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ABSTRACT

The prediction of the unsteady axisymmetric motion of diesel-
like liquid sprays injected into a gaseous environment is the main
objective of this study. To achieve this goal, two sets of
differential conservation equations are solved, one for each
phase. The motion of the gas phase, which is considered as a
continuum, is described in terms of the ensemble-averaged Eulerian
differential equations governing the conservation of mass, momentum
and energy. Closure of the turbulent fluxes appearing in these
equations is effected with the aid of the k-¢ turbulence model.

A finite-volume numerical scheme is used to solve the equations.
A hybrid of upwind and central differencing schemes is employed in
space and the temporal differencing is semi-implicit.

The liquid spray is mathematically represented using the
discrete droplet model. In this, each computational droplet
represents a 'parcel' of droplets possessing the same initial size,
velocity, temperature, etc. The trajectories, masses, velocities
and temperatures of the droplets are obtained by solving the
Lagrangian conservation equations of mass, momentum and energy
for each computational droplet. The droplets interact with the
gas phase in a two-way manner, exchanging mass, momentum and energy
with it and also displacing it.

The mathematical formulations for the gas and liquid phases
are completed by specifying the conditions at the boundaries of
the solution domain and the initial conditions of the injected
droplets as well as the gas phase. The two sefs of equations are

solved simultaneously.
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The gas-phase solution procedure is first assessed in
isolation by predicting steady and starting isothermal and non-
isothermal gas jets and comparing the results with the available
experimental measurements.

The spray model is assessed against four sets of data:
all involve experiments in which diesel fuel is injected into a
high pressure/high temperature chamber containing inert gases.
It is found that the predicted spray shape agrees well with the
measured one but the penetration agreement differs from one case
to another. Finally, the results of the sensitivity analysis

and parametric study are presented.
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CHAPTER 1

INTRODUCTION

1.1 Motivation for Diesel Spray Modelling Research

Increased concern with long term energy reserves and environmental
quality has given impetus to effort to enhance the efficiency and
reduce the undesirable emission of the automotive internal combustion
engines. The diesel engine, being the most economical engine type, has
gained popularity in many applications, including heavy and medium
duty vehicles. More recently it has been considered as a replacement
for its main rival, namely the conventional petrol engine, in some
passenger cars. The high thermal efficiency of the diesel engine is
mainly a consequenceof the relatively high compression ratios required
to produce the autoignition, the lower pumping losses as a result of
the absence of a throttle valve and the overall lean mixture
(Henein (1976)).

The extent of the success of the combustion process inside the
combustion chamber of a diesel engine depends on the air motion within
the cylinder which is influenced by the intake port and piston bowl
designs. Also, the combustion process depends on the quality of the
hetrogenious mixture formed as a result of the mixing process.

The production of nitrogen oxides during combustion is determined

to a great extent by the high gas temperature which occurs whenever
the heat-release rate is large and this in turn depends upon the fuel
quantity and quality, the gas temperature and the air mixing process.
The fuel quality and gas temperature determine the duration of the
ignition delay period, defined as the period between the start of

injection and the start of combustion, during which the fuel heats,



evaporates and the resulting vapour diffuses into the air to form
a combustible mixtures (at several locations in the combustion
chamber) and undergoes chemical reactions until at the end of this
period, the mixture formed commences burning: meanwhile, in some
other locations the fuel may still be in the liquid phase(Henein(1976)).
After this essentially premixed-burning stage, the combustion rate
is governed largely by the rate of mixing of the remaining fuel and
the surrounding air. Mixture formation is in turn a very complex
process involving two phase media and the quality of the mixture
formed in the combustion chamber depends to some extent, on the
characteristics of the fuel spray injected, namely the structure,
penetration, droplet sizes, dispersion and evaporation.

In diesel engines, pressurized liquid fuel is injected through
a small nozzle into the compressed combustion gasses and passes
through a sequence of stages. The fuel leaves the nozzle as an intact
liquid core, and then breaks down into ligaments, sheets or droplets
of different sizes according to the operating conditions and the
nozzle design. The effect of atomization is to drastically increase
the surface area of the injected liquid and consequently leads to
greatly increased rates of mass, momentum and energy transfer between
it and the surrounding gas. Hence, the mixture formation process is
improved.

The complicated mechanisms of the above processes and the fact
that accurate measurements of them cannot be made even with the
present day advanced measuring techniques has impeded understanding
and analysis of spray behaviour. Also, the experimental 'cut and try'
development testing of diesel engines becomes more costly when faced

with a muliplicity of goals such as measuring the drop size and



velocity distributions of sprays in diesel engines using a non-
intrusive light scattering techniques. These experimental measurement
difficulties have created new interest in the development of
mathematical models, which can, in principle, provide much more
detailed information than it is possible to obtain experimentally,
and thereby aid in the identification of the flow patterns. However,
it is necessary to assess such models by comparison with a carefully
chosen matrix of experimental data before they can be used with a
high degree of confidence.

This thesis is concerned with the assembly of a numerical
calculation procedure for predicting the behaviour of axisymmetric
isothermal and evaporating diesel sprays injected into a gaseous
medium, either quiescent or in (axisymmetric) motion. The method
developed is not necessarily restricted to diesel sprays, but these

are the focus of the present study.

1.2 Objective, Scope and Contribution of the Present Study

The present study describes a computer-based procedure for
solving the Eulerian partial differntial equations governing the
conservation of mass, momentum and energy for the gas phase using
the finite-difference technique. In conjuction with these the
Lagrangian equations of motion, evaporation and energy for
representative droplets which pass through and interact with the
gas phase are solved using Euler's method. The droplets are deemed
to interact with the gas in a two-way manner by exchanging mass,

momentum and energy with it and by displacing the gas. The momentum



equations of the gas and droplet phases are coupled together, as in

the original method of Dukowicz(1980), to enable a simultaneous

solution for the gas and droplet velocities. The specific contributions

of this study are:

1. Assembly of a procedure to prevent the spray calculation method.|
from producing non-physical (overshooting or undershooting) results.

2. Solution of the droplet energy and vaporization equations
simultaneously with a truncated form of the gas energy equation
to yield an accurate calculation of the mass and energy interaction
source terms.

3. Calculation of the gas turbulent viscosity from a two-equation
turbulence model which incorporates differential equations for
the turbulent kinetic energy k and its dissipation rate e.

4. Modelling the turbulent droplets dispersion in a stochastic
way and using the gas turbulent kinetic energy and dissipation
rate to calculate the turbulent interaction time.

5. Application of the gas-phase solution procedure to laminar and
turbulent jet flow test cases. These comprises steady and
unsteady laminar and turbulent isothermal round free jets and
a non-isothermal starting jet. In all cases comparisons are
made with experimental data.

6. Validation of the spray calculation procedure by comparisons
with data from four different experiments: two for isothermal
sprays and two for evaporating sprays and identification of the
capabilities and limitations of the model.

7. Performing parametric study to test the sensitvity of the spray

solution procedure to the various features it contains.



1.3 Outline of the Thesis

Chapter 2 reviews the previous experimental and theoretical
work on diesel spray behaviour. Included are measurements of spray
formation, structure, cone angle and penetration which are used
later in the thesis for the purpose of assessing the theoretical
model developed. The different theoretical models that have been
devised to represent the spray behaviour including both empirical
correlations and detailed numerical models are discussed with
emphasis on the advantage and disadvantage of each. Finally, the
drag, heat and mass transfer correlations which are used in these
models are reviewed.

Chapter 3 deals with the assembly of the differential equations
that govern the flow, heat and mass transfer of both the gas and
liquid phases. It commences with the assembly of the turbulent gas-
phase governing equations in an unsteady, two-dimensional axisymmetric
co-ordinates and the two-equation model which is used to represent
the effects of turbulence. The droplet-phase governing equations are
presented in Lagrangian form and a description is given of the method
employed to model the effects of the gas turbulence on the droplet
trajectories.

Chapter 4 describes the numerical procedures employed to
solve the equation presented. Finite difference approximations to
the gas-phase differential equations are derived by integrating the
latter in space and in time in a finite volume fashion. The difference
equations are firstly presented in a general form such that the
fully implicit and semi-implicit schemes are easily extracted and
discussed from the viewpoint of stability and accuracy. The solution

procedure for the droplet field. equations is then presented and



combined with the gas-phase equations to enable simultaneous solution
for the gas and droplet velocities and temperatures.

Chapter 5 is concerned with the tests which are performed
to determine the accuracy and reliability of the numerical methods
of chapter 4. The effect of the grid spa;ing and time step-on the
solution are quantified for the fully implicit scheme for unsteady
turbulent round free jet. The semi-implicit scheme is assessed by
comparing its predictions with those of the well estblished fully
implicit one for both starting laminar and turbulent found free
gaseous jets. Then tests are made of the spray procedure in which
the effects of grid spacing, time step, number of droplet parcels
introduced per unit time and stochastic variation are assessed.

The gas-phase solution procedure is then assessed in
chapter 6 by predicting single-phase gas jets and comparing the
results with the available measurements. These include steady
laminar round free jet, steady turbulent round free jet, starting
laminar and turbulent isothermal jets and starting non-isothermal
turbulent round jet. Finally, a parametric study including the
effect of the jet Reynolds number, input level of turbulent kinetic
energy and dissipation rate and the scaling laws of the gas jets

are presented.

Chapter 7 deals with the assessment of the spray calculation
procedure, using four sets of experimental data obtained from various
sources. These comprise two experiments on isothermal sprays injected
into different charge pressures and two evaporating spray cases where
the injection is at different charge pressures and temperatures. The
sensitivity of the prediction to the various modelling parameters

such as droplet dispersion and initial spray cone angle and the



computational parameters such as the initial level of turbulence

quantities, initial velocity profile of the droplets and residual

effects in pulsed spray experiments is presented. Also discussed

are the effects on: penetration of the different input parameters

including idlntial droplet sizes, size distribution function, injection

rate history, injection velocity and droplet introduction temperature.
Finally, in chapter 8, the achievements of this study are

summerized and suggestion are made for improvements and extensions.



CHAPTER 2

PREVIOUS AND RELATED WORK

2.1 Introduction

The performance of most high intensity combustion systems
which use 1liquid fuels depends on the process of atomization as an
essential intermediate stage between injection and combustion. The
term 'atomization' here refers to the process of the breaking up of
the liquid fuel jet into a large number of tiny droplets, producing
a greatly increased surface area of the liquid and hence more rapid
evaporation.

Sprays inside diesel combustion chambers are generated with
the aid of an injector. The function of the injector is to
introduce the 1liquid fuel at high velocity in order to create
sufficient turbulence inside the spray to satisfy better atomization
and dispersion and also to obtain the optimum spray penetration.

Due to its importance, diesel spray behaviour has been
extensively studied, both experimentally and theoretically, by many
investigators. This chapter gives a comprehensive review of this
work, starting in section (2.2) with the experimental investigations.
Here such aspects as the formation, structure, dispersion and
penetration of diesel sprays will be examined. The effect of the
operating conditions on the spray penetration will also be discussed.

Section (2.3) deals with the different theoretical models
that have been devised to represent the spray behaviour. These

include both empirical correlations and detailed numerical models.



Finally, the empirical expressions of drag, heat and mass transfer

are reviewed.

2.2 Spray Measurements

2.2.1 Spray Formation

Due to the importance of sprays in technological applications,
a vast amount of literature has accumulated on this subject,
including reviews and books (e.g. Tate (1969), Lapple et al (1967),
Giffen and Muraszew (1953), Borodin et al (1967) and Levich (1962)).
In spite of this profusion of literature, many important aspects
of spray formation are still poorly understood.

The process of spray formation and the related mechanism of
liquid jet disintegration have been extensively studied during the
last six decades. In the jet breakup process the liquid, which
accelerated through a smail orifice into the compressed gas, is
dynamically broken up in a finite distance called the 'breakup
length' into a large number of droplets. There exists controversy

about the magnitude of the jet breakup length. Haenlein (1932)*

studied the process of spray formation of water jets injected from
a circular orifice of diameter 0.00051 m into atmospheric air. He
reported the results in the form of a 'breakup curve' which gives

the breakup length xp as a function of jet velocity Uy as shown

*The operating conditions of the different experimental work reviewed
in this chapter are listed in table (2.1).
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in Fig. (2.1). For very low ve1ocities; drops are formed at the

orifice (drip). The following four regimes of breakup are

encountered as the injection velocity is progressively increased

(Reitz (1978)):

Regime 1 - Rayleigh jet breakup which occurs many jet diameter
downstream of the nozzle. - It is caused by the growth of
axisymmetric oscillations of the jet surface, induced
by surface tension.

Regime 2 - First wind induced breakup regime which occurs many
jet diameters downstream of the injector. In this case,
the surface tension effect is augmented by the relative
motion of the ambient gas and the jet.

Regime 3 - Second wind induced breakup regime which occurs some
jet diameters downstream of the nozzle. Droplet
formation in this regime results from the unstable
growth of waves, assisted by air friction.

Regime 4 - Atomization regime which resu]tsvin a complete and
immediate disruption of the liquid jet.

Most authors (e.g. Haenlein(1932), Reitz (1978) and Hiroyasu

et al (1982)) agree on the shape 6f this curve in the low velocity

region (up to the end of regime 3). Beyond this point however,

there remains some confusion about the shape of the curve and

the mechanism of droplet formation. DeJduhasz (1931) (cited in

Giffen et al (1953)) proposed that jet breakup process occurs

within the nozzle itself, on the basis that his photographic

study showed this. This result would imply that the curve of

Fig. (2.1) goes suddenly to zero at the end of zone 3. He
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suggested that 1iquid turbulence may play an important part in
the jet breakup process.

Castleman (1931) as cited in Reitz (1978) (operating conditions
are not specified) claimed that the breakup occurs over some jet
diameters from the orifice and it is due to aerodynamic interaction
between the 1liquid and gas phases. He argued that this interaction
leads to the formation of ligaments or liquid columns which have
one end attached to the jet surface, and, once formed rupture
according to Rayleigh's (1878) classical breakup theory.

Bergwerk (1959) paid particular attention to the nature
of the flow field within the injection nozzle and its influence
on the jet breakup prbcess. He observed from photographs that
cavitation occurredinside the nozzle which he tested and this led
him to conclude that this could be responsible for the breakup
process.

Reitz (1978) made an extensive study on the process of
breakup of water and glycerol mixtures injected through single
hole nozzles of diameter of 0.34 mm and different length to diameter
ratios. The ambient charge pressures (air, nitrogen) were 0.1 -4.0 MPa.
He concluded that aerodynamic effects, supplemented by liquid
cavitation effects, combine to produce atomization. He also showed
that the breakup length tends to zero for an injection pressure
of 10 MPa and an ambient gas density of 12 kg/m3. On the other hand
Hiroyasu et al (1982) and Negus (1983) showed that the atomization
process start at about 20 mm from the nozzle tip for an ambient

charge density of 3 kg/m3 and for high injection velocity (=120m/s).



- 12 -

Hiroyasu et al (1982) claimed that in direct injection
passenger car diesel engines, the breakup lenath and the distance
from the nozzle to the combustion chamber wall are almost the
same. For this reason they conducted an experiment to study the
effect of various operating conditions on Xg - In their experiment,
they injected water at various rates from a 0.3 mm diameter nozzle
into a gas of pressures up to 4 MPa. The breakup length was found
to increase with increasing jet velocity until U, = 50 m/s after-
which it gradually decreases and then reaches a constant value
as shown in Fig. (2.2). They also found that xg decreases with an
increase in the ambient pressure and then becomes constant at about
20 mm for injection velocities higher than 100 m/s. Further,
they concluded that the length to diameter ratio of the nozzle

has Tlittle effect on xz at high ambient pressure (3 MPa).

2.2.2 Overall Spray Structure

The structure produced by the atomization process consists
of a multitude of droplets of different diameters interspersed
with the gas and contained within a narrow conical jet (Fig. (2.3))
of included angle in the range 3 - 20° (dependent on the operating
conditions). There is remarkably little information, much of which
is controversial, on the structure of the pulsed sprays produced
by diesel engine injection systems. This is due to difficulties
of making measurements near (up to 100 mm) the injector, which is

the region of practical interest. Fujimoto et al (1977), (1979)
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and (1981), Kuniyoshi et al (1980), Sato et al (1982) and
Jong-Yul Ha et al (1983) used high speed photography to observe
the spray structure produced by injection from a single hole
nozzle of diameters 0.30 mm into high pressure (up to 7.95 MPa)
and room temperature nitrogen gas. They all found that the
spray possesses two distinct zones of atomized droplets. In the
interior of the spray (on the axis of symmetry), which they call
the 'main jet region', the number density and velocity of the
droplets are rather high, while in the spray envelope, which

is termed the 'mixing flow region’, the number density and
velocity of the droplets are Tower.

Boulderstone et al (1981) used the light scattering
technique to measure the droplet size distribution in the first
100 mm of pulsed diesel sprays injected into atmospheric pressure
and temperature surrounding. They used a 0.46 single hole nozzle
and they found that the spray appears to develop a double structure
with increasing distance downstream. The front of the spray pulse
is very poorly atomized, with a significant proportion of liquid
ligaments, while the main body of the spray is generally well
atomized, typically with a mean diameter near 20 microns.

Yule et al (1985a) made a spark photomicrographic study of
diesel spray structure using a lucas 0.46 mm diameter single hole
nozzle operating at 12 MPa needle 1ift pressure and injecting 56 >
of fuel per pulse. The measurements were obtained in a quiescent bomb
at pressures up to 6 MPa and at room temperature. They found that the

first 50 mm of the spray consists of an extremely dense core
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containing a very high proportion of the liquid volume surrounded
by a dilute well atomized sheath of droplets. As their optical
technique could not penetrate the dense core zone, they caused

the spray to pass through a thin s1it thereby removing all but a
thin slice: however even this was still too dense to transmit
light. Ishikawa et al (1982) used a similar technique to slice
the spray and they reported that there are many entangled ligaments
in the dense core zone.

Turning now to sprays injected into high pressure and
temperature environments, Kuniyoshi et al (1980) reported, for
diesel sprays injected into nitrogen charge of P = 6.28 MPa and
T up to 960 K, that vaporization takes place in the so called
mixing flow region allowing the main flow region to be more clearly
seen but making it difficult to identify the spray envelope.

Yule et al (1985a) performed experiments at high temperature (373 K)
and high pressures (up to 6 MPa) and found that vaporization occurs
in the dilute spray zone with little change in the appearance of the
dense core. Matsuoka (1983) reported that at P = 3.34 MPa and

T = 670 K, almost instantaneous vaporizationof the droplets occurs
at the spray prepheries as soon as it is injected, but a core with
high droplet concentration remains along the axis. By contrast,
Negus (1983) showed that droplets, injected into a nitrogen charge
of 2.7 MPa pressure and a temperature near the boiling temperature
of the pure liquid fuel, exhibit the first signs of vaporization

at the spray edge. As the charge temperature is increased

towards the critical temperature of the liquid fuel, the 1iquid

core shrinks and rapid vaporization occurs.
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2.2.3 Droplet Size Distribution in Diesel Sprays

a. Mean droplet diameter

The degree of atomization is usually measured by some mean
droplet diameter. There are at least six types of mean diameter

qu which are commonly used according to the field of application.

They are all contained in the general definition (see Elkotb (1982b)):

Dma

X
/' Didn 1
D =[Dmin ]q-p
ap max

S Dg dn

(2.1)

Dm1'n

where: D and Dmax are the minimum and maximum droplet diameters

min
in the spray; q and p are constants associated with the particular
mean used; dn represents the ratio of the number of droplets
having diameter between D - %Q and D + gg to the total number
of droplets; and dD is the increment of droplet diameter.

