/min, 3.9 kW -- normal carburetter

-/

(b) 2000 rev/min, 3.9 kW -- separator gap | mm

Figure 6.4., Cyclic Dispersion of Cylinder Pressure
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CHAPTER 7

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

7.1 Conclusions.

5,3

The liquid wall film in the inlet manifold of a carburetted spark
ignition engine is broken into a wide spectrum of droplets as is

passes through the inlet valve port and into the cylinder.

The spectrum appears to change throughout the motion of the
valve. Very small droplets are formed at low valve openings, due
to the high shear forces between the core flow and the liquid, but
the droplet size increases with valve lift. At full lift the
formation of droplets might depend solely on roll wave shearing
from the liquid surface. Flow pulsations alone did not cause

significant droplet formation: only the shear flow at low

openings of the valve throat.

The size of droplets is controlled principally by the mass ratio
of core flow to film flow: neither core flow Reynolds number nor

the frequency of valve operation showed any significant effect

on the spectrum over the range of the tests carried out.

The Sauter mean diameter of droplets formed from the film

varies between approximately 75 um and 150 um in the

conditions which are known to exist in the typical manifold.

The literature indicates that droplets greater than 35um

diameter will not burn completely: the remaining heavy fractions

of the petrol evaporating to form unburned hydrocarbon

emissions. Using the 'd?' law for burnout time it is estimated

that a droplet spectrum with 100 um Sauter mean diameter will
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cause 500 parts per million unburned hydrocarbons to be formed
from the wall film in normal cruising conditions, where the
air/film mass ratio is known to be approximately 1600/1.

The phenomenon of two phase annular flow is too complex to
yield analytical solutions. The literature contains adequate
correlations for droplet entrainment and deposition in fully
developed flow along straight ducts but this is only established
after some 200 pipe diameters.

Entrainment increases with the core flow Reynolds number, but
at a logarithmically decreasing rate in straight ducts: the
presence of a smooth bend increases deposition; a mitre bend
may cause significant re-entrainment.

The formation of very large droplets, due to the Coanda effect
would not arise in a firing engine since their formation on the

test rig developed over many cycles.
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7.2. Suggestions for further work.

1.

The range of tests should be repeated using the equipment which
was designed during the present research programme to
investigate the spectrum of droplets entering from a typical
cylinder head with operating valve mechanism, discharging into a
representative cylinder and with the flow induced under vacuum
conditions.

The full potential of the Malvern particle sizer should be
exploited to examine the development of the droplet discharge,
using the pulsed scan facility to determine the relationship
between valve opening and droplet spectrum.

Research should be undertaken to examine suitable means for
ensuring that the wall film liquid is broken into droplets which
are below the accepted maximum diameter capable of burnout in
the spark ignition engine.

The tests should be repeated using a cam operated engine inlet
valve to determine the extent to which the rapid acceleration of
normal valve motion produces a larger mean droplet diameter.
An investigation should be undertaken to determine the extent to
which wall film is formed in spark ignition engines using

electronically controlled port injection systems.
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APPENDIX 1

Examination of safety aspects.

A1 Introduction

The hazard of explosions to human beings and to material assets
cannot be underrated. The hazards are aggravated since potentially
explosive gas mixtures do not in general signal their imminent
danger.

The main concern here is to study the concept of safety within the
aims of this research and arrive at a safe design for the rig that

will be used to cope with a fuel/air mixture.

Fires and explosions are very complex chemical reactions and it is
no surprise that not all features are well understood. Sources of
information are very scattered and some have proven difficult to
locate. Yet fundamental knowledge is needed for the present case
and the attempt made here is intended to bring about a safer
approach when dealing with the fuel air mixture which will flow in
the test rig designed to allow examination of the droplets formed

when the wall film enters the engine cylinder.
Not all combustible gas mixtures are with air, they could be with

pure oxygen, chlorine or hydrogen. If there is too little fuel the

reaction will cease because insufficient heat is produced; there is a
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minimum fuel concentration that will produce a self sustaining
reaction under given condition. That concentration represents the
lower flammable limit for a given fuel and oxidant. Compositions
containing less fuel are non flammable. At higher fuel
concentrations there is a minimum oxidant concentration under
given conditions that will produce a marginal self sustaining
reaction. The concentration represents the upper flammable Ilimit
for a given chemical composition of fuel and oxidant. Compositions

containing less oxidants are non flammable.

All gas compositions between the lower and upper limits are readily
ignited. The energy produced by the combustion reaction is minimum
at the limits and proceeds with increasing magnitude to the
maximum energy at the stoichiometric composition at which

reaction is ideally complete.