The Sauter Mean Diameter (SMD), D32 s 1s of importance
in combustion as it expresses the diameter of a droplet that has
the same volume to surface area ratio as that of the total spray.

According to equation(2.1) D32 is given by :

Dmax
;oD d
d n

Dmin
D = —D—_‘—_ (2'2)
32 max )

I D dn

D d
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b. Measurement of droplet sizes

The experimental determination of the droplet sizes in
diesel engines is extremely difficult. Most of the experiments
have therefore been done on pulsed or continuous fuel sprays in
constant volume vessels (see e.g. Boulderstone et al (1981) and
Tishkoff (1982)). Studies of this kind under conditions which
simulate diesel injection have been made by many investigators.
Hiroyasu et al (1974) and (1980) measured droplet sizes in pulsed
diesel sprays using the 1liquid immersion sampling technique. This
involved the use of a small transparent cell about 2 mm in thickness,
filled with immersion Tiquid and was located at a distance of 650 mm
from the injector. A sample of the spray was collected in the
immersion cell and photographed images of the collected droplets
were measured and counted. They found that their results for various
charge pressures(in the range 0.1 - 5 MPa) were well correlated

with the 'Chi-square' distribution:

D, 3 D D
dv d d d
— = 13.5(—) exp{ - 3(52)} d(z—) (2.3)
v Dgz) 0, 4oy,

where V is the total volume of the spray and dV is the volume

of the droplets between D, and Dy + dD,. This was found to apply
to normal, pintle and throttle pintle nozzles. The Sauter mean
diameter was also measured and an empirical relationship was

derived relating this to the operating conditions as follows:

Dy, = A(8P)0-135(, 10-121(q)0-131 (2.4)

g
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where AP = the mean effective pressure drop across the nozzle (MPa)
Pg = gas density(kg/m3)
Q = amount of fuel injected (mm3/stroke)

and A is a constant which depends on the nozzle used (A = 25.5
for the pintle nozzle, 23.9 for the hole nozzle and 22.4 for the
throttle pintle nozzle).

ETkotb (1982a) and (1982b) and Elkotb et al (1982) measured
the droplet size distribution of sprays injected through a 0.55 mm
diameter pintle nozzle using the slide sampling technique. They
measured the droplet sizes at a location of 60 mm from the nozzle
tip and at charge pressures ranging from 0.1 to 0.7 MPa, while
the temperature was held constant at 293 K. The measured droplet

sizes ranged from 2 to 90 um and were best fitted by either Chi-square

distribution:
D, 7.5 D, D
v d . /- d d
219539 ) exp{- 7.5(=)} d(r) (2.5)
v D32 D32 D3,

or a Tanasawa-Tesima (1958) distribution

D, 2.4 ‘ Dd 2 (Dd
exp{-2.4(5+—) } d ) (2.6)
D32’ © D3,

They also reported a correlation relating the Sauter mean diameter

to the operating conditions, expressed in non-dimensional form:

-1.183, -0.442

_ -0.442,0d,-0.05
. png“d
where dj is the nozzle diameter, Re is the Reynolds number ( y )

u-u, |2
We is the Weber number (p l‘ZUZI Dd) and CQ is the discharge coefficient.
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Although the collection methods of measuring droplet
size distributions have been commonly used, their accuracy is
uncertain and they are intrusive, i.e. they may influence the
behaviour of the spray. They also suffer from the following
additional problems: (a) Large droplets may be produced by
impingement and coalescence of droplets when they are captured
(see Karasawa et al (1982)). (b) When the sampling device is
used, a percentage of small droplets may fail to pass through
the shutter due to the differing drag/inertia ratios of large and
small droplets and (c) Droplets can break into smaller ones at the
moment of impact. Concerning (a) Karasawa et al (1982) showed
evidence that mean diameter deviates markedly from the true value
when coalescence of droplets occurs in the immersion sampling liquid.
The most important point is that the measurement position of these
intrusive techniques is well downstream and this may not be
representative of the first 50 mm of the spray where atomization
and/or agglomeration is in progress.

Boulderstone et al (1981) overcame the above three problems
by using a non-intrusive light scattering technique. This was
employed to measure droplet size distribution at locations 32, 64 and
96 mm from the nozzle of a pulsed diesel spray injected into
atmospheric pressure surroundings. They found that the droplet
size distribution changes along the spray. For the measurements
taken at x = 64 mm they reported that the droplet size distributions

were generally well approximated by the Rosin-Rammler function:
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n-1 n
%¥ =n ;ﬁ] e {(0g/P) }dDd (2.8)
where D and n are the mean diameter and an empirical parameter
respectively which were reported as functions of time for both
single hole and pintle nozzles as shown in Fig. (2.4).

More recently, Negus (1983) measured the droplet sizes at
the edge of pulsed diesel sprays injected into a room pressure and
temperature air charge, using a laser diffraction technique. The
measurements were carried out well downstream of the injector
(i.e. >50 mm). He reported that, for a 0.2 mm nozzle diameter,

the droplet sizes were approximated by a Rosin-Rammler distribution

with D = 39 ym and n = 3.5.

c. Effect of the operating conditions on droplet size

The effect of the different operating conditions on the
droplet sizes which result from the atomization process is discussed
here. Those include the effective pressure (that is, the pressure
drop across the nozzle), medium density, nozzle diameter and fuel
viscosity. As far as the effective pressure AP is concerned,
Hiroyasu et al (1974) showed that an increase in AP (for a charge
pressure of 3 MPa) decreases the mean diameter of the spray for
the three types of nozzles they investigated. They postulated
that it was due to the accompanying increase in the injection
velocity. ETKotb et al (1982) noted the same tendency as Hiroyasu
et al (1974) (the Sauter mean diameter of the diesel fuel spray
injected into atmospheric condition decreases from 70 um at

AP = 7.3 MPa to 52 um at AP = 11.7 MPa) but they attributed this
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effect to the high turbulence intensity created in the gas at
high injection pressure, causing an increase of the available
'specific energy of atomization'.

According to Giffen and Muraszew (1953), the effect of the
increased charge density (increased pressure at constant room
temperature) is to reduce the measured drop size i.e. for a nozzle
of 0.56 mm diameter and an injection pressure of 20.4 MPa, the mean

diameter decreases from 40 um at p_ = 12.8 kg/m3 to 5 um at

g
Pg = 38.7 kg/m3. However, Hiroyasu et al (1974) and E1Kotb et al
(1982) found that the Sauter mean diameter of the spray increases
with an increase in the charge density as shown in Fig. (2.5).
They believed that this can be attributed to the agglomeration of
droplets due to the reduced penetration which is a characteristic
of higher density. A third group (Kuniyoshi et al (1980))
measured the droplet sizes of diesel spray injected from a 0.3 mm
diameter single hole nozzle and injection pressure of 37.3 MPa
into a nitrogen charge of various pressures (densities). They
claimed that the Sauter mean diameter is constant although the
charge pressure is varied from 1.08 to 9.91 MPa.

The effect of nozzle orifice diameter on droplet sizes
has been investigated by Hiroyasu and Kadota (1974) using 0.2,
0.25, 0.3 and 0.5 mm diameter nozzles for injection and charge
pressures of 9.9 and 0.1 MPa respectively. No appreciable difference
was noted on the Sauter mean diameter produced by these nozzles.

In general, it is believed (Reitz (1978)) that an increase

in the liquid fuel viscosity is to damp any tendency for deformation
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of the liquid surface. This contention is supported by the
experimental findings of ElKotb et al (1982) that droplet size
increases with increasing liquid viscosity. In their experiments
they measured the size distributions of sprays of different fuels
e.g. gasoline, kerosene, light diesel fuel and diesel fuel injected
from 0.55 mm single hole nozzle into atmospheric condition. (They
noted that the variations of both the surface tension and density
between the above fuels are small compared to the variation in the
viscosity). Their measurements showed that the distribution curve
for gasoline, which has the lowest viscosity, has a sharp and high
peak at small sizes indicating a nearly homogeneous distribution

as shown in Fig. (2.6). On the other hand, the curve for diesel
fuel, which has the highest viscosity, was rather flat distribution

with a peak at larger sizes indicating an inhomogeneous distribution.

2.2.4 Spray Cone Angle

The cone angle of a spray is usually defined as the
angle between the tangents to the spray envelope at the nozzle exit
as shown in Fig. (2.3).Wakuri et al (1960) measured the cone angle
(28) of diesel sprays injected through 0.31, 0.34, 0.38 mm diameter
hole nozzles. They noted that the semi-angle B is affected by the
ratio of the charge density to the fuel density, nozzle diameter
and injection velocity. They proposed the following dimensionless

correlation:



- 22 -

p p.d.U
B = f(2 , 419 (2.9)
g g
where Py pg are the fuel and gas densities respectively, Hg is

the gas viscosity, dj the nozzle diameter and U0 is the injection
velocity.

Hiroyasu et al (1980) correlated their measurements of cone
angle to effective injection pressure, gas and 1liquid densities,
gas viscosity and nozzle diameter with the aid of the dimensional

analysis of Wakuri et al (1960) to obtain:

dz.o3.0p 1
B = 0.66(— ) (2.10)
PaMg

Reitz (1978) measured the cone angle of water-glycerol
mixtures with a wide range of density ratios (pg/pd). He also used
9 nozzles of different geometries with sharp exit edges (length to
diameter ratio L/dj = 0.5 - 85) and he found that B follows the
simple relationship:

1
mns=%wé?7§? (2.11)
where A is constant for a given nozzle geometry.
Wu et al (1983) continued the experiments of Reitz (1978)
but with a wider range of operating conditions. They used 13 nozzles
with sharp and rounded exit edges and liquids with broader ranges
of viscosities and surface tensions (water-n-hexane and n-tetradecane).

They used also higher injection pressure than Reitz's as shown in
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table (2.1). They reported that the surface tension, nozzle
diameter and the injection pressure have no discernable effect
on 8 and they proposed the following correlation:
1 o Re
tang = 1 4n(g%)2 (T (2.12)
g d

Thus it can be concluded from the above investigations that
B is mostly affected by the density ratio (pg/pd) and the geometry
of the nozzle. Giffen and Muraszew (1953), Reitz (1978), Hirayasu
et al (1980) and Wu et al (1983) found, for a given nozzle geometry,
liquid and injection pressure, that 8 increases as the charge pressure
increases up to a certain level, whereafter the rate of increase in
B with increasing Pg diminishes as shown in Fig. (2.7).

Concerning the effect of nozzle geometry on spray cone
angle, Wu et al (1983) showed that for nozzles of a given diameter
but different length and for a given injection pressure and density
ratio, the spray angle increases with decreasing L/dj. However at
L/dj around 10 a maximum value of B is reached and it then falls
as L/dj is further reduced as shown in Fig. (2.8). Hiroyasu et al
(1982) found a similar trend but obtained the maximum at around
L/dj = 20 whereas Reitz (1978) observed that the angle increases
monotonically with decreasing L/dj.

The transient variation of B for pulsed sprays injected
jnto high pressure/or high temperature charges has been studied by
Takeuchi et al (1983) and Yule et al (1985b). No obvious trends
were seen for g at the early injection times due to the irregular

shape of the spray, while later on, the spray takes the typical
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conical form with clear and identified boundary, B takes nearly

a constant value.

2.2.5 Spray Penetration

The distance which the fuel spray penetrates into the
combustion chamber is clearly important to the formation of a
combustible mixture. The penetration length or 'penetration' of
a spray is defined as the distance between the nozzle and the
furthest droplets at a given moment.

Spray penetration has been the subject of intensive
investigations during the last six decades. Schweitzer (1937)
made measurements for fuel oil sprays injected through single hole
nozzles with diameters of 0.18, 0.34, 0.64 mm. The injection
pressure varied between 6.8 - 54.4 MPa, while the charge (air)
pressures were 0.1 - 1.7 MPa and air temperature was 293 K. He
showed that the spray penetrates quickly in the early stages but
slows down later. A correlation was proposed of the following

form:

. P
%-_(%3)0 > < 2065 i o -3/28 4 1) (2.13)
; :

jPd Pd

where ¢ is the penetration length at time t.
Burt and Troth (1970) measured the spray penetration of
gasoline, kerosine and heavy gas oil injected from a 0.25 mm

single hole nozzle into a high pressure (0.56 - 2.7 MPa) and room
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temperature charge. The fuel injection pressures were 13.6,
20.4 and 28.9 MPa. They found that their data, over the range
of experimental density conditions, are fitted by the following

equation:
2 = (a - bpg)tanh ct (2.14)

where a, b and c are constants (their values are not given).

Hiroyasu et al(1980) made measurements of diesel spray
injected into nitrogen charges with pressures ranging from 0.1 to
3 MPa and temperature within the range 293 - 593 K. The injection
pressure varied between 7 to 15 MPa. They found that the penetration
is proportional to the time in the early stage of injection (a
period of = 0.3 - 1 ms depending on the injection condition), and

then becomes proportional to the square root of the time viz:

2p

£ =0.39 o 0<t <ttrans
1 (2.15)
- AP 4 /0
2 = 2.95 (E;) djt t >ttrans

where ttrans is the transition time from linear penetration to

the situation where the penetration varies as /T and it is given

by
_ 15.8pddj

t —°J
trans 4 55 /5 &

Fujimoto et al (1981) conducted similar experiments but
over a broader range of charge pressures (1.08 - 9.9 MPa) and

temperature (283 - 960 K). They noted similar trends in that the
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penetration was nearly linear with time within a period of 0.5 ms

after the start of injection and then followed the law:

0.38 )0.092 log t - 0.41UO.5 dQ.S

g =271t g o j

(eg (2.16)

where UO is the mean discharge velocity of the fuel at the outlet
of the nozzle (180 <U, <250 m/s).

Varde et al (1983) made measurements to study diesel spray
penetration at high fuel injection pressures (up to 150 MPa) and
also to evaluate how nozzle dimensions and the ambient pressure
influence the penetrétion. For this purpose they used different
single hole nozzles having different orifice diameters (0.18 - 0.42 mm)
and L/dj ratios (from 2.2 to 11). They found that the spray

penetration is correlated by:

2
APp d
0.3 ,R -0.008 ,°Pd 5
= 1. (—) (e 2 0-5

d 9

H_)0.16 t0.55 (2.17)
where My is the viscosity of the fuel.

Recently, Yule (1984) made penetration measurement of diesel
sprays using three injectors with hole size ranging from 0.21 mm to
0.46 mm with 12 MPa needle 1ift pressure. Sprays were investigated in
a constant volume bomb pressurized with carbon dioxide to produce
pressures up to 6 MPa and the charge temperature ranging from
293 - 700 K. A non-intrusive spark photography technique was used to
measure spray structure. A photodiode technique was used to measure
spray penetration at any time. Also the jitter effect was examined by

use of transient recorder to average many spray pulses at each
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time. In addition to studying the spray structure and penetration,
the transient spray cone angle versus time characteristics were
measured. Also recorded were the fuel flow rate versus time

characteristics.

Parameters Influencing Penetration

a. Effect of injection pressure

The effect of injection pressure on spray penetration has
been the subject of many experiments. It is not obvious at first
sight whether the penetration should increase or decrease with an
increase in injection pressure, because the latter is accompanied
by a simultaneous decrease in droplet size (as noted earlier), and
hence by an increase in drag on the droplets.

Burt and Troth (1970) showed that the penetration of the
spray, injected into a high pressure (2.7 MPa) and room temperature
nitrogen charge, at t = 3 ms increases from 45 mm to 68 mm
corresponding to an increase in the injection pressure from 13.6 to
28.9 MPa.

Hiroyasu et al (1980) and Varde et al (1983) also observed
that the an increase of injection pressure, for the same nozzle
and charge condition, increases the penetration and Giffen and
Muraszew (1953) emphasised that‘at higher injection pressures
(> 40 MPa), the increase in penetration with increased injection

pressure becomes smaller.
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b. Effect of ambient pressure

The gas density has been considered by many investigator
as the most important factor affecting penetration. In most
investigations the change in density has usually been produced by
altering the charge pressure at a constant temperature.

Burt and Troth (1970) showed that, for gasoline spray at
injection pressure of 13.6 MPa, increasing the charge pressure
at a constant temperature increases the penetration rate, e.qg.
at t = 3 ms the penetration decreases from 100 mm at P = 0.56 MPa
to 45 mm at P = 2.7 MPa.

Hiroyasu et al (1974) reported that the penetration of diesel
0il spray at injection pressure of 9.9 MPa decreases with an increase
in the charge pressure, for example at t = 3 ms the penetration
decreases from 100 mm to 50 mm corresponding to an increase in
the charge pressure from 1.1 to 5 MPa respectively. Kuniyoshi et al
(1980) and Yule et al (1985b) also observed the same trend that
the penetration decreases with increasing the charge pressure due
to the decrease of the spray tip velocity which is attributed to
the increased drag on the droplets. It was also observed that the
decrease in spray tip penetration with ambient gas pressure becomes

smaller with higher ambient pressures.
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c. Effect of ambient temperature

As the charge temperature is increased the evaporation
accelerates, causing a gradual decrease of droplet size especially
for small droplets; this in turn would decrease the drag on droplets
and increase the penetration. On the other hand there are effects
in the opposite direction due to the increase in charge temperature.
Hiroyasu et al (1980) noted that at Tow charge pressure (1 MPa)
the penetration did not significantly change when the ambient
temperature was raised from 295 K to 593 K. By contrast,Kuniyoshi
et al (1980) found that, at high pressures (6.28 MPa), increasing
ambient temperature from 530 to 750 K increases penetration, but
at values higher than 750 K, the penetration decreases due to the
high rate of evaporation. (In fact there is some ambiguity in
their definition of spray penetration, which they deduced from
photographs. They stated that the density of the spray was less than
the intensity of the transmitted light of the measuring technique
due to the extensive vaporization of the spray. They added that the
spray tip was made clear by the scattered 1light of the flame produced
when the spray ignites. These data are claimed to be well correlated

by equation (2.16)).
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d. Effect of injector diameter

The penetration of sprays injected from hole atomizers depends
on the nozzle diameter dj and the nozzle L/dj ratio for the same
injection velocity and charge conditions. Giffen and Muraszew (1953)
showed that the penetration increases linearly with dj. They argued
that this can be explained by the fact that the momentum of the
discharged fuel increases approximately in proportion with d? while
the area of the jet exposed to air resistance increases in proportion
with dj. However, the correlations of Hiroyasu et al (1980)
equation (2.15) and Kuniyoshi et al (1980) equation (2.16) show
that the penetration increases in proportion with,/ab.

The effect of nozzle length expressed as L/dj has also been
investigated. Giffen and Muraszew (1953) noted that the penetration
decreases with increasing L/dj until a value of ~2, after which it

decreases.

e. Effect of fuel properties

The effect of the physical properties of different Tiquids
on spray penetration has been studied by several research workers.
In spite of this, however, there are some contradictory views
regarding the effect of viscosity on penetration. Schweitzer (1937)

showed that increasing the fuel viscosity from 6 to 13.5 cS. had
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no effect on spray penetration at t = 1 ms, and produced less

than 10% increase at t = 4 ms. Tham (1982) observed the same
tendency and he reported that the spray penetration is 11% greater
for diesel o1l (compared to gasoline) at ambient pressure of

4.5 MPa. Giffen and Muraszew (1953) argued that fuels with high
viscosity cause both a reduction in the cone angle and an increase
in droplet sizes, which combine to cause an increase in the

velocity and penetration of the spray.

Burt and Troth (1970) carried out experiments involving
a wide variation of fuel viscosity, produced either from selection
of different fuels or from changing the fuel temperature. They
reported no measurable effect on the spray penetration and stated
that the explanation lies in the flow condition in the nozzle at

the high pressure of diesel sprays which causes the spray atomization.

2.3 Spray Models

The theoretical analysis of spray behaviour started with
the development of simple global, penetration-oriented empirical
correlations. Such models stemmed from the need to know spray
penetration characteristics in diesel engines since overpenetration
can lead to excessive fuel deposition on the cylinder walls while

underpenetration can cause poor mixing and combustion (Varde et al
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(1983)). Hay and Jones (1972) reviewed the penetration correlations
which are based on analytical models as those of Lyshevskiy (1956),
Wakuri et al (1960), Rusinov (1963), Sitkei (1964), Ogaswara and

Sami (1966), 0z (1969) and Dent (1971) and those based on experimental
study such as those of Schweitzer (1937), Parkes et al (1966),

Burt and Troth (1969) and Taylor and Walsham (1970). Hay and Jones
(1972) evaluated these correlations and recommended that of Dent (1971)
under all conditions apart from exceptionally large charge densities
(equal to or more than 10 MPa) where it tends to overpredict. This
correlation takes the form:

1 1 1

g = 3.1 {(%3)7 d t32 (E4)%

g g

(2.18)

where AP is the effective injection pressure (MPa) and Tg is the
gas temperature (K).

Although such penetration correlations are simple, they
suffer from two severe limitations. Firstly, they are only valid
for the conditions of the experiments they were based on or tested
for. Secondly, they provide no detailed information about the
spray such as drop velocities and the distributions of the fuel
vapour concentration.

One approach to the prediction of details of the latter
kind is to solve numerically differential conservation equations
for the gas and droplet phases. Three different formulations of
these equations are reported in the literature namely, the 'spray

equation' model, the 'continuous droplet' model and the 'discrete

droplet' model.
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In the spray equation approach, developed by Williams (1965),
the droplet field is described by a continuous statistical distribution
function defined at all positions in the flow field. The distribution
function f (D, Xgs Uy, t)dDydX,dliy represents the number of droplets
with diameter in the range dDd about Dy, located in the volume d?d
about ;d’ with velocities in the range dﬁd about ﬁa, at time t. An

equation governing the rate of change of fd is derived by Williams

(1965) as:
8f:d a . -> -> ->
=5+ 3p(Rafa) * Uy (Ugfg) + 90y (F4fg) =S (2.19)

. ->
where R4 is the droplet vaporization rate, Fd is the sum of the

external body forces and the aerodynamic drag forces acting on
each droplet and S is the generalized source and droplet interaction
terms. Solution of this equation has been obtained by Bracco (1974),
Bracco et al (1976) and Westbrook (1976), all of whom computed
the spray evolution in prespecified gas flows (i.e. the droplets
were assumed not to influence the gas field). Westbrook (1977),
Haselman and Westbrook (1978) and Gupta and Bracco (1978) refined
the above approach by solving the spray equation along with the gas
phase conservation equations and taking into consideration the
coupling of the two phases through inclusion of appropriate droplet
interaction source terms in the gas phase equations.

A fundamental practical difficulty with the spray equation
approach is the large number of independent variables involved.
For a three-dimensional transient problem, the distribution function

involves eight dimensions (three space, three velocity, one size
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and one temperature co-ordinates),even with the simplifying
assumption that the droplets are a pure liquid evaporating at the
wet bulb conditions (Faeth (1983)). This problem is compounded
when additional factors, such as droplet temperature variations,

are considered. Furthermore, the drop temperatures, velocities etc.
vary rapidly in the near-injector region, imposing requirements

for closely spaced grids for all the dimensions of fq if numerical
errors are to be avoided. This would require prohibitive amounts
of computer time and storage.

The 'continuum' droplet model treats the droplets as a
continuous fluid interpenetrating and interacting with the gas
field. Travis et al (1976) showed that the continuum model is
equivalent to taking appropriate moments of the spray equation.
Integration of the resulting equations over the entire range of Dd
and uy values gives the conservation equations of the droplet phase,
which are linked to the equivalent transport equations for gas phase

properties, e.g. the axial momentum equations for both phases are

written as:
2 ou)g + 52eu%)g + L slroung = - &k oy - uy)
EPUlg * gx\PU g T F FritPWIg = T 5% e‘p;“p g

(2.20)
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where u and v are the axial and radial components of the velocity,
6 is the void fraction and Bj represents the drag function. This

model has been used by many investigators e.g. Murray (1965),
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Soo (1967), Anderson and Jackson (1967), Harlow and Amsden (1975)

and Gosman et al (1976a). It is also widely employed in calculations
of two-phase flows in nuclear reactors (see Dehaye et al (1981)).

This approach yields a particularly concise formulation when a

single droplet size is adequate to describe the process. Sprays,
however are polydispersed, i.e. they possess a range of drép]et

sizes and this can only be represented in the continuum model by
defining discrete size ranges and solving a set of continuum equations
for each range. Thus, in theése circumstances the continuum approach
effectively replaces the large number of discretized independent
variables of the spray equation by a large number of transport
equations (according to the number of size ranges used), so it

too becomes costly in terms of computer time and storage requirements.
A second disadvantage of the continuum appraoch is that it is prone
to numerical diffusion errors when the narrow, high velocity spray

is oblique to the computing mesh.

There exists a subclass of continuum models employed by
Shearer and Faeth (1977), Khalil et al (1977), Shearer et al (1978)
and Faeth (1979) among others usually termed 'locally homogeneous
flow models'. The basic premise of this model is that interactions
between phases are fast in comparison to the development of the
flow field as a whole. This imp1ie§ that at each point in the flow
both phases have the same velocity and are in thermodynamic
equilibrium. This requirement is most easily met when the dispersed
phase is a gas and the continuous phase is a liquid, due to the
relatively low inertia and thermal capacity of bubbles. The validity

of this model for spray applications is however questionable, unless
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the droplet sizes are small, the densities of the phases are
nearly the same-and the rate of flow development is sTlow. None
of these conditions are met in real diesel sprays.

The major advantage of the locally homogeneous flow model
is that fewer equations are required for spray calculations since
the theory is equivalent to a single-phase flow. The main disadvantage
involves the inaccuracies inherent in the assumption of infinitely
fast interactions (see Shearer et al (1978)).

The most popular method is the 'discrete' droplet model
in which the spray is statistically represented by a finite number
of discrete droplets, rather than by continuous distribution.
Conventionally the droplet behaviour is described by Lagrangian

conservation equations as (for axial direction):

dxd
T "YU
(2.21)

du

at—d=Bd(ug - ug) -l—d%;

while an Eulerian formulation is retained for the gas motion:
however the latter practice is a matter of choice rather than
necessity. The application of the discrete droplet model involves
dividing the 1liquid emanating from the nozzle (or more generally,
the atomization zone) into a finite nﬁmber of droplet classes or
parcels whose initial properties (i.e. size, velocity, temperature
etc.) are assumed known. Each parcel is considered to represent

a group of droplets all possessing the same initial characteristics.

The Tife history of each parcel is then computed as it traverses
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the flow field and exchanges mass, momentum and energy with the
surrounding gas. The effect of the droplets on the gas phase is
considered by introducing appropriate interaction source terms
in its equations of motion. This interaction source term is

given by the following:

S0y " & N, kL Mgedpt = (mg s ) (2.22)
where i,j designates the computational cell, Nd,k is the total
number of droplets in the parcel k, na is the mass of the droplet
in the parcel and ¢ais a general property which represents u, v, T
and 1 for mass source. The superscript n+l and n designate new and
old time levels respectively.

A summary of the properties of the recent discrete droplet
models is listed in table (2.2). The list is by no means complete
and the various investigations in this 1ist have been selected
to represent typical features of current models, a range of
applications and the extent and limitation of the various
model predictions.

The applications considered by the models listed in
table (2.2) involve both evaporating and combusting sprays (e.g.
Crowe et al (1977), Mongia et al (1978), ElBanhawy and Whitelaw
(1980), Gosman et al (1980a)and Boyson et al (1981)). In these
calculations it was assumed either explicitly or implicitly that
the spray is 'dilute'. It is meant by this term that interactions
between droplets as well as the volume occupied by droplets are

both negligible.
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It was also assumed in the above-mentioned studies that
the droplets respond only to the time-averaged velocity field,
which effectively ignores the possibility of turbulent diffusion
of the droplets. Some workers, such as Abbas et al (1980)
represented the effect of gas-phase turbulence in a deterministic
way, by working out from the droplet concentrations a 'diffusion’
velocity which is added to that obtained from the original Lagrangian
equations of motion. An alternative, and probably more correct
approach is the stochastic one devised by Dukowicz (1980) and
elaborated by Gosman and Ioannides (1981), in which the gas turbulence
is randomly sampled during each droplet's flight and allowed to
influence its motion.

The first reciprocating engine applications of the discrete
droplet model were made by Butler et al (1980) and Gosman and
Johns (1980b). The former predicted the spray evolution in a direct-
injection stratified-charge engine. The numerical model was used
to simulate the compression and expansion strokes, including the
effects of fuel injection, mixing, ignition, combustion and nitric
oxide formation. In their calculations, they used a constant eddy
diffusivity to represent the gas turbulence and did not model the
effect of this on droplet dispersion. Gosman and Johns (198Cb)
predicted the spray characteristics in an open-chamber direct-
injection engine, in the absence of combustion, using the k-¢
model for the gas phase turbulence. They too ignored droplet
dispersion due to gas turbulence. This methodology was later
extended by Gosman and Harvey (1982) to include a combustion model,
of a kind which allows in an approximate way for both chemical-

kinetic and turbulence effects on the burning rate.
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An improved numerical technique (within the discrete
droplet model) was developed by Dukowicz (1980) for computing the
behaviour of atomized non-evaporating diesel sprays injected into
a constant volume vessel containing quiescent gas. The gas and
droplet momentum equations were solved by a coupled and implicit
method that eliminated iteration for the droplet-gas interaction
terms due to the strong coupling of the droplets and gas phase
velocities. In his analysis, the gas phase turbulence was simulated
by an empirical eddy diffusivity relation devised for gaseous jets.
This methodology was later extended by 0'Rourke et al (1980) and
Kuo et al (1982a)who considered the dense spray phenomena which
included the effect of non-unity void fraction on interphase transport
rates (drag, heat and mass transfer coefficients); the effect of
droplet collision and agglomeration; and allowance for non-unity
void fraction in the governing equations of the gas phase.

The main advantage of the discrete droplet model is the
elimination of the numerical diffusion (due to Eulerian smearing)
in the droplet calculations. Also, the computer storage and
computational time are smaller than those of the other spray models
examined earlier, because, in practice, the number of droplet parcels
required to achieve satisfactory representation of the spray is
not excessive, typically 200 parcels/ms. (Dukowicz (1980)).

A serious difficulty when using the discrete droplet models
is the lack of data on detailed injector characteristics, such as
droplet size and velocity distributions. This is inherently associated
with the complex and incompletely understood area of spray atomization

as discussed earlier.
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The discrete droplet models, as the spray equation and
continuum models, requires the specification of the submocels for
droplet interaction with the gas phase, such as the drag coefficient,
heat and mass transfer correlations. These correlations will be
discussed in the next subsection.

Finally, it can be concluded from the above discussion that
the discrete droplet models have been favoured by recent workers
since the computational time and computer storage are smaller than
those of the spray equation model (the number of droplets representing
the spray using the discrete droplet model is much less than the
number of cells needed in the spray equation model). Also the
discrete droplet model eliminates the problems of numerical diffusion
for the droplet calculation. Therefore, the discrete droplet model
will be used to mathematically model the Tliquid phase in the present

study.

Spray Submodels

i. Droplet drag coefficient

A knowledge of the drag coefficient of the droplets (which
constitute the entire spray) is essential for the calculation of
spray behaviour.

Since the droplets are spherical in form, some information
on the drag forces for liquid droplets may be inferred from
experiments on solid spheres. The total drag on a solid sphere
may be divided into two components, the friction (Stokes) drag

associated with the viscous shear stress tangential to the surface
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and the form drag associated with the variation of pressure over
the surface. At Tow droplet Reynolds number friction drag dominates
while at high Reynolds number the form drag dominates as a result
of the local decrease in pressure in the separation region (see
Graves and Scull (1960)).

Ingebo (1956) measured the drag coefficient (Cp) of an
accelerating droplet in an airstream and he found that Cj is related

to the Reynolds number in the range 6 <Re <400, as:

84

cp = 27/Re”" (2.23)

oV.. D
where Re = __ﬁﬁl_g _and Vre1 is the relative velocity of the

droplet to the main body of the airstream. Ingebo showed that
correlation (2.23) lies between Stokes drag (24/Re) and the standard
drag (the drag of smooth inert spheres moving in steady state
conditions).

Rabin et al (1960) observed that the flattering of the
droplet at high Reynolds number causes an increase in the drag
coefficient. They obtained, for Reynolds number in the range

80 - 10%, the following correlation:

0.217

Cy = 0.271(Re) (2.24)

D

while they recommended Ingebo's correlation for Reynolds number
less than 80.

Eisenklam et al (1967) investigated the influence of
evaporation on the drag coefficient. They reported that evaporation
reduces the friction drag due to a thickening of the boundary layer

and they correlated their results by
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Cp = Cp/(1 + B) 0.1 <Re <40 (2.25)

here B is the transfer number defined as cp(Tg - Td)/L where cp
is the specific heat and L is the latent heat of vaporization. Cﬁ
is the standard drag, proposed by Wallis (1969) for 0 < Re <10°
as:

. _ 24 0.687
Ch = gz (1 +0.15 Re ) (2.26)

Yuen and Chen (1976) assumed that the difficulty with
the drag coefficient of an evaporating droplets arises due to
variable property effects in the film surrounding the droplets.
They found that the drag coefficient obtained from their results
together with that obtained by Eisenklam et al (1967) correlates
well with the "standard drag" provided that Reynolds number is
calculated in terms of the free stream velocity and density while
the viscosity is determined at an average film temperature.

Finally, it can be concluded from the above discussion
that the standard drag (correlation (2.26)) describes well the
drag of non-evaporating droplets as well as the evaporating ones
when proper averaging of the film properties is used to calculate
Reynolds number. It is also a simple equation which covers the
range of interest of Reynolds number. Therefore it will be used

in the present study.
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ii. Heat and mass transfer coefficients

Droplet vaporization theory has been extensively studied by
many investigators. Classical droplet vaporization theory
describes a fuel droplet in a spherically-symmetric gas field, and
then correct the results with an empirical correlation for convection.
For constant fluid properties, in the absence of convection, the
heat and mass transfer coefficients for a spherical droplet are

given by (see Faeth (1977)):

_hD _
Nu = = = 2
(2.27)
h'RT._D
Sh = __D_”l_d_ =2

where Nu is the Nusselt number, h is the heat transfer coefficient,

k 1s the thermal conductivity, Sh is the Sherwood number, R is the

gas constant, Tm is the mean film temperature and D is the diffusivity.
The effect of forced convection (due to the relative motion

between the droplets and the gas phase) and free convection (due

to the diffusivity of the vapour away from the surface of the vapor-

izing droplet), is then treated by an additive correction which is

a function of Reynolds, Prandtl (Pr) and Schmidt (Sc) numbers. A

popular and well-established correlation of this type is due to Ranz

and Marshall (1952) who indicated that the Nusselt number and

vaporization rate for vaporization from wetted porous spheres increase

by a factor of 1 + 0.3 Re”ZPr‘V3 due to convection. A similar
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correction was also used to evaluate the mass transfer rate, where
the Sherwood and Schmidt numbers replace the Nusselt and Prandtl

numbers, thus:

Nu =2+ 0.6 Re\/2pp!/3

(2.28)
Sh =2+ 0.6 Re/25c1/3

Here, the thermodynamic properties of the dimensionless numbers are
evaluated at the mean film temperature and composition and Reynolds
number is based on the relative velocity of the droplet, gas density
and viscosity. In their experiments, they used low gas temperature
(less than 473 K) which produced Tow vapour concentration. At high
gas temperature as that encountered in diesel engine (at the time
of fuel injection), the vaporization rate becomes high which in
turn influences the heat and mass transfer coefficients.

Rowe et al (1965) (cited in Yuen and Chen (1978)), obtained
an experimental correlation for the heat transfer coefficient at high

temperature in the range of Re from 60 to 1800 as

Nu =2 + 0.69 Re'/%pp!/3 (2.29)

The heat transfer rates obtained from the above correlations are
higher than those obtained from equation (2.28) for the same Reynolds
number. This is not physically realistic since the high evaporation
rates associated with high temperature decrease the heat transfer
to the droplets.

Natarjan and Brzustowski (1970) carried out experiments

at high pressures and temperatures and they correlated their results by:
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Nu

0.146 Re'/?/B (2.30)

where Be 1+ (h - hs)/L and h_ and hS are the enthalpy at the
free stream and the droplet surface respectively. This equation
has asymptotically incorrect 1imits at low Reynolds number.

At free stream temperature up to 1233 K and for Reynolds
number ranging from 200 to 1800, Yuen and Chen (1978) showed that

the heat transfer rate correlates well with
Nu = (2 + 0.6 Re'/Zpr1/2) /B (2.31)

In the above equation (and similar equation for the mass transfer
rate), all properties are evaluated at the film condition except
the density in the Reynolds number which is the free stream density.

However , Faeth (1977) proposed a general correlation as

0.555 Re1/2(Pr or Sc)]/3 } Be )
(1 + 1.232/(Re(Pr or sc)¥/3)y1/2" *an(1+Bg)

(Nu or Sh) = {2 +

(2.32)

which approaches the correct limiting values at low Reynolds number
at lTow values of BE' The above correlation contains experimental
uncertainties at high Reynolds number, uncertainties in the form
of mass transfer correction at finite Bes and uncertainties in the
selection of the reference state for the physical properties
(Faeth (1977)).

From the above discussion, it can be concluded that Ranz
and Marshall correlations (equation (2.28)) represents the well-

established and tested correlations of heat and mass transfer rate
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for evaporating droplets at low gas temperature. It will be used
in the present study with some modification to account for the effect
of mass transfer from the droplets at high gas temperature, as will

be shown in chapter 3.

2.4 Closure

In this chapter, a comprehensive review of the experimental
work on spray characteristics is given. The spray characteristics
include spray formation, structure, droplet mean diameter, cone angle
and penetration.

It has been shown, by many investigators, that the atomization
of the high speed 1liquid jet is not completed at once after the jet
emerges from the nozzle, but that the jet disintegration occurs over
some jet diameters from the nozzle due to the aerodynamic effects
supplemented by liquid cavitation effects. It has also been found
that the breakup length depends mainly on the operating conditions
of the experiments.

As far as the spray structure is concerned, it has been
found that diesel sprays possess a double structure: a dense core
of poorly atomized ligaments surrounded by a dilute and well atomized

zone (see e.g. Kuniyoshi et al (1980), Boulderstone et al (1981),
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Negus (1983) and Yule et al (1985b)). This structure also depends
to a great extend on the operating conditions of the experiments.

The effects of the different operating conditions on the

spray characteristics can be summarised as:

1. An increase in the effective pressure decreases the mean
droplet diameter, increases the spray cone angle and the
penetration.

2. Increased air density results in shorter sprays of
larger droplet size and cone angle.

3. Increased nozzle diameter has no appreciable effect on
the mean droplet size and the cone angle while it
increases the spray tip penetration.

4. Increased liquid viscosity results in a more compact
jet which is more difficult to disperse and gives a
spray with larger droplet size and longer penetration.

Also, this chapter reviews the different spray models which

are used to represent the spray behaviour. These include the global,
penetration-oriented correlations and the detailed numerical

models. The latter class of models involves the spray equation model,
the continuous droplet models and the discrete droplet models. The
discrete droplet models are the favoured ones since the computational
time and computer storage are less than those of the other spray
models.