The rate at which a flame propagates through an inflammable
mixture depends on a number of factors such as the pressure,
temperature, composition, conductivity, intensity of heat generated

and type of event that caused the reaction.

A1.1. Literature.
In an experiment carried by Stull (64) on a known composition of
reactants in a gas mixture, placed in a vessel at a known

temperature and pressure subjected to a spark and observed for
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reaction (a reaction is normally identified by the production of
light, heat, often sound and a chemical analysis of the product gas) a
series of measurements carried out on methane/air mixtures at
different initial temperature and pressure produced the data shown
on fig. A1.1 . The relation between flammability and non
flammability is identified by the solid circles. The widening of the
flammable range with temperature is very distinct. The
flammability limit shrinks to zero at:

1 125 mm of mercury and 0 C.

2 110 mm of mercury at 250 C.

3 90 mm of mercury at 500 C.
These measurements will vary within one or two percent from one
investigator to another because of the uncertainty of composition

analysis.

A1.2. Burning velocity:

The flammability limits at atmospheric temperature are normally
given as volume percentage at atmospheric temperature and
pressure in the gas/air mixture. The explosive range is the range at
which an ignition source can initiate a self sustaining reaction

under these conditions.
The burning velocity is the velocity of the propagation of the flame

front with respect to the unburnt gases. If the propagation rate is

less than the speed of sound in air (subsonic) the flame is called a
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deflagration, but if the propagation exceeds the speed of sound in

air (supersonic), then the reaction wave is called a detonation.

The influence of the initial temperature can also be shown in
fig.A1.2. by Barktnecht (66), which indicates that for the lower
explosion limit gas concentration reduces with temperature and for

the upper explosion limit it increases with temperature.

A.1.3. Combustion studies

Studies have been carried out for numerous vapours in air or oxygen
enriched air. For instance, (64) quotes that 10% volume of methane
in air require 0.5 millijoules (0.0005 Ws) of spark energy to initiate
a reaction at the lower flammable limit. If the air is enriched with
oxygen, then the minimum spark energy decreases until at 100 %
oxygen with 25 % volume methane, the spark energy is about 0.01 of
the initial activation energy. This indicates the small amount of
energy required to initiate a reaction in oxygen enriched

atmospheres.

Studies on quenching distances for numerous mixtures have shown
that if the spark electrodes are too massive, or if the spark is near
a colder container wall, or if the temperature of the gas to be
ignited is too far below the reaction threshold, then the self
propagating reaction will be quenched and a self sustaining reaction

will not take place. Methane in air can be quenched in about 5 mm.
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quenching distance as shown in fig A1.3. As the air is enriched with
oxygen, at 25% by volume, the quenching distance has shrunk to 0.3
millimeters. This shows that the oxygen enrichment makes the

process easier.
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Chance and probability play an important role in the accidental
ignition case. The process may form a composition in the flammable
range, but because one or more of the necessary factors were not in
a "Go" position ignition will not take place. When all factors
confirm a "Go" condition, then an ignition will take place. Then a
process formerly considered as safe because of repeated successful
operations will become unsafe because of a concentration of the

required factors.

Al1.4 Semnoff thermal theory of ignition

"Temperature and pressure effect"

States that the rate of heat loss by conduction to the surroundings
is proportional to the difference between the temperature of

reaction and temperature of surroundings, and is represented by the

three rate of heat lines when T { < T < T 3 fig.A1.4.

Since the Arrhenius equation represents the rate of reaction, the

rate of heating is an exponential function of the reaction
temperature. With a surroundings temperature of T1 any rate of
heating less than C is cooled to A , where the reaction temperature
is stable at a temperature below ignition. With a surrounding
temperature T2 any rate of heating less than B is stablise at B .
With a surroundings temperature of T3 any rate of heating to the

right of B produces a temperature increase to ignition.



The Arrhenius equation referred to above has the form:

K (mole/s) = 2.6 x 1016 ¢ -53.700/ AT g -1

Semnoff showed that for a given temperature the reaction rate is
proportional to the square of the reaction pressure Fig. A1.5 . The

rate of the loss of heat by conduction is given by the line of

temperature T,. The rates of heating are proportional to the
reacting pressures P, < P, < P,. At low pressure P, any temperature
less than T, cools to T, where the reaction is stablised at a
temperature below ignition. At intermediate pressure P, any
temperature less than T, stablises at T,: any rate of heating to the
right of T, produces a temperature rise to ignition. At a higher

pressure P, there is insufficient cooling to prevent ignition. This

shows that pressure has an accelerating effect on the reaction rate

and also on temperature rise. Fig. A1.6.