Finally, it has been shown that the droplet drag coefficient

is very close to the standard drag curve for solid spheres provided

that the Reynolds number is based upon an average viscosity, while
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the heat and mass transfer coefficients of Ranz and Marshall (1952)
are limited to droplets evaporating at low gas temperature. Therefore,
a correction is needed to account for the high mass transfer from

the droplets which evaporate at high gas temperatures.



Table (2.1) Summary of the operating ¢onditions of the Various experimental work.

Reference nozzle injection charge charge
Liquid - medium diameter pressure pressure temperature
(mm) (MPa) (MPa) (K)
Bergwerk (1959) shell oils air 0.2 - 0.25 10 - 23 0.1 - 9.5 293
Boulderstone et al (1981) diesel fuel oil-air 0.46 12 0.1 293
Burt and Troth (1970) gasoline, kerosine and 0.25 13.6, 20.4 0.56 - 2.74 293 - 873
gas oil » nitrogen 28.9
ElKotb (1982a)
ElKotb (1982b) }' diesel fuel oil, kerosine 0.55 11.8 0.1 - 0.8 293
E1Kotb (1982) ~+ air
Fujimoto et al (1977),
heavy fuel oil >nitrogen 0.3 37.3 1.08 - 7.95 293 - 806
(1979) and (1981)
Hoenlein (1932) water - air 0.51 - 0.1 293
Hiroyasu et al (1974) diesel fuel oil - nitrogen 0.2 - 0.5 9.9 0.1 -5 293

_6~b..



Table(2.1) Cont'd.

Yule et al (1985, a,b)

2

Reference nozzle injection charge charge
liquid- medium diameter pressure.. pressure temperature

(mm) (MpPa) (Mpa) (K)

Hiroyasu et al (1980) diesel fuel oil» nitrogen 0.3 7 -15" 0.1 -5 293 - 593
Hiroyasu et al (1982) water - nitrogen 0.3 up to 70 0.1 -4 293
Ishikawa et al (1982) diesel fuel 0il > air 0.32 - 0.34 12 0.1 293
Jong-Yule Ha et al (1983) diesel fuel oil -~ CO0, 0.32 - 0.36 22 - 49 0.49 - 0.89 298

Kuniyoshi et al (1980) diesel fuel o0il s nitrogen 0.3 37.3 1.08 - 9.95 293 - 960

Negus (1983) diesel fuel o0il ., air 0.28 18 0.1 - 0.34 293 - 673
Reitz (1978) water, Glycerol » air, 0.34 3.3 -16.6 0.1 -4 293

nitrogen, helium
Sato et al (1982) heavy fuel oil -nitrogen 0.29 37.3 1.08 - 7.95 298
‘Schweitzer (1937) diesel fuel o0il. air 0.18,0.34,0.64 6.8 - 54.4 0.1 - 1.7 293
Varde et al (1983) diesel fuel oil- nitrogen 0.18 - 0.42 24 - 150 2 ~4.2 293
Wakuri et al (1960) fuel 0il > nitrogen 0.31,0.34,0.38 40 - 75 0.1 - 4 293
Wu et al (1983) water,n-hexane and 0.25,0.34,0.66 11.1 - 107.6 0.1 - 0.42 293
| n-tetradecane - nitrogen
Yule (1984) fuel o0il -~ CO 0.21 - 0.46 12 0.1 -6 288- 700

- 09_



Table (2.2) Summary of representative discrete droplet models of sprays

Turbulence Droplet Collision
Reference Application and dimensions model dispersion mode]l
model
Crowe et al (1977) Evaporating sprays, steady 2-D k-€ None None
E1Banhawy et al (1980) Combusting sprays in cylindrical furnaces, k-€ None None
steady 2-D
Gosman et al (1980a) Combusting sprays, steady 2-D k-€ None None
Abbas et al (1980) Combusting sprays in furnaces, steady 2-D k-€ Deterministic model None
Ioannides et al (1980) Combusting sprays in furnaces, steady 2-D k-€ Stochastic model None
Mongia et al (1978) Combusting sprays in gas turbine k-€ None None
combustors, steady 3-D
Boyson et al (1981) Combusting sprays in gas turbine k-€ None None
combustors, steady 3-D
Butler et al (1981) Combusting sprays in DISC engines, Scalar eddy None None

transient 2-D

diffusivity

_lg_



Table(2.2) Cont'd.

Turbulence Droplet Collision
Reference Application and dimensions model dispersion model
model
Gosman and Johns (1980b) Evaporating sprays in DISC k-g None None
engines, transient 2-D
Gosman et al (1982) Combusting sprays in DISC k-€ None None
engines, transient 2-D
Dukowicz (1980) Isothermal sprays, transient 2-D Scalar eddy Stochastic model None
diffusivity
0'Rourke (1980) Isothermal sprays, transient 2-D Scalar eddy Stochastic model Yes

diffusivity

_ZS_
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Fig. (2.1) Jet breakup length as a function of jet
velocity from Haenlein (1932)
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Fig. (2.3) Structure and shape of diesel
spray from Kuniyoshi et al (1980)
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Fig. (2.5) Effect of the charge density on the Sauter
mean diameter from Elkotb et al (1982)
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Fig. (2.6) Droplet size distribution of various fuels

from ElKotb et al (1982)



28 (deg)

28 (deg)

- 56 -

Charge pressure (MPa)

Fig. (2.7) Effect of the charge pressure on the spray

cone angle from Hiroyasu et al (1982)
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- 57 -

CHAPTER 3

THE MATHEMATICAL MODEL

3.1 Introduction

The predictions of the hydrodynamic and thermal characteristics
of Tiquid sprays in diesel engines require consideration of
interacting gas and liquid phases in the flow field. This requires
dealing with two sets of equations, one set for the gas and the
other for the droplet. These equations are coupled primarily
by two mechanisms; the displacement of gas by the volume occupied
by the droplets and mass, momentum and energy interchange between
droplets and the gas.

This chapter deals with the assembly of the differential
equations that govern the flow, heat and mass transfer processes
of both phases. Section 3.2 presents the instantaneous gas phase
equations conventionally expressed as Eulerian differential
equations, and their ensemble-average forms are then given in
section 3.3.

Section 3.4 discusses the effects of turbulence on the
gas phase and reviews the different turbulence models that may
be employed to represent these effects. Also, it covers the
modelling of the Reynolds stresses and the turbulent shear fluxes
generated from the ensemble-averaging process. The modelled
forms of the gas-phase equations employed in the present study are

given in section (3.5). Finally, the working versions of these
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equations are obtained through a co-ordinate transformation in
section (3.6).

The derivation of the droplet-phase governing equations
including the underlying assumptions and fuel and film properties
are presented in section (3.7). Then the method employed to
model the effects of the gas turbulence on the droplet trajectories

is discussed in section (3.8).

3.2 Equations Governing Instantaneous Motion of Gas Phase

In the present study, the Eulerian differential equations
governing the conservation of mass, momentum and energy form the
basis for the analysis of a general, compressible, non-reacting
gas phase flow, heat and mass transfer. The equations are first
written below in the form appropriate to a time-dependent, two-

dimensional axially symmetric flow.
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3.2.1 Mass Conservation Equation

Defining a variable p(x,t) as the density of the gas
occupying a volume V which contains k droplet parcels, the
conservation of mass states that the rate of change of the mass
of gas in the volume V must equal the mass flux crossing its
surface plus the rate of mass transfer from the droplets
(Travis et al (1976)). This is expressed mathematically as

follows:

5208) + 52(08) + L 72(ro0v) = S 4

where 8 is the 'void fraction', defined as the fraction of the
volume occupied by the gas and u and v are the ocas velocities
in x and r directions, respectively. Sm,d is the rate of
evapcration of the droplets. The presence of the void fraction
in this equation accounts for the displacement effect of the
droplets and is related to the droplet mass M4,k and droplet

density Pd.k of parcel number k as

1

B=1-—=2Im
pd’kV k d,k

(3.1)

(3.2)
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3.2.2 Momentum Conservation Equation

The equations of motion of the gas phase also contain

contributions from the droplets through the exchange of momentum

with them as well as the displacement effect (Travis et al (1976)).

The momentum equation in the axial direction is:

sa{pdu) + zo(pouu) + % 2(rpevu)

P
- {567, 0) + % galror, )} - 637

and the radial momentum equation is

) . d )
5(08V) + 52(p0vu) + 1 z2(rpoVY)

opP
5

5 1
- {gl0T,,) + ¢ 8—f’,(reTW)}

In these equations, P stands for the pressure;

and
T T,

Xr r

and sv,d represent the momentum exchanges with the droplets

per unit volume. The stress components for a Newtonian
compressible flow are linked to the velocity field by the
following relations (see Goldstein (1957) and Bird et al (1968)):

_ ou , 2 e
Txx = 7 20 gy + 3 u(v.)
- _ v 2 ->
Tpr = = 20 5p * g u(V.0)
= = - (93U, 3V
Trx = Txp © ”(ar + ax)

where u is the gas viscosity and U is the velocity vector.

+ Su,'d

+ Sv,d

are the components of the stress tensor;

(3.3)

(3.4)

(3.5)
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It is to be noted that in equations (3.3) and (3.4)
the factor 6 lies outside the pressure gradients so that the
equation can represent the Timiting case of static equilibrium
for an inhomogeneous distribution of the dispersed phase
(Harlow et al (1975)) i.e. P = constant; u =v = 0; Su,d=

and © # constant. Then if 6 is inside the pressure gradient

term, the equations reduce to P35 ~—-— 0 which is not correct.

3.2.3 Energy Conservation Equation

The conservation of energy principle can be expressed as

3 1
3t(peh) x(peUh) + T -E%(Y‘pevh)

(3.6)
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where Sh d i{s the energy exchange with the droplets per unit
volume and h is the stagnation enthalpy defined by:

2
h=c T + ("_7?'——)

Here T stands for the absolute temperature, k is the thermal

conductivity and c_ is the specific heat at constant pressure

p
defined as

- @hy,

In the above h is the instantaneous static enthalpy given by
h = ch + P/p.
The temperature, density and pressure are linked by the

equation of state for an ideal gas i.e.

p=QpP
where Q = 22
q RT

R is the universal gas constant and m is the gas molecular
weight.
Again, the droplet-phase contribution is made through

the energy exchange term and the void fraction.

(3.7)

(3.8)

(3.9)

(3.10)
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3.2.4 Fuel Vapour Mass Fraction Equation

The conservation of the fuel vapour mass fraction f can

be expressed as:

S2(08F) + 52(0BUF) + L(rpovf)

(3]
-4

) +S (3.11)

1 2
) + 7'5?(ru9

V|
=

_ 9
- a_x(ue m,d

Q

r

The above equations (3.1), (3.3), (3.4), (3.6) and (3.11)
are 'exact' and are thus applicable to both laminar and turbulent
flows: however they are not solved in the form presented for

the reasons given below.

3.3 Averaging Process

3.3.1 Introduction

The numerical method of solution employed to solve the
gas-phase equations calculates the values of each dependent variable
at a number of discrete points or 'nodes' throughout the field.

For turbulent flows, the important details of turbulence
properties have small time and length scales; for example, the

sizes of the eddies responsible for the decay of turbulence in
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a gaseous flow are typically about 0.1 mm (Launder and Spalding (1972)).
It is impossible to resolve details of this order because such

a large number of nodes would be required that it would strain

the capabilities of even the largest present day computers.

Fortunately for most engineering purposes, it is not necessary

to consider the details of turbulence, since we are usually

concerned with the averaged effects. The representation of

these will now be considered.

3.3.2 Ensemble Averaging Procedure

The instantaneous value of any dependent variable ¢
(scalar or velocity component) can be represented by an averaged
component ¢ and a fluctuating component ¢'. For a stationary
or 'steady' flow, the average ¢ is equal to the time average
defined as (Hinze (1959)).

t=t,

#(x) = Tim 2%— 10 elxgt)dt (3.12)
o

to—) o]

where Xy is a certain point in space and to is the time interval.
However this procedure renders ¢ independent of time, it is
therefore only appropriate for quasi-steady flows in which the
averaged quantities can be expected to be time-independent.

This is clearly not the case for the flow considered in the
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present study where the averaged quantities will vary throughout
the spray pulse. For such unsteady flow, the averaged quantities
are defined through ensemble averaging over a large number of
repeated pulses or experiments as (see e.g. Bendat and

Piersol (1967)):

¢(50, nto + t) (3.13)

Here n stands for the number of identically repeated experiments
if the flow is not cyclically repetitive while it represents the
number of cycles or pulses in case the flow is cyclically or
pulsating repetitive; t is the time after the start of each
experiment or pulse of period to and Xy is some fixed point in
space.

Equation (3.13) is used in the present work to ensemble-
average the conservation equations, so their solutions are
therefore deemed to be representative of the average number
of experiments in which the averaged quantities are repeated.

The averaged equations are thus derived by replacing
each of the instantaneous values of the variable in equations (3.1),
(3.3), (3.4), (3.6) and (3.11) by the sum of their ensemble-average
value (represented by the overbar) and a fluctuating part

(represented by '), e.g.

+u', 6=0+ 6" etc.

o}
H ]
o]
+
ol
o
{]
=|
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and then ensemble averaging the equation. This process produces

the following, with the overbar indicating ensemble averaging.

Continuity

+p BV I+ p VI + VO +p6V)}’m’d (3.14)

Axial Momentum

?:(_p'éﬁ+peu +Bput +uUPB +pBU

+2(pBUT + 25T TU + 200 5707 + UT 107 450 WU +

zﬁplelul +5‘81u1ul +'e_plulul +plelulul)

+l—§{ﬂp§uv4-UVp6 +pv B'UT +pu BV  +B8u p'V' +

BV pfur +pB UVl +pBuvV  +8 pu'v  +upov’ +

1 ] - —'aﬁ - ] 8
vpolu +pou'vi)}=-79 e ) 5%_
9= — —.——r .
- 5% (GTXX + ) -7 ar {r (GT Trx)} + -gu,d (3.15)



- 67 -

Radial Momentum

-a-g-(pHerpe + 0 p VI +VpO +pOV")

+3—2'(5§D\7+T1\7pe + pvyBuT+pu BV +6UpV +

BV p U +p0 UV +p 08UV +B8p UV +upaV +

= {r(pBvv + 2ov 8'v" +

— 1
Ianr,, T tpl, I),1
v p'8Tu +p6uv)+-Far

20V o'V +VVpB' +pB VIV + 2vplav +

b“—-r—l'env v’ o+ '9‘ pTvlvi + plelvlvl)l} =

—a—P- 3P' 3—_ 1 1

"B 8 o T T 8T

L3 T +TTL) +S (3.16)
r ar rr rr v,d :
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Energy Equation
If the fluctuations of the molecular viscosity, thermal

conductivity and specific heat are ignored, this runs

5'%(};_95 +p 8N +B8phH +hp6  +pBh")

+ wO(PBUR + UR P + ph §7u” + pU §'h' +8U p'h"

ghp'u" + pf Uh" + g p'u'h" +5 p'uh" +Up'p'h" +

57070 + g0 UhT) + 52 [r(pBf + VA 578" +

oh®8 VT +pVv e h" +8Vp'h"™ + 8h p"v" + o6 VIh™ +

) h" +5 p'vih' + vpe'h' +hp'a'vl +p'p V'ﬁ')] =

3 -k = oh , 9h' 1 9 ~ k ~2oh ., |, oh"
ot O o] rrar g oar o 5

+ 2
6" ar(z ?—-+ k)] + S’ (3.17)
'2
where U is the velocity vector and k -Z-—Z— is the turbulent kinetic

energy.
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Fuel Vapour Mass Fraction Equation

-5—(_6?'+p—'T"+e + T o0 +p'0'f")

+ g%(peu; +Uf 076" + pf B'u’ +pu 8'F + 06U p'T' +

ﬁW+E§U'f' +Be|u|fT+§plu|fl +'Jp|e|fT+
F OB + BEUET) + 152 [ r(GOVF + VF 5707 +

pf'e_l—_l'+pv +?—r—r+'e'.r—lﬂ'+pe—rf'r

<D
)
+
@|

plvnfﬁ +Vp|6|f| +'_F-plerVT+Ere'V'fl)] =

9T, g o
r ar [ru(® a +9' 2 )]

(3.18)
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3.3.3 Favre Averaging Procedure

The ensemble averaging approach used above results in

double and triple correlations involving density and velocity

fluctuations e.g. p'u’ and p'up" etc., as can be seen in
equations (3.14) to (3.18). These terms could be significant
in reacting (Libby et al (1977)) and non-reacting flows
(Bradshaw et al (1971)) and the modelling of these terms is
difficult and uncertain (Sayed (1977)).

Favre (1969) introduced an alternative method of averaging
usually called 'density-weighted averaging' which eliminates the
forementioned correlations and therefore, results in considerably
simpler equations (Libby (1973), Bilger (1975), Pope (1976) and
Jones (1980)).

The density-weighted averaging procedure involves

decomposition of the instantaneous variables thus,

u=u-+u"
V=V
. (3.19)
8 =6 +0"
o =¢+0¢"
where u, v, § and ¢ are the density-weighted average values
defined by
: , nem
$(x,0t) = = [Tim 75T 2 p(l(o’nto+t)¢(3(-o’nto+t)] (3.20)
M n=-m

and p is the ensemble-average density.
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Comparison of equation (3.13) and (3.20) yields the
-relation between ¢ and the ensemble-average ¢ and the

fluctuation ¢' as

b=l . (3.21)

and also it can be shown that

T, T
¢" = o' -% (3.22)

It should be noted that

T

pu = pVII = pell = pd)" = 0

The Favre averaged forms of the governing equations,
after noting that density weighting is not to be applied to
either the pressure or density (see Jones (1980)), can be

written as:

Continuity
3=5 d=sr, — gmw
7E(P8) + mxlp6u+ p 8™u")

1 T p—. -
+'F'§% [r(pev+p8V"]| = Sm. d (3.23)
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Axial momentum

~ o~ Y

L. _ o~
g%(ﬁeu+ o 6mu™) a—i(p puu + pouu”

~a

n _ n _
+ 200 B"UT + p BTUTU") + %ﬁ [r(oauv

- e, = X - a — "’
+o0 UV +pu 8V + v BTUT +p 6"u"v"))

- -gdP g3kt _ 3 Ty -

==k " Vet (B T F 0T

1 __

Fae [rE T, + o)) +5, 4 (3.24)

Radial momentum

~ o~

—_— —_—- ny - ny —
+pu 9“V" +pV enun +D ellullvll) ¥ ]?—3'?7 [r(peVV

+ Eév"r\\;" + 20V 6"’\\"" +p e"vm"v")] = - 5—3% -9 %;L
- 937 Ty _ 1.0 = sy
wE Ty * 8 T0) F o [r(® Top 0 Trr)]
*+5,.d (3.25)
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=3—2{.—§;(53§+e' Myl 2K = My gr Ay s
F-S%+e'—§—?—+g%{(a+§;>['e‘§(zz‘g—+k)+
e',a%(zgﬁ+k)J}+%§{r(ﬁ+§_)[§§.(23;+k)+
p

e'%(z‘ﬁ’}i"k)]}'*ghd

Fuel Vapour Mass Fraction
LB EF + 5O + AGEIF + 58 T+ U B
5F T S TTE) + 12 [n(5EVF + 56 PF 4 BY

(3.26)

(3.27)
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It should be noted that Favre averaging 1is applied only
to terms containing density. Inspection shows that the Favre
averaged forms are simpler than the ensemble averaged forms due
to the elimination of the correlation involving density fluctuation
as already mentioned. However, when comparison of calculations
with the measurements is made, it should be known whether the
measuring instrument records p¢ or ¢ whose respective statistical
averages are ¢ or . (Laser-Doppler and hot-wire anemometers
measure unweighted variables while the pitot tube measures
density-weighted variables, see Jones (1980)).

Nevertheless there are some grounds for selecting the
ensemble-averaged forms of the equations. Firstly, the Favre
average equations contain some unweighted averaged variables
Tike ?kx’ h and ¥; and the determination of these requires
modelling of the density fluctuation correlations ( c.f. equation
(3.21)). Secondly, Favre -averaging like ensemble averaging does
not eliminate correlations involving fluctuations in the void
fraction. These correlations could be significant but
unfortunately there is no experimental or theoretical evidence
of their magnitudes. There is also little experimental information
about the importance of p'-containing correlations like p'u' and
PTé" in multiphase flows. For these reasons, in the present study,
the ensemble-averaged forms of the equations are used with the
correlations involving density and void fraction fluctuations

omitted, in the knowledge that their effects may be significant.
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3.4 The Turbulence Model

3.4.1 Introduction

As can be seen, the process of ensemble averaging, gives
rise to similar equations to those for the instantaneous
quantities but with some extra terms involving fluctuating
velocities e.g. P6 U'U', P8 u'v-  and pg U9 . These terms,
commonly interpreted as diffusional fluxes of momentum, energy
etc. due to turbulent motion, play a significant role in all
turbulent flows. In order to solve the ensemble-averaged
equations therefore additional relations are needed connecting
these unknown to calculable quantities. Unfortunately, there
is no exact way of determining the magnitude of these terms;
therefore, their effects must be approximated or 'modelled' and
the process of formulating equations for the unknown correlations
is termed 'turbulence modelling'. As has been stated earlier,
model1ling of correlations involving density fluctuations is
hindered by the Tack of measurements, hence their effects are
neglected (as well as terms containing ©'). However, the turbulence
model based on the characteristic of constant density flows has
been used for the calculation of turbulent reacting flows (see
for example Khalil et al (1975), Gosman et al (1976b),

Salooja (1978), Megahed (1979), E1 Banhawy et al (1980) and
Abbas et al (1981)).
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3.4.2 Choice of the Turbulence Model

The determination of the turbulent fluxes constitutes the
main problem in turbulent flow calculations. A possible approach
to determining the values of the Reynolds stress E'GTG}' and the
turbulent fluxes p ¢ is to represent them as the dependent
variables in conservation equations. This can readily be
achieved but with the consequence that higher order correlations
will appear (see e.g. Harlow and Nakayama (1967), Lumley (1975)
and Reynolds (1976)). The same approach can be taken again
and the conservation equations written for the higher order
correlations will contain a further higher order correlations.
Closure approximations are therefore introduced to limit this
approach and relate these higher order terms to lower order
'known' terms in order to produce a closed set of equations

(Launder et al (1975)). This approach, known as 'Reynolds stress

closure', requires for three-dimensional flows, the solution of

'—l_'l

at least seven differential equations to obtain values for pu iY;

terms.

Another approach which sometimes termed 'mean field
closure' or 'effective viscosity' modelling relates the Reynolds
stresses to the mean rate of strain through the Boussinesq (1877)
equation:

T TT PR

L TE TTTT _ & 1 Jd _ > 2——

where i and j are the co-ordinatedirections and aij is the

Kroneker delta =1 if i = j and 0 if 1 # J.
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The correlations of the velocities and scalar fluctuations
(pou"¢") are analogously expressed in terms of gradients of
average quantities (see Launder and Spalding (1972)) i.e.
5T T - ot 3T
=P8 U = — (3.29)

Gq) BX.i

where e is the turbulent viscosity and 0¢ is the Prandtl or
Schmidt number (experimentally determined). The introduction of

W provides a framework for constructing a turbulence model. A
convenient classification of 'effective viscosity' turbulence

model uses the number of equations to be solved in addition to

the continuity, momentum and scalar equations, i.e. zero, one

and two equations models (Launder et al (1972) and Reynolds (1976)).

These models relate the turbulent viscosity to known or

calculable quantities as:

i. Zero-equation model:

The turbulent viscosity is determined through an
algebraic expression which relates it to a prescribed turbulent
length scale Lt and a characteristic velocity scale Rt(au/ar)

(Prandtl (1925)) i.e.:

Q

Wy = 5'25 |22 | (3.30)

%l
3

This model does not need any extra differential equation to

solve turbulent flow, hence it is called a zero equation model.
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ii. One-equation models

In this class, Prandtl (1945) has suggested that the
velocity scale is well represented by the square root ?f the
turbulent kinetic energy, k(= %-zﬁ:z). Substituting k2 as

the velocity scale in equation (3.30), thus:
z
My = ok L (3.31)

zt is specified algebraically but k is determined from the

solution of differential transport equation.

iii. Two-equation models

This more general and popular class of model, solves
partial differential equations for the turbulent kinetic energy
and a quantity € related to zt. The turbulent energy dissipation

rate € is expressed (Jones and Launder (1972)) as:

_ 372
e = c k> %/n (3.32)

where <, is an empirical coefficient, usually ascribed a constant
value. Upon substitution in equation (3.31), the turbulent

viscosity becomes:

b = cupkzle (3.33)

The conservation equations of the turbulent kinetic energy

and its dissipation rate are given next.
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3.4.3 Transport Equation for Turbulent Kinetic Energy

The equation for the turbulent kinetic energy k can
be derived by subtracting the ensemble-averaged momentum
equations (3.15) and (3.16) from their instantaneous counterpart
equations expressed in terms of mean and fluctuating components
after substituting the values of t from equation (3.5),
multiplying the resultant equations by u' and v' respectively,
summing the two equations and averaging the final equation.
Introducing the definition k = %-G?z, the resulting equation will
contain some new unknown (e.g. E;ﬁ;} ETE}) which must be
modelled in terms of known or calculable quantities (details of
the derivation and modelling of these unknown terms are given
by Watkins (1977)). The final form of the k equation is then

given by

— ——— 1 _
SH(EEK) + 52(BpUK) + 7 5=(rBavk)

Meff 3k
Ck ar

dg eff 3ky 1 3

o oX F'ﬁF(er

+ 56, - Bpe +‘9k +£ (3.34)

t

where the effective viscosity y.e¢ is the sum of the laminar

and turbulent viscosities i.e.

and T is the turbulent Prandtl number, and the generation rate

of the turbu]ent'energy Gt is given by



- 80 -

6 = 1 (2 [EDHZ+ B2+ D21+ (B + 2%
AR (AN (3.36)

The turbulent kinetic energy equation (3.34) contains two
extra terms itl and S?k' The first one comprises a large number
of terms involving density and void fraction fluctuations. As
already noted earlier in connection with the equations of the
mean motion, there is no guidance currently available on how to
model such effects: they are neglected here as well.

The last term Qk (and a similar term 1'I:l e equation) has
been added by Buckinﬁham et al (1981) to account for the effects
of the droplets on the turbulence properties. These effects

are mainly in the form of added dissipation, i.e.

€= a6, - age + g [(Ug,; - uydeTuy + (ug 4 - ufluje
+ u%e'(ua,i - E})] (3.37)

where the (empirical) coefficients a a, and a5 are required to

1°
vanish wheng = 1; and ué,i is the droplet velocity fluctuation.
This modified k-¢ model was applied to flows containing sparse
small solid particles (see Buckingham et al (1981)): the results
suggested that the particles tend to damp turbulent motions
primarily due to inertial effects. The computations were not
compared directly with experiments and more extensive evaluation
of this model will be required in order to adequately establish

) .
its validity. For this reason the term {k is also ignored in the

present study.
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3.4.4 Dissipation Equation

An exact equation for ¢ can be derived (following Harlow
and Nakayama (1967)) by taking the derivative of the equation

for the fluctuating velocity u' with respect to Xg s multiplying

au{
3axXy

derivation are given by Watkins (1977)). After modelling the

the resulting equation by u and averaging (details of

unknown terms generated,the final form is:

3/ — d 1 9, —
ﬁ(pee) + 53((09“8) tr -a—r—,(I"QOVS)

_ 9,~ eff 3¢ 1 3,= eff 3¢
’3_x(9 5 W)"'F—f(eo 5‘,,—.)
€ €
—_— €2 —_— -> \'\ i'
+ 68 ¢ 6 + ¢80 — - PBEV.U +{é +¥_ (3.38)

where Cys Cps O and o, are empirical coefficients whose values
are given in table (3.1) and are taken from Gosman and Pun (1974).
As with the k equation,itg contains a large number of terms
involving density and void fraction fluctuationswhich are neglected
in the present study.
The Tast term £€ added by Buckingham et al (1981) to
account for the effects of the droplets on the turbulence
structure of the gas phase, is

2

? = Y - £ T ! T
te = %6, + 2 -+ ag(Uy ; - UI)ue (3.39)

This term is also ignored in the present study for the reasons

mentioned earlier.
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3.5 Modelled Form of the General Transport Equation

The modelling of the Reynolds stress terms in the ensemble-
averaged momentum equations has been indicated in section (3.4)
(equations (3.28) and (3.29)). The only remaining terms to be
modelled are of the form p6 pﬁ?ﬁT which appear in the energy
equation. Following Launder and Spalding (1973) and others,

these terms are modelled as a diffusion process, typically:

1 3 1
- 3;)5;;(2‘2—)

(o} X_I O'h X'I
1 1,3
where
zU?
F=Ep_T+-2-l+k (3.41)

The ensemble-averaged forms of the equations have the
same structure and can all be expressed by the following general

transport equation for any variable ¢

5%(08¢) 8(pﬂud>) + — (rp Vo)

Y‘BY‘

d
= 5aler, 5p) + L orr, 22y + Sy * Sy 4 (3.42)
where ¢ stands for u, v, h, f, k, € (the overbar has been omitted)
or in the case of mass conservation, unity. The exchange

coefficient T, is given by:

¢
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H
5 i (3.43)
o)
The definitions of F¢ and the associated source term,
S¢ , are given in table (3.2).

3.6 Moving Co-ordinate Frame Transformation

The equations assembled and modelled so far are for an
Eulerian co-ordinate frame. For flows with moving boundaries,
transformation of the Eulerian co-ordinate system to a more
flexible system that moves with the boundaries is required. As
the transient gas jets and the liquid sprays of the present
study penetrate further with time, then using a fixed grid system
will be inefficient in computer time and storage because the jet
or the spray occupies a small proportion of the total flow domain
in the early stages of injection. Therefore, a solution domain
which expands with expansion of the jet is used for the calculation
of the transient laminar and turbulent isothermal gas jets. A
fixed grid system is employed for spray calculations because
there is a restriction on the minimum size of the cells as will
be discussed in chapter 5.

Transformation formulae have been derived by Watkins (1973)
for the case of an internal combustion engine with a flat topped

piston, while Johns (1980) have derived the transformation formulae



for a translating and expanding/contracting co-ordinate frame
to accommodate with the complex shape of the piston bowls.
A simplified form of the derivation employed by Johns will be
used here.

New independent variables x' and r' are introduced which

are functions of the Eulerian co-ordinate frame i.e.

x' fl(x, r, t)

-
|

. fz(X, Y’, t)

From differential calculus:

v _ ox!' ax' ox'
dx —de*'sr—-dr'f‘ﬁt—dt

y _ or' or' or'
dr -de+_aTdr+§t—dt

(3.44)

(3.45)

A variable ¢ can be expressed in either co-ordinate system

as:

o(x, ry t) = ¢(x', r', t)

differentiation of this equation yields:

L o o - 99 v, 99
™ dx + T dr + 5t dt = T dx' + 37T dr
+ 2 gt

ot

Substituting from equation (3.45) yields:

(3.46)

(3.47)
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+a—r'3——'dt +%%dt

By inspection, the general transformation formulae between the

two frames are as follows:

_ 3 3x' 93¢ ar'
ox' 3xX oar’ 9x

3
3X

9 -39 dx' 3¢ or'
ar  ax' ar ar' ar

9 _ 3¢ ox' 3¢ ar' . 3¢
3t a%at +%at+at

The dependence functions f] and f2 of equation (3.44) are

here specified as:

m|><
—r

X =f]

r' f, =

ml-s
™

where £ and £, are time-varying distances (here taken as the
jet penetrations in axial and radial directions respectively).
Hence, the solution domain, defined in the new (x', r', t)

co-ordinate frame, is always bounded by the injected jet.

(3.48)

(3.49)

(3.50)

Differentiation of equation (3.50) with respect to x, rand t

yields:



Insertion
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- 1
3}
=0
E? 3 1 9
(3.51)
=0
_1
£o
R
E’ga- Ezat

of the above expressions into the general transformation

formulae (3.49) yields the final form of these formulae for that

particular transformation (equation (3.50)) as:

1%

2Ty

13

g, orT (3.52)
2 _x' 2130 _r' %52 3

ot g] ot oax" 52 ot or"

Application of these relations to the general transport

equation (3.42) produces:
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o O o 3y o
’g‘f(pe¢) g 3t "—l'( e¢) g 3t a_r‘r(peq’)

+1 9 1 1 3 '
g _—T(peu¢) (gzrl) EE arl [(gzr )pev¢]

3% 1 1 )
T E T [9T¢ g1ax'l P E, o [(gpr)er, o Tporn

+S4+ S (3.53)
where S$ is also transformed. With some further manipulation,
the transformed equation takes the form:
L8 (e, )eee] + et [o8(u - x' o]
TE,(E,r) Bt L1m2te2t P gaxt P ot
13
1 1 3 . , =2
+ z?rg_ZW [(gzr )eBo(v - r _Bt_)]
1
TE D =Ty 7 s1ax -l g 2 g 5 L(Epr') oF '"5?']
= S$ + S¢’d (3.54)

. 83 (o
The quantities x' 5T and r' ¢ are the local co-ordinate
frame velocities in direction x' and r' respectively. Hence, by
dropping the primes, the above equation can be written more

compactly as:
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1 ' 3
€165 I&ZY‘) {5% [5152(€2Y‘)09¢] =% [gz(gzr)peurq;]

9 ] L)
ta [ Eqraeong] - % (50 1T gy ]

- 5% [, Ty E%%’? =5, + S (3.55)

351

where U = U= gy g
(3.56)

352
Vp =V - By

The transformed source terms for each variable are given

in table (3.3).

3.7 Droplet-Phase Equations

a. Introduction

Spray vaporization and combustion studies are of primary
importance in predicting and improving the performance of systems
utilizing spray injection. Jet engines, industrial furnaces
and diesel engines are typical examples of these systems. The
introduction of fuel into a combustion chamber (either as a

prevaporized gas often diluted with air or in Tiquid form) is the



- 89 -

key step in the combustion process since its results determine
the overall combustion rate, fuel efficiency and emission of
chemical pollutants, therefore an accurate prediction of the
spray behaviour is necessary.

The approach which is employed here to mathematically model
the liquid-phase is identified as 'discrete droplet model'. 1In
this model, the spray is represented by discrete computational
parcels. Each parcel represents a group of droplets possessing
the same size, temperature, velocity, etc. The trajectories of
the computational parcels and their masses, velocities and
temperatures are obtained from the Lagrangian conservation equations
of mass, momentum and energy for each parcel (Crowe et al (1977),
Crowe (1978), Gosman et al (1980a),Gosman et al (1982),

Dukowizc (1980) and O'Rourke (1981)). The Timitations in the

above model constitute the topic of the next subsection.

b. Model Assumptions

The various assumptions included in the spray model of the
present study are:

1. The spray is considered to be fully atomized and
secondary droplet break up is assumed to take place.
Droplet break-up occurs whenever the Weber number
exceeds a critical value. The Weber number is defined
as the ratio of the inertia body force to the surface
tension force and is given by:

2
PDgV e

We = 5

(3.57)
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where p is the gas density, Dy is the droplet

diameter, Vo is the relative speed = lu - udl and

o is the surface tension. Henein (1976) reports that
the critical Weber number associated with the

secondary droplet break-up is 15. In the present study,
for the maximum droplet diameter of 50 um and a typical
relative velocity of =10 m/s, the Weber number is Tess
than the critical value.

The droplet is assumed to'be spherical. It is well
known that moving drops deform in shape; however, the
existing correlations for drag and heat transfer
incorporate this effect implicitly, treating the
droplet as an equivalent sphere (see Yuen et al (1976)).
Phenomena such as droplet collision, coalescence and
droplet vibration are neglected (Borman et al (1962)).
The fluid motion in the droplet interior and the flow
around the drop (in the gas-phase boundary layer) are
considered to be quasi-steady i.e. the flow immediately
adjusts to the local boundary conditions at each
instant of time (Faeth (1983) and Sirignano (1983)).
The radial velocity of the liquid surface due to the
evaporation of the liquid is neglected

(Sirignano (1983)). Also, the Tiquid surface is assumed
to be in thermodynamic equilibrium, with negligible
temperature jump due to finite rates of evaporation

(Faeth (1983)).
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6. Thermal diffusion is neglected and only concentration
diffusion is considered. (E1 Wakil et al (1954)).

7. The liquid is a pure hydrocarbon having infinite
effective conductivity because of rapid circulation
within the droplet to maintain uniform droplet
temperature (Borman et al (1962)).

8. Effect of turbulence on drop transport properties
e.g. drag coefficient, heat and mass transfer rates,
is ignored. (Butler et al (1980) and Gosman et al (1980a)).

Under the above assumptions, the Lagrangian set of

equations that describe the droplet behaviour i.e. its motion,

heating and evaporation are discussed next.

c. Droplet Motion and Trajectory

The history of a non-rotating droplet of mass m =-% pdDg

and velocity vector :d in a gaseous field of velocity vector [
and density p is obtained by writing Newton's second law of motion
as (Borman and Johnson (1962)):
-
du
d _

My 96 = F (3.58)
where F is the sum of the forces acting on the droplets. These
forces are as follows

1. The drag force, which represents the flow resistance

connected with the motion of the droplet relative to the

fluid. This is usually written for ith direction as:
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Fa,i =7 SRl - Tl = g 4 (3.59)

where Ad is the droplet cross-sectional area and CD is
the drag coefficient. The latter is a function of the
droplet Reynolds number Rey which is defined as:

->
_ olu - Ugl Dy
Reg = —

(3.60)
here Dd represents the droplet diameter. This force
has the most significant effect on the droplet motion
(Ioannides and Gosman (1978)).

Apparent mass force; when a droplet is accelerated
relative to the surrounding fluid, it induces a flow
around it. This induced mass requires an additional
force to be accelerated over that for the droplet
(Wallis (1969)). Since the Tiquid droplet is
surrounded by gas of Tow density compared to the
droplet density (p/pd==3% at typical diesel engine
conditions), then this force will be small compared to
the inertia force of the droplet and can be neglected
(Zubar (1964)).

The pressure gradient force; this is due to the static
pressure gradients in the flow in the direction of

motion gﬂ_ and is equal to:
X3

m
F . =-_4d3P (3.61)

Ps1 pd Bxi



- 93 -

this term has been retained in the present study
because it can be of significant value in thick
sprays (0'Rourke (1981)).

4. The gravity force; defined as

Fg,i = Mg9(eg - p)/py | (3.62)

where g is the gravitational acceleration (g = 9.81 m/sz).

As already shown, p/pd = 3% implying that Fg,i: my9-
This force is small compared to the drag force and,
therefore, is neglected (Williams (1962)).

5. Several additional forces such as Bassett force,
Saffman 1ift and Magnus force. These forces are neglected
in the present study since they only have a secondary
effect on the spray behaviour (Faeth (1983)).
The preceding discussion shows that the most influential
forces are the drag and the pressure gradient forces. Substitution
of the expressions for these into the momentum equation (3.58)

gives, for the axial and radial directions respectively:

du
d _ 3 _ > _ 1 a_P
T 7 50y Colt - ugdlv - gl - ek
(3.63)
dv
d_3 o - 1 3P
Fe = T oy otV 7 Valld - gl - oo 5

where Ug and vq are the droplet velocity in axial and radial

directions respectively. Integration of the above equations
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gives Uy and Vg The trajectory of the droplets is then obtained

from a further integration, of the following equations:

dx
d _ U
dt d
(3.64)
drd )
a " Vd

where X4 and rq are the axial and radial position of the droplet
respectively.