A1.5. Auto-ignition of liquids

Liquids can be looked upon as condensed gases. Generally liquids
have some time lags before igniting and it is assumed that they need
to vapourise and mix with air or oxident to become ignited.

Auto ignition temperatures represent a threshold below which
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chemicals and combustibles can be handled safely.

A1.6. Impact and compression

Impact and compression can also cause liquids to ignite, but
because the two effects are difficult to interpret there is no
method to establish a hard and fast rule by which scientific,
decisions be made on them. The avoidance of detonation depends on
experience and smooth handling.

A1.7. Influence of volume on explosion :

The influence of the vessel on the maximum rate of pressure rise
for a given flamable gas or vapour is characterised by the cubic
law:

# 1/3
(dp/dt)pax *V'° = constant=K ,

It states that the product of the maximum rate of pressure rise and

the cube root of the vessel volume is constant . K g (barm/s) isa

specific material constant valid only for the same shape of vessel,
the same degree of turbulence of gas/air mixture, the same mixture
concentration and the same ignition source. Thus it is not sufficient
to quote the maximum rate of pressure rise , the volume must also

be stated .
Fig. A1.6 shows the effect of the violence of explosion, but it

must be mentioned that the maximum pressure is not affected by

the volume of the vessel. In this effect the volume variation is
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contrary to the pressure because the initial pressure does determine
the maximum explosion pressure that can be reached. Reducing the

initial pressure below normal pressure will correspondingly cause a

decrease in the explosion data (the pressure and dp/dt ) until

max

finally an explosion can no longer propagate.

A1.7. Influence of turbulence.

In non-turbulent conditions, the propagation of the flame is
spherical, but it is severely distorted in turbulent conditions. At
high turbulence unburned zones of the mixture are reached by the
flame much faster: the rate of a methane explosion can be increased
almost 9 fold, the maximum explosion pressure is raised by
approximately 20 % and the explosion range is widened slightly.
Bartknecht ( 65). fig 1.8a

A1.9. Effect of pipeline size.

Although the literature available indicates that no comprehensive
tests have been carried out in, yet it seems there is a critical
diameter below which autonomous propagation of the explosion is no
longer possible; all that is said about this critical diameter is that

it is in the range of centimeters.

Some critical diameters have been mentioned by Mullins and Penner
(66), put they are impractically small for present purposes and

have no bearing in the survey unless taken as a guide line to insert
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some kind of laminar flow baffle in the suggested rig to hinder the
progress of an explosion, although a wire mesh might successfully
do the job.

Mullins and Penner report that in general the flammability range
widens as the tube diameter is made wider, but the change for

diameters above 5 cm. is very small, rarely exceeding one percent.

They also report that White (67) found that the narrowing of this

range at the weak limit becomes marked. Payman and Whealer (68)
found that reducing tube diameter below 0.9 cm caused the
flammable range to narrow towards a critical diameter when no
propagation could take place. For methane air mixtures this critical
diameter was found to be 0.36 cm. and for hydrogen air mixtures it

was 0.09 cm.

A1. 10. Le Chatelier's law.

When several flammable gases and vapours are to be considered, the
explosion limits can be estimated by the application of Le
Chatelier's law, providing that the explosion limits of the

components are known.
If P is the fraction of a mixture, the lower explosion limit, Lol .,
for the mixture is:

Pa+ Pg Py

Lel o
m S R R Vol %

Lel1 Lel, Lely
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The upper explosion limit is :

Po+ Ps & P,

Uelm P

P Vol %

5 0 By
Uel, Uel, Uel;,

The validity of the law has been proven.

A1.11. Explosion prevention:

The literature has given an insight as to different methods or
procedures that are applied to prevent or soften the effect of an
explosion. These can be applied singly together according to the
discretion of the designer, considering economical limitation
without jeopardising safety. Some of these measures are listed as:
A1.71.1. Inerting:

In addition to fuel and oxidant a combustion reaction requires a
quantity of energy to initiate it, i.e an ignition source. An explosion
can be prevented by breaking this hazard triangle fig. A1.8.
Inerting of a flamable gas mixture can be achieved by replacing the
oxygen in the air by some inert gas such as nitrogen, carbon dioxide

or halogenated hydrocarbons.

The consequences of the explosion [max. explosion pressure, max.

rate of pressure increase ( dp / dt ) will be reduced to a

max ]
certain degree dependant on the type of inhibitor used. The

effectiveness of the inert gases mentioned increases in the order,
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nitrogen - carbon dioxide - halogenated hydrocarbons.