The drag coefficient CD of an evaporating droplet, and
as already discussed in chapter 2, is well correlated by the
standard drag of solid spheres when the average film viscosity is
used to evaluate Reynolds number (equation (3.60)) (Yuen and

Chen (1976)). The standard drag, proposed by Wallis (1969), is

Re
d 0.687
CD = 21—(1 + 0.15 Red ) for Red < 1000
(3.65)
CD = 0.44 for Red > 1000

d. Droplet Evaporation

It is known that liquid droplets behave in an unsteady
fashion during droplet vaporization (Sirignano (1983)). Heat is
transferred from the hot gas to the liquid surface. Some of the
heat from the cas will be required to overcome the latent heat

of vaporization while some is transferred to the interior of the
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droplet to heat it. The droplet energy equation in its fundamental
form can be written as follows (E1 Wakil et al (1954)):

d dmg
detmgig) = hyg o+ a (3.66)

where ﬁﬁ is the average droplet specific enthalpy, hvS is the
vapour enthalpy at the droplet surface and q is the total heat

supplied by the gas to the droplet. The latent heat of vaporization

is defined as
L= hyg - hys (3.67)

where hdS is the liquid enthalpy at the droplet surface.
Substitution into equation (3.66) yields

d _ dmd dmd
with some further manipulations and for a uniform droplet

temperature, equation (3.68) can finally be written as:

de dmd

depd T =L ac + q (3.69)

Here, cpd is the droplet specific heat and Td is its temperature.
E1 Wakil et al (1954) derived an expression for the heat

supplied to the droplet of surface area Aa, q as:

q = hAa(T - Td)

(3.70)
eZ -1
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where h is the convective heat transfer coefficient through the
film surrounding the droplet in the absence of mass transfer
and the factor z/(eZ - 1) represents a correction factor to
the heat transfer coefficient to account for mass transfer from

the droplet. z is defined by

c dmd

p
- _vdt (3.71)
7Dy KNu

where cp is the fuel vapour specific heat and ¥ is the thermal
v
conductivity of the film. The heat transfer coefficient is

obtained via the Nusselt number defined as

hD
4 (3.72)
K

Nu =

Substituting from equations (3.70) and (3.72) into
equation (3.69) gives the final form of the droplet energy equation
as:

g OFT-T) 5 1 573
dt M4y (e2-1) M4Cp, dt

By analogy with the heat transfer equation, a semi-
empirical relationship was derived for the mass transfer by

E1 Wakil et al (1954) thus:

P
] t s O°
= - AP () (3.74)
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Here, h' is the mass transfer coefficient, Pt is the total
pressure, PV,m is the partial pressure of the fuel vapour at
the edge of the film (away from the droplet) and Pv,s is the
partial pressure of the vapour at the droplet surface. The mass
transfer coefficient is obtained through knowledge of the
Sherwood number Sh defined as:

'

Sh = EQ;IEE_ (3.75)
where Tm represents the mean film temperature (=(T + Td)/2),
D is the diffusivity and R is the gas constant. Substituting h'
from equation (3.75) into equation (3.74) yields the final form

of the mass transfer equation:

dm P P, -P
d t t V@
= - 10D pi on(p—p2Z) Sh (3.76)

dt d RTm Pf Pv,s

The Nusselt and Sherwood numbers are evaluated from the

expressions given by Ranz and Marshall (1952) as

Nu = 2. + 0.6 Reg's py0-33
(3.77)
Sh=2.+0.6 Re2-5 5033
where
Cp Hm
Prandtl number Pr = E
K
(3.78)
u

: _'m
Schmidt number Sc =D
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with the éubscript m denotes mean film properties. Equations (3.77)
are valid for Reynolds number in the range of interest in diesel
sprays as already shown in the review given in Chapter 2.

In the present study, the fuel is assumed to be the pure
substance n-dodecane (C12H26) which has approximately the same
molecular weight as diesel fuel. The fuel properties, fuel vapour

and air properties are given below.

e. Thermodynamic Properties

a. Liquid phase

i. Density
The density of the n-dodecane decreases as the
temperature increases (as shown in Fig. (3.1)), according

to Rose et al (1977):

pg = 840/{1+0.00067(T, - 288)} (3.79)

ii. Specific Heat

The specific heat of the 1iquid fuel at constant pressure

at different temperatures is obtained from the data of

Maxwell (1956) and fitted by:

-3:2

= 803.42 + 5.076T, - 2.212 x 10715 3

+1.673 x 10'5Td

o (3.80)

Pd
which is applicable in the temperature range 300 K - 650 K.
For higher temperatures, cpd is obtained by extrapolation

of the above equation in the absence of any other information.

The temperature variation of’cpdis shown in Fig. (3.1).
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Latent Heat of Vaporization

The latent heat of vaporization of the liquid fuel is

given by the following fit to Maxwell's (1956) data

2

3
Tq - 10.99Td

L = 3.288 x 10° + 1.882 x 10

+2.100 x 10‘2T3 - 1.446 x 10‘5T§

which is valid in the temperature range 300K - 640K.
The temperature variation of L (Fig. (3.1)) shows a sharp
decrease at Tyq = 660 K after which the droplet reaches the

critical point, for which L = 0.

Gas-phase (air and vapour)

Fuel Vapour Partial Pressures

The partial pressure of the fuel vapour at the droplet
surface is expressed as a function of droplet temperature

(see Borman and Johnson (1962)) as:

Pv . 6894.757e{]2‘]2767 - 3743.84/(Tq - 93.022)}

It should be noted that when P, . = Pt (the gas pressure)

T, becomes the saturation temperature of the fuel.

d
Figure (3.2) is a graphical representation of the above

formula, from which it is seen that P is Timited by the

V,S

The partial pressure of the fuel vapour in the

value of the gas pressure i.e. P

ambient droplet surroundings Py. is given by:

(3.81)

(3.82)
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"m

PWOO:H;fPt (3.83)

where mo is the mean molecular weight defined below, me
is the fuel molecular weight (= 170.3) and f is the ambient

fuel vapour mass fraction.

Viscosities

The viscosity of air is a fit to the data reported by

Hilsenrath (1960):

6 8

u, = 6.829 x 1070 +4.520 x10787-1.0687 x1071 1% (3.84)

The viscosity of the fuel vapour, as fitted to the
data given by Maxwell (1956) is given by:

7 8 122

T 1.69387 x 10 +1.30959 x 10 °T +6.6482x 10" '“T

- 9.238 x 1071973 (3.85)

Specific Heats

The equation for the specific heat of air at constant
pressure is obtained from the data reported by Hilsenarth

(1960) for the temperature range 600 K - 950 K as:

cp. = 888.4 + 0.2885T - 3.527 x 107572 (3.86)
a

The fuel vapour specific heat is obtained fromthe data
reported by the National Bureau of Standard (1952) for

the temperature range 360 K - 840 K:
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Cp = 303.57 + 3.8705T + 4.323 x 107372
\'

6 4

- 8.648 x 10773 + 3.95 x 10777 (3.87)

iv. Thermal Conductivity

The equation for the thermal conductivity of air

is determined for the data of Hilsenarth (1960) as:

7:2 11,3

5 4+ 2.1157x 107712 - 9.4686 x 10

K =0.05128 -9.885 x 10~ T

(3.88)

v. Diffusivity

The diffusion coefficient (diffusivity) of the fuel-air
mixture is obtained from the following formula given by

Borman et al (1962)

-4 73/2
where = 1.864 - 2.992 x 107°T + 3.357 x 107072
- 1.394 x 107773 (3.90)

Graphical representations of formulae (3.84) to (3.89) are

given in Fig. (3.3).
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C. Calculation of Film Properties

The computations of vaporization rate described earlier

require the calculation of u, c. and « of the vapour-air

P
mixture in the film surrounding the droplet. The molal ratio

of fuel vapour to air is approximated by the ratio of the partial
pressure of the fuel vapour at droplet surface to the air
pressure (see E1 Wakil et al (1954)). The properties then are
calculated at the mean temperature Tm (=(T + T4)/2) and for a
fuel vapour-air mixture of concentration equal to half the
concentration at the droplet surface (assuming the concentration
at the outer edge of the film is the ambient concentration

which, generally, is a small fraction of that at the droplet

surface). Thus the mean film properties can be written as:

p p
= V,S V,S
i = (0t Wy
pV,S PV,S
(- zp2=)my (zp—Ime
Cp = t e+t ¢ (3.91)
m mey P4 M Py
p p

and Rm = R/mm

where R is the universal gas constant and f is the fuel

vapour mass fraction.
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3.8 Turbulent Droplet Dispersion

In a non-isothermal turbulent environment of the kind of
diesel sprays injected to, the droplets will experience time
varying velocity, temperature and concentration fields due to
the effects of the turbulent motions. Neglecting the effects of
turbulence on droplet behaviour implies that drops follow
deterministic trajectories prescribed by their initial conditions
at the injector exit and mean gas properties throughout the flow
field. The extent of droplet dispersion from their mean
trajectories depends on their inertial properties and turbulence
characteristics of the gas phase. Faeth (1983) showed, for the
measurements of Yuu et al (1978) of a round air jet of diameter
8 mm containing a dust of nearly mono-dispersed particles having
a diameter of 20 um, that ignoring droplet dispersion leads to
an under-estimation of the radial spread of the particles.

Two main methods have been employed to compute droplet
dispersion in sprays. Abbas et al (1980) simulated the turbulence
effects as an extra diffusion force added to the droplet equations
of motion (equation 3.63)). In that case, the drag force is
evaluated using the ensemble-averaged gas velocities. The diffusion
force is obtained for each droplet using a droplet concentration
gradient expression which employs a turbulent gas/droplet exchange
coefficient. Some method of estimating the gas/droplet exchange
coefficient is required in order to obtain a closed form solution.
Lack of theoretical guidance on values of gas/droplet exchange

coefficients is compounded by difficulties with existing measurements.



- 104 -

Yuu et al (1978) pointed out that measurements are often suspect,
since the experiments were analysed assuming that mean gas and
droplet velocities were the same which is rarely satisfied in
practice.

Hotchkiss and Hirt (1972), cited by Dukowicz (1980) proposed
another way for estimating the droplet diffusion coefficient to
compute droplet dispersion. In this case, it is related to the
variance of the probability density function of droplet position
(assumed to be Gaussian) at the end of each computational time step.
Given the variance, the distribution is randomly sampled to obtain
the diffusional increment of droplet position. This procedure
gives the diffusion coefficient very simply but it does not provide
any real advantage over the next method discussed, the stochastic
approach.

In the stochastic dispersion method employed by Gosman and
Ioannides (1981), the instantaneous gas velocity u + u' replaces
the mean velocity in the droplet equations of motion to yield,

for the axial direction:

du _—
d - 3 p T [ Tl 1 > - .I BP

As droplets pass through the flow, they are assumed to interact
with individual eddies. Each interaction deflects the droplet as
dictated by the instantaneous velocity of the eddy and the droplet

inertia. Therefore, the droplet trajectory is determined similar
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to a random walk computation until the droplet passes out
of the region under consideration.

In the present study the stochastic method is employed
in the spirit of Gosman and Ioannides (1981). The instantaneous
gas velocity within an eddy is obtained from the mean gas velocity
and the turbulent kinetic energy k, which are known from the
solution for the gas-phase properties. For this purpose, the
turbulence is assumed to be isotropic with fluctuating velocity
u' having a Gaussian distribution whose standard deviation Ocqd
is given by:

1
ooq = (2 K7 (3.93)

Random fluctuating velocities are selected from this distribution

as follows (see Dukowicz (1980)):
u' = oy san(X.Y) erf ' ([X], [Y]) (3.94)

where X and Y are random variables, associated with the x and r
co-ordinates, selected from uniform distributions in the range
-1<X,Y < 1.

Following Brown and Hutchinson (1979), a droplet is
assumed to interact with an eddy for a time taken as the minimum
of either the eddy 1ife time tgs or the transit time tR required
for the droplet to traverse the eddy. Estimates of the eddy
and transit times are made under the assumption that the characteristic
size of the random1y sampled eddy is the dissipation length scale

Lo given by:
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_ 1/2,3/2
Qé =c k™' "/¢€

The eddy 1ife time is then estimated as:

.)I
ty = %/|u |

The transit time is simply given as

where |U - ﬁdl is the Tocal slip velocity vector.

3.9 Closure

In this chapter, the instantaneous form of the gas-phase
governing equations has been presented in an unsteady, two-
dimensional axisymmetric co-ordinates. Ensemble-averaged form
of the equations is derived and a turbulence model which employs
two additional differential equations for the kinetic energy
of turbulence and its dissipation rate to form a closed set of

equation is described. A transformation of the co-ordinate

(3.95)

(3.96)

(3.97)

has been derived that allows it to move, for gas jet predictions.

The equations that govern droplet motion and trajectory are

presented. Droplet vaporization and diminution expressions are
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presented to complete the droplet-phase equations. A summary
of the fuel and film properties is given. Finally, a treatment
of droplet diffusion using the stochastic dispersion method

has been described.
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Table 3.1 Turbulence model constants

Constant Value
¢, 0.09
ﬁ 1.44
c2 1.92

1.
%
o] 1.2175
€
Gh 0.9
Of ].O
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Table 3.2 Expressions for the exchange coefficient and
the source terms appearing in the general

transnort equation

Dependent s
T
Variable ¢ ¢
_ 0P 0 ou
“ Heff o3¢+ ax(Parr 30 * T 3 Oerr )
3 ->
- %W(eueffv.u + 08K)
aP 3 oV
v Vot | O B * 3Cherr 5 ¥ T B OTlerr )
_ v _2 3 >
2ueff6 :Z BT’é_r(eueffV'“ + pbk)
1 0 0
Yeff 3P . B W
h o-h 6 ’a_t + ﬁ{eueff( )BX(Z '2_)]
1 3 1, 9, Yi
tr e Oepr(l - ghe(E 7))
d 1 1 %k .19
* % Pberrler = 5o * 7 ar Mgy
1 1 9k
C AL
u
i et o
f
Heff
k 5 th - pbe
eff
€ 5, E(C'I GGt - czpee) +pBeV.U
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Table 3.3 Source terms in the transformed co-ordinate

system
Dependent
. 5¢
Variable .
298P 1 8 du  _ 1 d
u eg ax"+ET'a (e”effg ) Eol ERT ngr)e“effg oX ]
21 3 >
- 'Sgl'-a—x- [eueffv.u + Dek]
- 0P 1.3 au 1 ) av
v egzar + £y 3x (S“eff Edr ) + Epr E,0T [(52")6“eff gzar]
21 3
- 2 e —— - 5 = [ou, .0 + pOk]
eff (£pr )2 3’&2 or eff
1 0
2
oP ., 1 09 1 3 i
h bt £y 5% [Buers(l - q)_ﬁg]ax (2 5]
1 3 o
1 ) i\=
tgF v ) dee(1 - olegy (2 )]
P By, pel— - ) ]
Eq0X eff Ok 513x
1 9 1
* v e (6N OerelG - )poar)
f 0
k BGt - pée
€ (406 v.u
e E.(c.le £ Copbe) + pbeV.u
=+ _ 1 3u 1 3av
V.u = -—] ——x— + -E W
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CHAPTER 4

THE NUMERICAL SOLUTION PROCEDURES

4.1 Introductory Remarks

The transport equations of the gas phase given in
chapter 3 form a closed set of non-linear and strongly coupled
partial differential equations, which are too complicated to be
solved analytically. Hence numerical solution is required. One
of the most popular and widely used numerical methods is the
finite volume procedure, in which the solution domain is divided
into a finite number of discrete volumes or 'cells' by a
computational grid. The finite volume equations are derived by
integrating the differential equations over such cells
(see Patankar et al (1972)).

Furthermore, a numerical method of solution is also
needed to integrate the ordinary differential equations governing
the droplet motion, temperature and evaporation rate.

This chapter is concerned with procedures employed in the
present study for solving both sets of the differential equations.
In section 4.2, the location of the different variables within
the computational mesh, are defined. The general transport
equation is integrated both in space and in time in a finite-volume
fashion in section 4.3. The alternative spatial and temporal
differencing schemes are discussed from the viewpoint of stability

and accuracy in section 4.4 and a provisional choice is made.
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The procedure that ]inks the continuity and momentum equations
in order to obtain the pressure field is detailed in section 4.5.

In section 4.6, the Euler method used to integrate the
droplet equations and evaluate the interaction terms is described.

Section 4.7 outlines the two different solution algorithms
used to solve the gas phase equations. One is a fully implicit
scheme, used for gas jet calculations, and the other is a semi-
implicit scheme, used for spray predictions. In the latter case
particular emphasis is placed on the coupling between the droplet
and gas equations.

Finally, the incorporation of the boundary and initial

conditions into the solution procedures is given in section 4.8.

4.2 Computational Grid System and Notation

The computational grid employed for the analysis is
illustrated in Fig. (4.1). It consists of arbitrarily-spaced
planes of constant x and r. Al1l the scalar quantities including
enthalpy, density, pressure, temperature, turbulence kinetic energy,
dissipation rate, viscosity, fuel vapour mass fraction and void
fraction are located at the centre of the cells. Following common
practice, (e.g. Caretto et al (1972)) the axial and radial velocities,
designated by the arrows in Fig. (4.2.), are displaced to 1ie on

the boundaries of the 'scalar cell'. This positioning - which is
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known as a 'staggered grid' - has two advantages: firstly, the
velocities lie between the pressures, so providing a straight-
forward calculation of the pressure gradient terms in the momentum
equations, and secondly, they are in a convenient position to
calculate the convective flux across the scalar cell boundaries.
Figure (4.3) 1llustrates a portion of the computational
grid showing a typical node P and its nearest neighbours, labelled
N, E, S and W for scalar locations, while the velocities are located
in the intervening cell boundaries denoted by n, e, s and w. These
control volumes are formed by rotating the grid through unit angle

about the symmetry axis.

4.3 Finite-Difference Approximation

4.3.1 Transport Equations

In accordance with the finite-volume approach of Gosman
et al (1969), the general finite-difference equation is derived by
integration of the general transport equation (3.55) over a typical

control volume and a time interval 6t to yield, after division by 6t:

1 t+6t 5
s ! {‘fp 55(E1EpE,re00) dxdr
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L) I' e
+ [ EEor(poud 'eZ_ ) dr
r's
I
Xe T n
3
+ [ E]EQr(DeVr¢ - 629-52) dx
Xy 2 s
III
- v;5152€zr(5¢ +S, g)dxdr} dt= 0 (4.1)
1V

where / denotes integration over the scalar control volume

P, . ne
surrounding P, i.e. V;(Elﬁzézrpe¢)dxdr = g é (E1E28,r000) dxdr.

The above expression is exact but in order to obtain the
final result it is now'necessary to introduce approximations. Thus,
to evaluate the volume integral of term I the values of the
variables at the central node are assumed to pertain throughout
the volume, giving: ’

t+6t
1

9
P 6p (E,E,E,r000) dxdrdt

]n+]

_ [E15pm) po%g, STpe008 [(&,E5r) pox,, o1 006)"

ot

_(ves) ! - (voee)
- ot

(4.2)
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where the superscripts n+l and n denote new and old time Tevels
respectively, separated by the time interval &t. Vp is the cell

volume defined as:
Vp = (g]gzr)Psxewarns (4.3)
and the cell face areas are evaluated by

4 = (£152r)n5xew

[+)]
1

s = (E18ar)g8xy, : (4.4)

(oY
{]

e "% Ty T (Ezr)pgzdrns

Terms II and III of equation (4.1) represent the total
flux of ¢ across the cell faces due to convection and diffusion
in both axial and radial directions respectively. The cell wall
values of E%gi are obtained by assuming a lTinear variation of ¢
between the bracketing points, e.g.:

19 % - %

55 e T (.5

Hence, for example, term II of equation (4.1) is approximated

as:
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™n Ty 39,8
Fy = i g]gzr(peur¢ -0 37“5§)w dr
s

or, (oo - ¢ )
¢ *'E P
aew'{peur¢ - 5 SXEP }e

14

erd) (d)p = ¢w) }

-a_ {pbug - (4.6)
ew r E] Skpw W
If cell-boundary Peclet numbers Pe are defined thus:
be = PUr)e®rep
€e ~ T
e.
(pu.), Eq8x
_ r/w>1""PW
Pe,, = —" (4.7)
W
equation (4.6) may also be written as:
F.=a_ (pbu.)_ {¢_ - ¢E P }
X ew'PPUple 1% Pee
¢y =
P W
- aew(peur)w {¢W - T} (4.8)

The cell-boundary void fractions, densities and diffusivities
appearing in the above equation are evaluated as a weighted average

of their values at the nearest neighbours, e.g.:
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Py = f1Pp + 1 - f1)pE (4.9)

where f] is the spatial weighting factor, given by:

Eléer

f, = ——S .1

The values of ¢ at the cell facesare also expressed in terms

of neighbouring nodal values, typically:

0 - Oy

q‘)e - Pee =@ - OLe)qJE + oLeq’P

(4.11)
% - %y _
¢w - Pew = %%t (1 - 0Lw)(bP

where a is a weighting factor, to be specified later.

Substitution from equation (4.11) into equation (4.8) yields
the following:

Fy = 8gu(p8Up)g T(1 - ap)op + aydp}

- aew(peur)w-[aw¢w + (1 - aw)¢P} (4.12)
To complete the integration of term II, a two time level
differencing scheme js introduced with an arbitrary temporal

weighting factor n such that

t+dt n+l

1 +
Fet = 5E {; Fodt =nfy" + (1 - n)F?( (4.13)



- 121 -

The specification of n will also be given later. The final

form of term II is then

+1 +1 +1 +1 n+l
Fuot =0 (00Uu)E* L1 - agthyop™ + ol lop" )
_ n+1( U )n+1 3+1$E1+ (- n+1)¢n+1

+ (1 - n)ag,(p0u, )] { (1 - al)op + afop }
- (1 = nag, (pou,)y Looy + (1= al)ép } (4.14)

The third term of equation (4.1) is treated in a similar manner,

to give:
.l t+6t Xe I" a n
Fet = 3T I E1Eo"(P8V 0 - g%?’#)s drdt
=n n+1( oV )n+1 [ - n+1)¢a+1 :+1¢g+1}
-na n+1( gv )n+] 2+]¢g+1 + (1 - a2+1)¢g+]}
‘- n)ap(eev,)n { (1 = ap)ey + opdp )
- (1 - m)ag(pev,)q Lageg + (1 - ag)ep} (4.15)

The remaining integral IV of equation (4.1) contains
sources associated with gas and droplets respectively. It will

be represented by:
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_l t+6t

st J

vf€1€2€2r(3¢ + S¢,d)dxdrdt
t '

~ 4.16
3& +‘§¢,d ( )

where 3@ and'§¢’d

as will be discussed later in the chapter.

depend on the variable ¢ under consideration

As a result of the above approximations, the general finite

difference equation can now be assembled:

(080V) BT - (pooV)D
ot

+ (1 - oD 4 (12 ny(1 - of)ifer 3

- {na n+l. n+1¢a+1

n-n.n
" (1 = n)om )

+0n(1 - oMt -y - ag)m:¢: }

- n+l. n+] n+] n-n
{no g Mo bg + (1 - n)am ¢ }

n+l-n+l n+l,.n+l n+1.n+1 n+1 n+l  .n+l
+ IT[ae Mg = (1 =0 )i 4o mT - (1 - )mg }¢
+ (1 - n){afil - (1 - a;)m: + ol - (1 - af)m] ) op

(4.17)
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where ﬁ% = (pBaup)e s rhn:(peavr)n etc. Equation (4.17) may be
written in more compact form as
n+l n+l n+l, n+l n

- nn n -
Ap dp = EAC oo+ EAc¢c + Apop + S¢ + S¢,d (4.18)

where summations are over the four nodes surrounding point P
(e.g. N, E, S and W in Fig. (4.3)) and the coefficients A. are
given by:

n+l n+1, -n+l
Ay == (1= m

A+l _ ntlent]
s TN% s

n+1)mn+1

n+1 _
At " =-n(1 - ag A

E

antl _ o ntlant]
W "% My

Ay == (1 =n)(1 - ap)af

no_.q_ n.n

A =(1 - n)agmg (4.19)
- _ _ _ ~Msn

Ae == (1 -n)(T - ay)m,

Ay =0 - ey

n+l __ . n+l.ntl _ o ntl,.ntl n+l.n+l _ n+1, .n+1
Ap —n{ae My (1 ay ) oM (1 - og )i }
(poV)§*!
+ o—
st
no__ _ n-n _ _ Myl NN 9 Nysn
Ap =-(1 n){oceme (1 0L‘~,)m‘,"+ocnmn (1 cxs)ms}
n
(DBV)p

+
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The treatment of the momentum equations differs from the
scalar equation integration in that the control volumes are
centred on the velocity component in question and are thus
effectively formed from two half scalar cells, as shown in Fig. (4.2).
An example of a control volume for the axial component is shown
in more detail in Fig. (4.4), along with the associated labelling.
In this connection, it should be noted that the convention adopted
is that the velocities assume the label of the scalar nodes at

which they point. The axial momentum equation is written as

n+l n+l _ o, n+l n+l nn nn, K«
Ao upT = EAC ue * EACUC + Apup + S + gﬁp (4.20)

where the Ac's, Ag+] and Ag are defined in equations (4.19) and

the definitions of the mass flow rates appearing in these equations

are illustrated by the following examples:

UrE + UrP
e = (p02), ———— (4.21)

He
|

+ anw/wnn{(pe)wfz + (pe)Nw(] = fg)}ernw (4.22)

where f2 is a linear interpolation factor given by:

_ (£28r)Nn
f2 TEEgFﬂG; (4.23)
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Ly represents the area bounded by the subscripts n and nw.

(gzar)np is the radial distance from point n to point P (see
Fig. (4.4)). Cell-boundary Peclet numbers which appear in the
definition of the weighting factors Ogs Oyo etc. are given, for

example, by:

P Yy (625T) |
Pe, = nw ;w 2" 'NpP (4.24)
nw

where P and T are evaluated from a weighted average of the

surrounding values e.g.

o = T1 Loyfz *ogy(1 = F2)1 + (1= £3) Lopfp + oy(1 - )

(4.25)

Similarly, the integration of the radial momentum

equation produces

n+l n+l _ _,n+l n+l n.n n.n
Ao 'vp = %Ac ve  t EACVC + Apvp + §V +.§v,d (4.26)
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4.3.2 Differencing of the Gas-Phase Source Terms

The final stage in the assembly of the difference equations
for the individual variables is the assembly of the gas-phase
source terms S& and the interaction terms g@,d‘ The former are
dealt with here, with the exception of the pressure gradient
terms in the momentum equations, which are treated separately in

section (4.5). The §¢ q's will be assembled later.

Momentum Equations

Many of the components of §$ for the momentum equations
are similar in form, hence it will suffice to consider a
representative example, taken to be the axial momentum sources,
contained in §¢: the differential expression for this is given
in table (3.3). Firstly, the source term is differenced temporally

as:

5, =054 (1 - )3 (4.27)

Su is expressed in integral form (excluding the pressure

gradient) as follows (the notation is that of Fig. (4.4)):

u -vu u -
- P w
u " %ew {(eueff)P glax (e“eff)w glaxw/ww

}

oV
+ (8BugpeEor glax)nw (aBugpelor £ %) sw
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" (Pp = Plag, (f18y + (1 - £1)8p)
2 ->
-3 3, {(BugppV.U + pBK)p - (Bugpe VU + pOk)y) (4.28)
The cell faces values of (§$%¥)nw’9nw and peee are evaluated by

central differencing or linear interpolation, as appropriate.

For example:

CNRY N T Vi
E0x e EgSX e

(4.29)

er = f1{ waz + VNN(] - fz)} + (1 - f]){‘VPfZ + VN(1 - fz)}

Turbulence Equations

The source terms for the turbulent kinetic energy and
the dissipation rate equations are approximated by the

expressions:

S = n(86, - eodp VE* - (1 - (86, - o0V} (4.30)

— n+i,n+1
Se =r1{E(c]GGt - czpee) + pGeV.ﬁ}P Vg

= (1 = n) {§(c106, - copfe) + pBeV.urBVP (4.31)
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Energy Equations

The pressure work which appears in the source term of
the energy equation plays a significant role in a gas
undergoing compression. It has been neglected in the present
study since no compression or expansion occurs. The other terms

of the energy source term are small and they are neglected.

4.4 Differencing Practices

4.4.1 Spatial Differencing Schemes

The specification of the spatial weighting factors oy and

o, (and by implication «_and as) is very important, since it

n
determines the accuracy, stability and economy of the solution
procedure. Spalding (1972) and Raithby and Torrance (1974)
showed that the use of solely central or upwind differencing

can cause erroneous results if proper account is not taken of
the value of the cell Peclet number (equation (4.7)). Therefore,
the scheme which is used in the present study is a hybrid of

central and upwind (donor-cell) differencing schemes.

This is:
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1 1
+ , for |Pe |< 2
2 ﬁee e
o = 1 , for Pe, > 2 (4.32)

0 , for Pe < -2

Thus, when |Pe| € 2 ¢ can be assumed to vary linearly
between adjacent grid-nodes so that the cell face values of ¢ can
be expressed in a central differencing formulation. Typically

dp + O
% = —7—

For higher values of cell-face Peclet numbers, the
central differencing scheme leads to unrealistic results (see
for example, Spalding (1972) and Patankar (1980)). Because of
this the upwind differencing scheme, firstly put forward by
Courant et al (1952), is used in which the cell face values of ¢
are assigned the value of ¢ at the grid node from which the
fluid has just passed. Thus, for example, ¢e = ¢P for flow
in the positive axial direction (i.e. from W to E) and
¢e = ¢E for flow in the opposite direction.

The main advantage of the hybrid differencing scheme
presented by equation (4.32) is that the numerical stability
is enhanced, because the coefficient in the finite-difference
equation (4.18) can then never be negative and thus the

coefficient matrix is always diagonally dominant (Roache (1972)).
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4.4.2 Temporal Differencing Schemes

The value of the temporal weighting factor n which
appears in the discretized equations determines the time differencing
scheme and hence, the type of the solution algorithm required.
There are three well-known practices, being:

i. Fully implicit schemes (n = 1) which postulate that,

at time t, ¢ suddenly changes from ¢" (the old time level
value) to ¢n+1 (the néw one) and stays at that value over
the whole time step &t. In those schemes, it can be seen
from equation (4.18) that ¢g+] is related to neighbouring

unknown field values (¢2+1, ¢a+], ¢R+] and ¢g+1).

Hence
simultaneous solution is required in order to solve the
equations. The fully implicit approach is linearly stable
for all &t because the coefficient AB is always positive,
as can be seen from equation (4.19). From the point of
view of computation requirements, this scheme (as with the
fully explicit scheme described below) requires coefficient

n+]). Also, steady

evaluation at just one time level (A
state solutions can be easily obtained with implicit
schemes by using a very large time step (effectively
infinite) (see Patankar (1980)).

ii. Fully explicit schemes (n = Q) essentially assume that the

'old' value of ¢ prevails throughout the entire time step

except at time t + &t where it takes the value ¢n+1.

This produces especially simple equations for the ¢E+1

since it relates them to the known old time level values
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(¢n), as can be seen from equation (4.18). Hence a
straightforward solution is possible.

The convenience in this regard, is, however, offset
by a serious limitation on the size of the allowable
time step. It can be seen from equation (4.19) that
the coefficient AS can be negative, hence reducing the
values of Ap in relation to the individual Als of the
surrounding nodes and thus reducesthe diagonal dominance
of the cbefficient matrix, this dominance is required
for numerical stability reasons (Roache (1972)).
Therefore, the size of the time step must be small enough
to give positive Ag (equation (4.19)) and hence, produces
a stable solution. Courant et al (1967) showed that if
the momentum and continuity equations are all treated
explicitly, then the time step must satisfy the following

condition

)st

(uf +u
<A (4.33)

8X

S

where Ug is the local fluid velocity, Ug is the sound
speed, &x represents the cell spacing and A is of order
unity. The implied 8t can be extremely small and hence,
these schemes can be very expensive in terms of
computation time.

Harlow and Amsden (1971) removed the sound speed
component from equation (4.33) by differencing the

pressure gradient terms of the momentum equations implicitly



- 132 -

(i.e. at the 'new' time Tlevel values) while retaining
the explicit formulation for the remaining terms. Hence,
with this ‘semi-implicit' formulation the restriction

on the time step becomes:

qu|6t
— (4.34)

Time-centred 'Crank-Nicolson' schemes (n = 0.5). These

assume a linear variation of ¢ between t and t + &t

and are formally second order in §t. Such schemes seem
likely to be superior to both the fully implicit or
explicit schemes for sufficiently small time step (see,
e.g. Runchal (1977)). For such small 8t it gives a more
accurate solution than that of the fully implicit scheme.
The Crank-Nicolson scheme is usually described as
unconditionally stable. However, it does have the
disadvantage that, in contrast to the fully implicit
scheme, the coefficient Ag can become negative if &t

is sufficiently large, producing oscillatory unbounded
solution (see, e.g. Patankar and Baliga (1978) and

Johns (1980)). It has also the disadvantage that the
coefficients are required at both old and new time levels,
giving rise to the need for more computer storage.

This is by no means a trivial matter for multi-dimensional

flows.
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From the above discussion, it can be concluded that only
the implicit scheme is free from constraints on &t other than
those required for temporal accuracy. Hence it is the preferred
choice when the latter constraint allows &t to be appreciably larger
than that set by the Courant number Timit (equation (4.34)) as in
the case of the gas jets. For diesel spray computations, the
temporal accuracy of the solution necessitates the use of smaller
time steps due to the strong coupling of the gas and the droplets.
Clearly, if it is necessary to work with a Courant number of order
unity or less, the advantages of the implicit schemes are lost and
it is more logical to imply a semi-implicit method since the latter
requires no iteration.

Therefore, both the implicit and semi-implicit schemes will

be given in some detail in the next section.

a. The implicit scheme

The substitution of n = 1 equation (4.19) yields:

Ar]=ﬂﬂmr1_”
n+l _ -n+l n+l
A = mg g
AE+'I - ﬁ2+1(a2+] -1
(4.35)
An+] _ hu+]a3+]
Wos
n+]
ntl1 _ (pBV)p n+l . . . \n+l
Ao =T +{ EAC + (me -m,tmo - ms) }
n
PL (p8V)p

P St
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The implicit form of the finite-difference mass

conservation equation is obtained from equation (4.17) by putting

=3

n.d’ thus:

¢ =0, S¢ = 0 and S¢,d

(oeV)B+1 - (p8V)p

- (4.36)

+ (me -m, - ms)

Introducing this equation into the coefficient AE+]

(equation (4.35)) yields:

(pBV)p

+—5 S g (4.37)

n+l _ «,n+l
AP = %Ac

The source term 3& is now expressed in the quasi-linear

form as

S = S¢E + s¢I¢P (4.38)

where the subscripts E and I refer to the 'explicit' and 'implicit'
contributions respectively. An essential condition for stability

is that S,  is negative (Gosman and Pun (1974) and Patankar (1980)).

i
The final form of the discretized equation is therefore:

n+1

' n+l _ < n+1, n+l n.n n+l | =
AP ¢P = EAC oo % AP¢P + S¢E *+S4.d (4.39)
where Aé = Ag+] - Sg+1 (This will be written as A2+] hereafter).
I
The above equations (4.39) relate the unknown values at

point P(¢B+1) to the neighbouring unknown values (¢2+]'s), hence

an iterative solution is required.
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b. The semi-implicit scheme

Settingn =0 in equation (4.17) gives

- ooV}

ot

(PBeV)p

= (oc2-1)m ¢E+ pr

n _ 4y.N
+(o¢n 1)mn¢N + o M ¢S

+{- ah, + (1 - aw)rﬁw -om 4+ (1 -« )m " ¢P

+S +5S

¢ 6.d (4.40)

Here'§; is written for an unspecified time level because as will

be shown later, the specification will vary according to the
constituents.

Equation (4.40) can be written in a more compact form as

n+1 n+1 =
P ¢p + S

6.d (4.41)

n.n nn K6 —=
(Z:Acdsc + AP¢P + S¢

where the subscript c denotes summation over the four nodes

surrounding point P and the coefficients are given by:

n_ ,.n_ -

AN = (an 'l)mn
n_ _n-n

AS = asms
n_,n .n

AE = (ae 'l)me
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(eVdp . . . .
Ag = =g [(me -, tmo- ms)n + EAE']
+1
(poV)p
A= (4.42)

For the 1imiting case of inert particles moving without
slip in a uniform field of ¢ and undergoing no other interaction
with same, then the flux and source terms in equation (4.40)

vanish and it reduces to

en
ntl _ P n
¢P = EH:T ¢P (4.43)
P

From this it can be seen that an unphysical overshooting or
undershooting may occur depending on the value of eg/eg+1. As

a remedy for this problem, the continuity equation is differenced
explicitly (by setting ¢ =1, S¢ = 0 and o,d” Smﬂiinto

equation (4.40)) as follows

+1
(06V)3"" - (pBV)}

5T = (h, -y + 0 - @ )"+ Smud (4.44)

Substitution from the above equation into equation (4.40) yields
the same form of equation (4.41) with a modified definition of

the coefficient Ag:

n+l
(pGV)P

n n
Ao = —st— = Sna~ EAc (4.45)

with this treatment, equation (4.43) simply gives the typically

acceptable result ¢g+1 = ¢g.
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Equation (4.41) can be easily solved for each variable
since the right-hand side of the equation is given in terms
of known values (old time level). In the momentum equations, the
pressure gradients (which appear as part of the source term S¢)
are evaluated at new time level values (implicitly), hence their
determination is necessary and constitute the main topic of

the next section.

4.5 Solution of Continuity and Momentum Equations

For any Mach number flows, the pressure field strongly
affects the local momentum balance. In a highly compressible
(high Mach number) flows, its effect on the density can be
significant and in such circumstances, the density may be regarded
as one of the main dependent variables and can be extracted from
the continuity equation. The pressure can then be obtained
through the equation of state. Such an approach is not, however,
helpful for constant-density flows because density is no longer
a variable in the continuity equation.

In the present study, following Chorin (1968), Caretto et
al (1972) and others, the pressure is calculated from its own
equation formed by combining the continuity and momentum equations.

For the sake of generality, the pressure correction equation will
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be derived for a compressible flow although it is recognized

that the flow in diesel engines is generally of Tow Mach number.
In the strategy of this aTgorithm each variable ¢ is

expressed in terms of an approximation, labelled (¢*), and a

correction value, denoted (¢'), thus:

P=P*+ P
p=p*+p' = p*+ (20 p
- T
= p* + QP' (4.46)
u=u*+ u'
v=vd+oy!