It is not necessary to replace all the oxygen in the air to exclude an
explosion. The maximum allowable oxygen varies according to the
effectiveness of the inhibitor used. In the case of propane, which is
used as a yard stick for relevant combustible gases, the maximum
allowable oxygen concentrations by volume are 11 % in nitrogen,

13.5 % in carbon dioxide and 18 % in halons.

A1.12. Pressure venting equipment.

Explosion doors, relief valves and rupture discs are employed when
it is anticipated that explosions might occur. They are set to
release the pressure before any drastic damage may be done to the
equipment. The choice of the relieving device depends on the type of
process equipment onto which it is fitted, the location and the
atmosphere where it is applied. The detailed study of these devices

and their application is beyond the scope of this survey .

A1.12. Pressure relieving area

For venting requirements, it is necessary to have a minimum venting
area requirement for a certain volume. One or more rupture discs
can be used to provide the total cross sectional area required.
According to nomograms found in the literature the advisable relief
area is approximately 1 m 2/ 100 m 3 Ludwig (69)
Barktnecht(63)
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A1.13. Explosion prevention using water:

Water can be used in spray form at a concentration of
approximately 40% by mass of the explosive mixture. The normal
procedure is to use water in spray form across the piping or channel
in such a manner that the hazardous effluent is quenched
homogeneously. However, Mullins (66) does not deny the phenomenon
of water vapour causing an explosive mixture with some gases at
some concentrations. His exact wording is quoted:

"Water is capable, under some circumstances of promoting

explosions of hydrocarbon-air mixtures rather than inhibiting them."

A1.14. Use of flame arrestors

A device which permits the flow of gases under normal or explosive
conditions, without allowing the passage of flame or gases at high
temperature, is called a flame arrestor, flame-quenching element or
flame trap. A flame trap consists of many passages of small cross
sectional area, parallel to the direction of flow and is very
effective because it presents a large cooling surface to the flame

without inflicting a large pressure drop.

The quenching of flame by proximity to solid surfaces might be
purely related to thermal effect due to conduction and convection of
heat with the result of cooling of flame gases. A special chemical
effect may also be involved where by chain carriers are destroyed

thus arresting the chemical reaction. An example of such an effect
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is the use of a narrow cylinderical tube in the feed line of a rocket
propellant such as ethylene oxide to suppress detonation completely.
It has been reported that 120 wire gauze was also used for flame
arresting early in the 19th century in coal mines safety lamps and
was only successful because of the low temperature of the mixture

beyond the gauze.

Mullins (66 )quotes Helmore (70 ) has developed a flame trap for
fitting to the induction pipe of spark ignition engines. On
investigation, Helmore found that thermal conductivity of the
material was relatively unimportant and that a bank of parallel
tubes was superior to gauzes. To insure flame arrest he concluded
that the reduction in tube length dictated a reduction in the cross

sectional area of the tubes.

It was found in flame arrestors using single layers that flames
passed through the gauze if the speed of approach exceeded a
critical value which was approximately inversely proportional to
the width of the gauze. With multiple layers of coarse gauze faster
flames could be quenched as the number of layers was increased .

It is reported that wire qauzes are capable of gquenching flames

from oil mist - air explosions. and it is also claimed that a wire

gauze could arrest detonation. (66)
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A1.15. Preparatory work before the final design of the rig.
In process systems where separators are used to separate lighter
gases from heavier ones, the separation is normally done at high
pressures. Liquid and gas separation can be carried out either at
high or low pressure. In this work the system will operate under
vacuum. To disengage the gas from liquid a specific volume and a
liquid-free height is normally required in order to minimise carry-
over. The lighter fluid is drawn off at the top, except in cases where
the separation process is incomplete. To suppress as far as possible
the carry over of liquid with the gas, a wire mesh or soft padof
spongy texture is used suitable to agglommerate liquid droplets in
the process involved. If no pad is used an extra height should be

allowed in order to get the same gas purity.

A1.15.1. Separator design.

Determination of petrol and air flows.

The cylinder head to be used in the tests is from a Ricardo E6
variable compression engine. From engine manual:

Fuel consumption varies between 0.55 - 0.64 Ib/hp h

1- relative to 1000 rev/min. X 5.9 bhp = 3.2451b/h
2- relative to 3000 rev/min X12.0 bhp =768 1Ib/h
In kilograms:

1- 3.245 Ib/h = 1.475 kg /h

2- 768 Ib/h = 3.4836 kg /h
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The stochiometric level is approximately 1 /15 fuel/air ratio by
mass
Air flow system varies between:
1- 1.475 X 15 22,125 kg / h
2- 3.4836 X15 52.254 kg / h
V olumetric flow at 60 °F (15.4 °C)

]

Density of air at 60 °F (154 °C) = 0.07635 Ib / ft. 3
Ist. limit volume in m 3/ h

22.125 X 35.310 X 0.07635/2.205 = 27 m?3/h
2nd. limit volumetric flow :

52.254 X 35.31 X 0.07635/2.205 = 63.9 m3/h
Allow 20% for excess air
63.9 X 120/ 100 = 76.68 m?3/h

SAY 80.0 m3/h
From Joshi (71)

Given Rd = V /A

0.0172 N ((p,-py )P y)

3

where V = volumetric flow rate of vapour in m /s air
A = cross sectional area of the drum in m 2
p| = liquid density in kg / m
py = vapour density in kg / m*

Take the mogas. gravity as 0.74 at 60 °F. ( 15.4 °C)
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density of mogas. at 60 °F, ie. p, =740kg/m?

density of air at 60 °F (15.4 °C) = 0.07635 X 35.31 / 2.205
= 122 kg/m?®

Take air density as 1.29 kg /m 2

70 /3600
R ra A
0.0172 X + (740 -1.29) /1.29
Take Ry = 05 B 70/3600
A X 00172 X 23.93
A B 0.0943 m?
- 0.346 m

Diameter of vessel without a pad:

Take R d as 1.3 and calculate same as above to arrive at a diameter

d of 0.215 m.
Quoting Backhurst and Harker (72)
"Vessels operating at pressures between 0 and 10 Ibf/in 2 and
temperatures in the range 600 °F to 1000 °F [ design pressure
specified as 40 Ibf/in 2 -275 kN / m? ] " Vessels operating
between -20 °F and 650 °F design temperature may be taken as
the operating temperature + 50 °F"
The vessel thickness may be approximated from the relation:
t = Pr/[S-06P]+C
Where:
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= design pressure Ib / in 2
R = Internal diameter in metres.
S = allowable working stress Ib / in 2
C = corrosion allowance in metres.
t = wall thickness in metres.

(welded joint efficiency is normally taken as 0.75 or 0.80 or
0.95). There is a minimum wall thickness beyond which the
vessel will not remain a rigid structure.

t = (R + 100 )/ 1000

= ( 254+R)/1000

For settling height L / D is normally taken in the range 4 to 5.

L could also be determined using Joshi's (71) recommendation .

The shell thickness t = 40 X 0.324 / 95¥ /[ (0.0703 -0.6) ]+C ¥
=1 cm (approximately)

This is the diameter calculated following the recommendation

of Bartknecht (65 )

¥ Is the allowable working stress for carbon steel from tables

recommended by Joshi  (71)
# Allowance for corrosion neglected because use of equipment is

expected to be short lived in the present investigation.

Calculating the thickness using the recommendation of Ludwig (70)
T =t = 6PD/S
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where P =  working pressure (Ibf/ in 2)
D = diameter of cylinder (ft)
S = allowable working stress (Ibf / in 2)
gives the thicknessas T = 6 X 40 X 324 / 30.5

95/ 0.0703
= 0. 1887 in (approximately)

Net thickness assuming joint efficiency to be 75 %

T = 0.1887/0.75X25 = 0.629 cm.

In this case one would take the thickness obtained from the first
equation i.e., the thickness of the vessel separator is 1 cm.

Figure A.1.7 shows details of the separator.
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Figure A1.10. Schemetic for flow visualisation rig
Set up of main components
Executed, checked, but not used.

(a) Cylinder & cylinder Head
(b) Induction system

(c) Effluent piping
(d) Laser path
(e) Excess air

(f) Supporting system
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APPENDIX 2.

Calculation of parameters used in experiments

1 - Core flow and film Reynolds numbers
The following equation was used to calculate the gas and film
Reynolds Numbers:

From Ludwig (69) we have :

Re = 506 Qp/dp

= 6.31 W/dp

Q = gals. / min. ( flow rate).

W = mass flow rate Ib / h

d = inside diameter inches.

1! = absolute viscosity (centipoise)
EXAMPLE:

For a flow of air of 10.5 | /sec:

R

eg = 60 X x10.5x _0.21 x0.07 19734.9

1.5x 1808 x10 -4

2 - Calculation of pressure drop to determine Martinelli parameter:

Martinelli parameter:
X= [AP_ /aPg] 12 = 0.069 Ry 039

To calculate the pressure drop, it is required to either

calculate or find the pipe flow friction factor from the Moody
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chart
APgorAP = 336f LW2(106)/d°p

e /d = relative roughness ( from chart )

f = 0.0115 [ Moody chart ]

Could be checked against Colebrook's :

1/4f = -2log4g [ (e/d)/387 251/ Ry, Vf ]

For a flow of 10.05 I/s and Reg = 20x10 3

APg = 836x10° x 0.0115 (83.35)2/1.5° x 0.07635

= 463 x 10 % Ibf/in?2

AP = 336x10°°® f  (3.078 x 3600 2.205) /1.5 ° x 62.32
fiL = 64/Re| =64 /8458 = 0.76

AP = 336x10°x076x594*/15 5x 62.32
= 861 x10 " Ibf /in 2
X = (AP /APg) '
= (861x 10711 /463 x104 ) V2 o 4312x10 -4
fg can be checked by substituting in the Stanton  Pannel

relationship:
1/Vf = 2log10RefO8

which in this case gives a difference of 10 %
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X

4312x10* = 0.069R 939 _ 23 x10°

18 points were plotted ( using the computer ) for the line fit and
the graph is shown in fig. 5.2.a . A polynomial version of the graph is
also shown , a logarithmic graph is shown for the lower part to
show the readings between zero and (2500 x 10 “'°)From the
experimental results other graphs have been plotted by the
computer, for example wall film rate versus air flow, gas Reynolds
number versus wall film rate, gas Reynolds number versus film

Reynolds number.
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APPENDIX 3.

Models to Predict the Entrainment Rate

A3.1. based on Azbel and Liapis (62)

Basically mathematical.

Assumptions:

1-
2.

The gas ( air) phase is turbulent.

The liquid ( film, Petrol ), is viscous.

The two phases are assumed to be affected by stresses
that occur at the interface.

The liquid film, petrol, is assumed to be incompressible

and described by the following equation:

dug/dt + ug dug/dxy = -1/ppdpydx; + { pe/pp (Aug/dxdxy 1+ g (1)

where

Uf-

is the velocity vector of the liquid

X; is the Cartesian coordinate vector

ps is the liquid density

p¢ is the liquid pressure

Hi

is the liquid dynamic viscosity

and g is the acceleration due to gravity.

The above is the Navier-Stokes equation written in the Cartesian
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tensor notation, so:
d?/dx dx, = d?dx?+ d?/dx? + d%/dy? + d?/dz?
and the continuity equation for the liquid is :

dug/dx;= 0 e (2)

For the gas phase a similar approach is applied, the viscous term is
replaced by the apparent turbulent stress term and the gravitational

force is neglected
du'/dt + u,' du;/dx, = -‘I/pg,.rdpg'/dxi - du;” u "/dx, - (3)
where

u; is the time averaged gas velocity vector and u," is the is the

fluctuating gas velocity vector, u, = u;+u;.The term pg'is time

averaged gas pressure.

The continuity equation for the gas is:
du/dx; = 0 e (4)

The balance of normal stress at the interface is used to couple the
liquid and gas equations which are in turn coupled by boundary

conditions as follows:

-pr+ 2upduggldxg = Py - poUg 2- o ([ IRy+1/Ry) e (5)

where the index 3 refers to the coordinate normal to the interface

and indices 1 and 2 refer to conditions parallel to the interface. The
main radii of curvature of the interface are given by R, and R,; and o

is the surface tension. The second terms on each side of the equation
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are the normal viscous and turbulent stresses, respectively.

For the shear stresses
“.f( dei/dX2 + dealdxi) = pg U2|IU3“ """ (6)
The left hand side of the equation represents liquid viscous shear and

the right hand represents gas turbulent shear.

Equations (3) and (6) describe thoroughly the two-phase motion, but
their simultaneous solution poses great difficulties. At this stage the
authors introduce dimensionless analysis by which they generate
dimensionless groups useful in analysing experimental data. The

dimensionless functions are:

Uﬁ= Ug/Vs, Ui'= ui'/vs, U =u/v

Pi= P{/AP, Pg = pg/Ap
T=th, X = x/hs, R0i= Fli/hS
V. is the gas superficial velocity; Ap is a typical flow system

S

pressure difference (eg. between the walls of a chamber, or pipe); t
is a characteristic time and hg is distance above the free liquid level.
Using the dimensionless functions in the equations above leads to
v/t 4 (dUg/dT+ vszlhs.(UfkdUﬁ/ka) =
-dp/pshg.(dpddX i+ pneve/pih 2 +(d2U/dX, dX, )= g--(7 )
Velhoo ( dUp/dX) = @ oreone (8)
v/t (dUg/dT+ v Z/hg. (UgdUydX,) =

-dp/pgh(dpy 7dX;- Ve2/ho(dU;" U, /dXk)  =memmmee (9)
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Ve/hgo (AU /dX) = 00 e ( 10)

-AP (PR)+ 1Ve/he+(2dUg/dXg)= AP(py)-pyVs? (Ug"?)- o/hg (1/Rg+1/R )

In the above relations all the terms in parentheses are of the order
unity, so in any study of the relative influence of pressure, viscosity,
surface tension, gravity and time variations , it is only needed to
consider the coefficients in front of the parentheses.Only equations
(7) and (11) need to be used for that.

Therefore

Ve/T, {0(1)}+v2/h o {0(1)} =-Ap/pv 2+{0(1)}+p v /peh 2+{0(1)}+ g--(12)

he/VgT + {0(1)}+{0(1)}=-Ap/pvs2 {0(1)} + evg/pshgVg +(0(1)}+gh /v 2

So,
-Ap {0(M)}+ pyvg/hg {O(1)} = -Ap {0(1)} - pyvs? {0(1)}-0/hg «{0(1)} -(13)
-Ap/ pfvsz* {0(1)}+ ny pghsvs *{0(1)}=

-Ap/ Pf\’sz* {0(1)}- Pg/ Pf * {0(1)}. & /Pgh5V32 ......... (13a)
In the above ,0(1) denotes that the term is of the order unity. It is
obvious from equation 12a and 13a that we have several important
nondimensional groups in the two-phase flow described by the initial

equations:

2 2 2
{Ap/ pgvs©, pehgVg , He Vs aNg, PgVs he/ Vst /g, Pg/ Pt

e A 2T



These can be written as [ Eu, Re,Fr,We,Ho, Pg/ Pf]

where
Eu = AP/ Pf"sz, the Euler number, ratio of pressure to inertial forces
Re = PisVs/ K1, the Reynold number, ratio of inertial to viscous
forces

2
Fr= Vs fghs, the Froude number , ratio of inertia to gravitational

forces

2 3 ’ ] .
We= pg“'s hsfcs' the Weber number, ratio of inertial to surface tension

forces

Ho= Vs® "hs. the Homochronity number, ratio of spatial to temporal
inertial forces

All these functions are independent except the Euler number because
it expresses the relation between the pressure and velocity fields,
once the velocity field is given the pressure is determinable and visa

versa , hence:
Eu = Eu( Re,Fr,We,Ho,pg/pf} .......... (14)

The above relationship not only hold for the Euler number but also for

any dependant quantity .For example for the entrainment coefficient
Y=X Mf/Mg,whereZ M. denotes the total liquid ( droplet) entrainment

per unit cross sectional area and time(mass flux/time) and Mg is the
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mass flow rate of gas, then:
Y = Y( Re,Fr,We,Ho,pg/pf) ......... (15)

The authors(®2) declare that experimental determination of such a
relationship presents serious difficulties, but experience indicates
that this set of dimensionless may successfully be Combined into
groups

Hence it can be written

1/2 3/2 2
A=Fr''“We pg,Re (Pf—Pg )

= (Vg gh)21(pg__ pg)eve2hy g 132 pf [(Vghe)ve 1P (pr _ py )

Or

3/2

A=vEv2po/g? {o/gaip_ pg)} F2uipp__py) e (16a)

In the above pg has been replaced by (pf__ pg )which is an alternative
definition of the Weber number.
Also

=vgro 2h2{pi_psrg 1 (17)

The authors declare that in most applications the Homochronity

number is taken as unity. Therefore’
2 DSV, L e (18)
Equation 17 may be written as
B={ /g (p_pgy)} "% /hg ---(19)
The value of factor A in equation 16 in any system is determined by

the magnitude of gravitational, viscous and surface tension forces
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during droplet generation and also determined by inertial and
gravitational forces during droplet motion in the gaseous region.
Factor B in equation 17 is determined by the relative magnitude of
gravitational, inertial and surface tension alone. Equation 15 in terms
of the two factors A and B is

VewCARBY - ¢ gl B EeE (20)

C,m and n are constant to be determined experimentally. The authors
report that the validity of the equation has been checked and tested
on various fluids and that the results correlated by a straight line

and their final correlation was as follows

Y =3.7.10 ¥ { v2v? py/9? (pf_pg)}m/{clg(pf_ pg)}1'2. hig=-2
A3.2. Basically experimental

Hewitt and Taylor(43) also report a correlation which has been
suggested by Paleev and Flippovich for liquid entrainment on which
the authors superimposed the results of Truong and Quang Minh for
water and alcohol, Cousins etal -1965, Cousins and Hewitt-1968, Gill

et al -1964 and Cousins and Hewitt-1968

Although the Paleev and FIippovioh(ea)correlation does not include
the effect of the diameter it has been included to provide a means of
comparison and because of the very limited progress of analysis and

correlation in this field.
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quantities:
1 - g =9.82 m sec?
2 - vi= 1.6"10 6 m2sec™]

3- Vg=36.6 m sec”]
4- pg =129 kgm -3
5- p; =820 kg m 3
6-c =2.4.10-3 N m-1

7-hg= 1.375+ 2.54:10 "2 m

Substituting in above correlation Entrainment factor =1.74Kg/kg /m?

Weight of air passing /h =9.58«10 4 ,36.6 +.1.29 =162.83 kg/h

Entrainment quantity for this mass flow= 0.27138

a typical example of one of the liquid flows is 0.7236 kg/h

therefore entrainment % 0.27138/0.7236 37 %

The Paleev and Flippovich correlation has been used for the same
conditions to estimate the discrepancy between the predictions (see
fig. A.3.1.)

Data from Troung Quang Minh (73) plot and ibid- 1965.

Extarpolation was first attempted from the water results , processed

through the computer and best fit was correlated into the following:

y (1-E) = 1.4445. x -0.2667

where

x = Paleev and Flippovich correlation

= pgc/PIr(pvg) 2/ (ex10%)

A



where

x = Paleev and Flippovich correlation

Pgc = assumed to be equal to Pg = 9as density
Pl = liquid density

Kl = liquid viscosity

Vg = g9as velocity

(o)

= surface tension

E = Entrainment ratio

Taking the same example as before and substituting in the correlation
X =359

Y485=1-E= 515 % seefig. A3.1
For alcohol the same conditons give

y = 1-E= 0.7821. 10 0002x  _ 0506
Entrainment =100 - 59.6 = 40.4%

Using the alcohol plot for the same conditions

y =1-E =0.8626+ 10 0-002x _ g9 4

E % = 30.6
Assuming

the entrainment to lie within the two limits for alcohol

and water, since gravities also lie between the two limits and since

entrainment greatly depends on the density of the liquid .
average entrainment between the two limits = 40.4+ 30.6/2

- 35'505
Which is favourably fitting the result estimated by the other method.
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R X
1 6.8 26.2
2 360.0 8.6
3 55.1 4.1
4 1260.0 13.9
5 5600 10.4
6 1770.0 15.9
7 23000.0 43.1
8 690.0 11.0
9 250.0 7.4

10 738.0 11.3

11 120.0 5.5

12 520.0 10.0

13 15800.0 37.4

14 52 1.6

15 110.0 5.4

16 5.7 1.7

17 19.0 2.7

18 211.0 6.9

MARTINELLI VS WICKS & DUKLER PARAMETERS ( Current Research)
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Nomenclature

The symbols listed below are those used most commonly througout
the text, where different symbols are used in relationships quoted
within the literature reviews of chapter 2, 3 and the appendix; the

symbols are defined locally in the text.

B  breadth of wave
empirical constant (defined by equation 19 ch.3)
droplet concentration (defined by equation (2) Ch.3)
Cd drag coefficient
Cp specific heat
pipe diameter
droplet diameter
D' mass diffusivity
d droplet diameter

sauter mean diameter

Q.
w
n

entrained fraction
activation energy

eddy diffusivity

mass flux (mass flow/area)

gravitational force

IOG)_Jnmm

height of channel
height of air annulus

heat transfer coefficient*

e g B e

average film thickness

k thermal conductivity
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=

Q © ¥ © N <« < <

- — N, "

<
=3

friction factor

mass transfer coefficient

deposition rate constant

mass rate deposition /unit area

Nusselt number, (h*d/k)

Prandtl number, (cp pik)

Reynolds number, (v D/p)

Schmidt number (p/pD’)

Weber number (p u?d/c )

temperature

temperature

thickness

velocity
main stream velocity

Total mass of liquid / total mass of gas
distance normal to channel or main stream bed.
axial distance from onset point of the two fluids
film thickness

dynamic viscosity

density

surface tension

Subscripts
film or liquid
gas
gas
liquid
liquid
volume mean
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