In the first stage of the algorithm the approximate
pressures P* are inserted into the momentum equations (4.20)
and (4.26) which are solved to yield an approximate velocity
field u*, v*, e.q.

n+l o _ san*l L n.n nn
Ao up = EAC ux + EAcuc + Ajup + §h,d

+5, - {na2;1(P; - PE) + (1 - n)ag, (PR - PR)} (4.47)

where S = Sh = a,,(Pp = Py) (4.48)

Note that the superscript (n+1) has been dropped and those
variables with (*), (') refer to the advanced time level value.

The 'correct' pressure and velocity fields will satisfy:
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+S

n'ﬂ u n
A P ¥ Su,d

_ N+l n n n
P P~ ZAc Tug + ERCUL + Au

+§, - taltl(py = P) + (1 - n)ag,(Pp - PR)} (4.49)

Subtraction of equation (4.47) from the above gives:-

n+l " - n+1 v n+l [ i
Ap up = EAC uy - nag, (PP Pw) (4.50)

If it is assumed that the major effect of changes in the pressure

gradients is on the velocity at the node lying between the

n+l

pressure nodes in question, then the term %Ac u' can be ignored,

c
yielding:
ATy o o A pr L opry (4.51)
P P Ndgy \Fp W :
hence, from (4.46):
na2$1
u= - (Pp o Py
P
or Up = uf - Du(Pﬁ - P*) (4.52)
similarly,
Vp = v; - Dv(Pﬁ - Pé) (4.53)
where
a_+a
nag;l n( n s)n+1
Dy = A D, = G " (4.54)
P,u P,yv

Here it should be noted that the subscripts u and v have been

n+1
p
appropriate momentum component.

attached to the coefficient A to associate them with the
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The finite-difference form of the continuity equation can

be obtained from equation (4.17) by setting ¢= 1, §; = 0 and

50,0 Sy’
(pev){,‘” ;t(peV)B + n{(peura)gﬂ - (peura);’L1 + (pevra)gﬂ
- (pov, @)1} + (1 - n){(pou,2)"
- (pouga)y + (p0v,a)p - (06v,a)g)
=‘s‘m q (4.55)

3

Substitution from equations (4.46), (4.52) and (4.53) into the

above equation gives, after neglecting terms of order P'2 and

arrangement:
vy n+1
(evQr )p
St
n+1_n+1 VoL ' _ pt
SERILPRRL W {ui,eQPe péDu,e(PE Pp)}
n+1_n+l ' 1 _ pt
- 6y gy {u;,wQPw - p\TiDu,w(PW Pp)}
n+1_n+l . L ' _ pi
o+l on+l . ' _ pt
nbs ag {Vr,sQPs p§Dv,s(PP Pg)}

1 n
(o*eV)B+ - (p8V)p
= - 3T - {n[(p*eu;a)?1
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= (o*au*a )] PRSI (5 ISR £
(p*6WFa) " + (p*Bua) (p*6ura) ']

+ (1 - n) [(pov,a)g - (pbv,a)] + (pBv,a)y

- (pov,a)g]} + §h’d (4.56)

Here the cell face quantities such as 6, are obtained by linear

interpolation as before. Defining the cell face 'Mach' number

> Quk Qv
Ma® = D;g; or 5;§w (4.57)
Equation (4.56) can be re-written as
1
(evqpy)™ Pt - P
——— +n(equ )it (pr - E Py
Ma
p - p!
1 P W
- n(6Qu.a)’* { P! - }
r'w w Maz
Py - P
#n(eay, )t (P - Sty
MaS
n+l Pp - P
- n(erra)S { Pé - —M—Z—} = (SU)P (4.58)
a
S

where (Su)P is the local mass imbalance in the mass conservation

equation given by:

(p*eV)B*T - (poV)] o ,
{ Y-{n(m* - m* + m* - m*

)n+1
ot Ve W n S

(SU)P ==

+ (1= ) (g -, +h = )"+ S (4.59)
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By analogy with equation (4.11), the cell face values of P'

are replaced by; for example,

PL - Pp
P! - — = (1 - ag)Pg + oPp (4.60)
e

After some manipulation, the final form of the P' equation is

written in a compact form as:

n+lp, _ «aN+lp, '
AP PP EAC PC + (Su )P . (4.61)

where the coefficients are

+
AE+1 -- (1 - 0L2+1)(en ]Quﬁa)e
Aa+1 - a3+](6n+10u;a)w
+]
A= - - o™y e™lvra)
A2+] = a2+1(e"+]ov;a)s (4.62)
: 1
ne1 _ (8QV)p* +1 _n+l *
At = 25 gR @™Te™ aura), - (1 - o) (0™ aua),,
+ (un+]en+]Qv*a) - (- 0Ln+1)(6n0v,¢a) }
r¢/n s ré’s
+1 n
(Op"‘V);';l - (6pV)p —
(Su')p = ~{ o }- (i -+ - i)™ s S d

In order that the above finite-difference equation (4.61)

n+1

is diagonally dominant, it is necessary that the coefficient Ap
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is equal to or greater than %A2+]; this can be achieved by assuming

that the factor

R = (Qem]u:a)e - (Qemu;a\)w + (Qe"’qv;a)n - (Qe"”v;a)s
(4.63)
is equal to zero, yielding the final form of Ag+] as:
n+l_ n+l
Apt! = oAl e S el (4.64)

The above assumption is not strictly correct but since equation (4.61)
is an equation for corrections to P in which the final solution is
obtained when (Su')p = 0 and therefore all the P''s are zero,

no error is introduced.

n+1

As already indicated, the terms gAc u'! are ignored. If

c

they are retained they lead to considerable complication as
discussed by Patankar (1980), it usually does not prevent the
convergence of the solution procedure, although under-relaxation
is often necessary.

The local mass imbalance (Su')P serves as a useful indicator
of the convergence of the pressure correction equation. If (Su')P
is everywhere zero, then the primed quantities are also equal to
zero and a converged solution is obtained. This means that the
starred values of the pressure and velocities (the last obtained
values) will be the correct values which satisfy both the momentum
and continuity equations. Thus any approximation made in the

process of the derivation of the pressure correction equation-

is justified as long as the procedure converges.
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4.6 Droplet Equations and Interaction Source Terms

Finite-difference forms of the Lagrangian droplet motion,
heating and evaporating equations are used to calculate the
behaviour of the spray. Equations (3.63), (3.64), (3.73) and
(3.76) are integrated, as Dukowicz (1980), 0'Rourke (1981) and
Kuo (1982), using Euler's method. Thus:

n+l n n
xd X4 + uth

n+l _ ..n n
rd = rd + vdst
1
n+tl _ n n peu)n+ n _  n+l
uy  =ugt Bdat-[ﬁzgg37r- +u ug )}
st 6Pn+]
n+l  §x
Pd
n+l
v2+] = vg + Bgét-[ifgl%ﬁ-— + ' vg+])}
ol
st sp™!
pn+| sr
d
] n+1
; (" -1y
Tn+] =14 ( 6x z Nu)n st d
d d Ch P eZ. (Dz)n+1
Pd d d
n+1 n
L Byn Dy~ - Dy
de Dn+1

(4.65)

(4.66)

(4.67)

(4.68)

(4.69)
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1
2P, P, - P ston*

Dn+1 = ([t - ( t an( t _ V,m)sh n d /

d [ d Rmix Pt PV,S (T + Td)n+l]

+1,.1/3
@ o5 / (4.70)

where Bd is the 'drag function', given by:

Bd=73rco‘zg;@g“"”‘"'gd' (4.71)

It should be noted that,in the momentum equation (4.67)
and (4.68) the drag function By is expressed in terms of old time
level quantities in order that these equations contain only
Tinear functions of the gas and droplet velocities. Similarly,
the turbulent fluctuations u' and v' of the gas velocities, which
would in general be non-linear function of mean flow velocities,

are evaluated at old time Tevel.

Evaluation of Interaction Terms

The void fraction 6 and the interaction source terms S¢ q

appearing in the gas phase equations (see section (3.2)) are
calculated for each appropriate cell by summing up the contributions
from all droplets which reside at that cell at the end of each time

step. The void fraction is:

-1 ] m
6=1-~ZI(zD

3 E
N 4.72
o (4.72)

d,kVd k!
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where Nd,k is the number of droplets in parcel number k located
in the scalar cell of volume Vp-

It should be pointed out that this and previous Lagrangian
formulation contain no provision for recognizing that an assembly
of droplet parcels cannot occupy more volume than that of the
liquid they contain. Thus in situations where many parcels enter
a given cell it is possible that the above equation can yield a
negative void fraction.

The mass source term S_ ,appearing in the continuity

m,d
equation (3.1) is given by

§ Nd n+1(

- % 5t Dy, k)n+1 - pg,k(Dg,k)n} (4.73)

The momentum exchange rate for the axial momentum for the

associated cell is:

1

T _._m n+1 n+1
Su,d” ~ & 5t gNd,k {ed

n+l
(Dd KWooYdk T

n

pd,k(ng,k)"ug’k} (4.74)

and similarly for the radial momentum as:

n+l n+1

n+l
(Dd Ko Vdk T

_oom 1
Svd™ " 65t Mook Lo,

RGN (4.75)
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Finally, the energy source term is given by:

1 n+1(D3 n+1

= . n+l
Shyd ™ 7 6 5E 1ok {Pd,k(Pd, k) )

.
ST

n 3 \n n
pd,k(Dd,k) (de,de,k) } (4.76)

4.7 Solution Algorithms

4.7.1 Fully Implicit Solution Algorithm

As mentioned earlier in section (4.4), the fully implicit
scheme is used for calculations of droplet-free gas jets. In
such cases the void fraction 6 is 1 and the interaction source

terms %n S dand §1ﬂjare, of course, zero. Hence, all the

,d’ Su,d’ V,
discretized equations, have the following form:

n+l n+l _ . n+] n+l n.n , =n+l
Ao 'dp = EAC o F AP¢P + S¢ (4.77)
They, therefore, consist of a set of non-linear coupled equations,
thus, iterative solution is necessary. The particular method
employed here is known as the SIMPLE algorithm. It advances
through time in a series of steps. At each time step, the

momentum equations are solved with the prevailing pressure P*
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field inserted to yield velocity fields denoted by u* and v*.

The pressure correction equation is then solved to provide a

correction to the pressure field, for subsequent use in the

momentum equations, and also corrections to the density and

velocities are made through equations (4.46), (4.52) and (4.53)

respectively. The remaining equations for the turbulent kinetic

energy k, its dissipation rate €, stagnation enthalpy h and fuel

vapour mass fraction f are then solved and the temperatures and

densities are recalculated from the enthalpy field and the equation

of state. The wholecycle of solution, called 'outer' iteration,

is then repeated until a converged solution is obtained (the

convergence criteria will be given later in this subsection).

The procedure then advances to the next time step. The main steps

in the above solution algorithm is shown by the flow chart

depicted in Fig. (4.5) and can now be summarised as follows:

1. Guess a pressure field P*.

2. Assemble and solve the momentum equations to obtain the
starred velocities u* and v*.

3. Solve the pressure correction equation (4.61) to get P'.

4. Correct the density and velocities using equations (4.46),
(4.52) and (4.53) respectively.

5. Solve the discretised equations for k, €, h and f.

6. Recalculate the density from the enthalpy field and the
equation of state.

7. Take the corrected pressures as the new guessed pressure
field and return to step 2 unless a converged solution is

obtained.
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8. Start the next time step using the final ¢ values from the

previous time step as gquessed fields.

Solution of the Discretized Equations

The set of simultaneous equations for each variable is
solved by a form of block iteration in which the equations for the
grid nodes along each grid line are assembled to form a tri-diagonal
matrix by temporarily assuming that the values on neighbouring
Tines are known (they are taken as the most recently calculated
values, as in the Gauss-Seidel method). The tri-diagonal
matrices are solved by Gaussian elimination using the 'Thomas
algorithm' or 'Tri-Diagonal Matrix Algorithm' (TDMA). This
practice is applied to the entire grid in an alternating direction
fashion. These are called 'inner' iterations.

It should be noted that full convergence of these inner
iterations is not necessary due to the need to continually
update the coefficients of the discretized equations during the
outer iterations and a few sweeps (number of inner iterations),

typically three, suffices.

Convergence and Stability

During the course of the iteration, the solution is taken
to be converged when the sums of the normalized absolute imbalances
over the entire grid (here called the residuals), defined with

respect to the general discretized equation (4.77) as:
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_ n+1 . n+l n.n = n+1, n+l

0 c

has fallen below a specified Tevel, i.e.

§R¢<Y]N¢ (4.79)

E denotes summation over all the control volumes of the flow

domain, Yy is usually of the order 1073

and N¢ is the normalization
factor.

The normalization factors for the mass and momentum
residuals are here taken as the total mass and momentum inflow
evaluated at the nozzle exit. Hence, the mass normalization

factor Np, is given by:
Np = poAOUo (4.80)

in which Po? A0 and U0 represent the exit density, area and
velocity respectively. The momentum normalization factors Nu and

Nv are evaluated as:

_ 2
N, = N, = pAUS (4.81)

The normalization factors for other variables are also evaluated
from inflow properties. Hence, in the turbulent kinetic energy,

it is the inflow of the kinetic energy of the jet and is given as:

. 3
Ne = PoRols (4.82)

and for the enthalpy, the normalization factor Nh is
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(4.83)

where cpo and T are the specific heat and the temperature of the
gases at exit.

A further convergence criterion is applied in the form of
a test on the rate of change of ¢ at a selected reference location
in the solution domain. Convergence is assumed, together with
the above criteria (equation (4.79)) if

i

1 .
lo" - ¢1 ]<Y2¢1 (4.84)

where{Y2 is of the order of 10—3 and the superscripts i and i-1
refer to values in successive iterations.

Because of the strong non-linearities in the partial
differential equations and the coupling between the equations,
numerical instability may develop, leading to divergence during
the course of the calculation. This can usually be avoided by
appropriate under-relaxation of the variable in the following

manner:

5 =xo! + (1 -x)o! (4.85)

where X 1is the specified under-relaxation factor (between 0-1).
In the present study the procedure of Johns (1980) for the dynamic
control of stability and convergence is used, in which the under-
relaxation factors are adjusted during the calculation using the

parameters Yys o and Y3 as follows:
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a. A slight increase (3%) is made to the under-relaxation

factor if the calculations are converging

X~ w]x¢ (¢ =uorvandP')

where w] = 1.03.
b. A slight decrease is made if the residuals 'wander'

about some mean level with no obvious trend
Xy ” ¢2X¢ (¢ =uorvandP')

where wz = 0.95.
c. A substantial decrease is made if the calculation

is diverging (residuals rapidly increasing)

Xg w3x¢ (¢ =uorvand P')

where w3 = 0.5.

Within the above procedure the relaxation factors
also are constrained to lie in the range 0.3<X<0.7,
with the exception of that for P' whose upper bound is
unity.

The under-relaxation factors specified for the other

variables are summarized in the following table (4.1).
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Table (4.1) The Under-relaxation factors for the scalar variables

Variable ¢ k € h f My

X¢ 0.7 0.7 0.7 0.7 0.7

4.7.2 Semi-Implicit Solution Agorithm

One possible semi-implicit method is to solve each of
equations (4.67) and (4.68) in turn using u and v as old
time level values. However, the coupling between the gas and
droplet equations is so strong (because the droplet velocities
appear in the right-hand side of the gas equations (4.20) and
(4.26) and vice versa) that stability and accuracy would be
impaired. It is better therefore to adopt a strategy of

algebraically combining those equations at each mesh point in

order to account for the interactions implicitly (Dukowicz (1980)).
Similar comments apply to the energy equations of the two

phases.
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Coupled Gas and Momentum Equations

The discretization practice described in section (4.6)
cause the new time level values of gas and drop]et‘ve1ocities
to appear in linear form in droplet phase equations (4.67) and
(4.68). Since in the semi-implicit formulation of the gas phase
equations no other terms contain new time level velocities, it

is possible to algebraically eliminate either the gas or droplet

velocity, thus achieving a fully simultaneous solution without
iteration. In the present analysis the new droplet velocities
are eliminated from the gas phase momentum equations in the
following manner.

Firstly axial and radial momentum equations for the gas are
written in the following forms

n+1

(08V)p n+l_
ayn w1 n+1 n+l n+1
+ )" - 5 5E Mgkl P, k(P d K Ud,k
- o (3 )Ny (4.86)
d,k*"d,k d,k :
n+1
(peV) N n+1 %n T3 n+1

(4.87)
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The droplet equations (4.67) and (4.68) can be arranged to

give ]
n+
ol en oy GtB" [ peu) + " 8t agy f+] }
d,k = ‘Ud,k 1- —1——T+ o
(00)" p)
/(1 + Gth)
s sta] [LEQXl___ v" 6t
d,k = 1Vd,k d 1- ——1——Tn+ o
(pe) (Vp)
a_ +a
(L™ (p, - P)™13/(1 +518T) (4.88)

where p, u, v, u' and v' are the gas density, the axial and radial
mean gas velocities and the fluctuating components of same
respectively in the cell where the droplet parcel k resides.
Substitution of equations (4.88) into equation (4.86) yields,

for the axial components

(peV)n+] yn+l ZA"u" ¢ ARG L g1l p _p g0l
St P = pY P P %%w \'P ™ "W
cs\n _ w1 n+1 ntl - n
+ (S0 - Bt Mo,k (oakPa, 0™ [ug,i *

n+l
SthiEQE%;—-- sta" "y N _E?T( )n+1(P._m)n+1

(08) d .k

1/

(1 + atB ) - pd k(Dd k) “d,k} (4.89)
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and after some manipulation the above equation takes the form:

n+l
(oeVp S - ZAn n + AN - Nt n+1(pP _p
c

n+l < \N
st P pUp P Zew + (Su)P

W

n n.n
tB,u'
T no,.3 ntl, 3 ne1 Yd,k T S8y
+ & 55 Nk 04,k P, k0¥, ~ Pd,k(Pd, k) }

d,k 1+ 5tB)
n +1
o LI f+] ath (peV)n -
= T p
m o ew,ntl 3 \n+l _ n+1
+ B'(V;" ENd’k(Dd,k) (Pp = P (4.90)
Now define
T 1 n 3 \nn
AU =5 35t tNa,k 1°d,k(Pd,k) Yd,k
n n
n+1 nt1 Y,k T StBgu
Py, k(Og.) - } (4.91)
? 1 + Gth
stB"
T 1 1 n+1 3 \n+l d
BU = ZN 4 (o3 Y —= (4.92)
& (og)" yI*T koK kK T sl
n+1
(4.93)

T 1
cu '6"H¥T iNd k(Dd k)

With the introduction of these, equation (4.90) can be written as:
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(oeV)g+] G Csa D e AT ()0 . phtl ntl n, o )n+1
st P ~Ccc PP u’P P %ew (Pp W
+1
(peV)g n+
+ AU - BU —st—— Yp
n+1 n+1
+ CU 3y (PP - Pw) (4.94)
as after further arrangements
1
(08V)p
n+l _ nn nn S 4N
—st——Up = {ZAuc+ Apup + (S.)p
+1 n+l n+l
- (8" - CU)age ' (Pp - P)
+ AU}/ (1 + BU) (4.95)

The expressions AU, BU and CU are hereafter called the 'interaction
source coefficients'. A similar result can be derived for the

radial velocity component, thus:

+1
(pev); n+1 n g
_ n nn no_
—sg—— Vp = {ZAcve + Apvp + (S))p

(a_ +a_)t]
G R I L

AV}/(1 + BV) (4.96)

where
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x| nt1,n3 nn _ n+l,3 ntl
AV =g Mo,k LPd,k(Pa,k) Va,k ~ Pd,k(Pd k)
n n.,,n
v + StB,v'
d.k nd } (4.97)
1+ Gth
n
tB
11 n+1,.3 n+#l St5g
BV = I IN, L ont (D (4.98)
5'(pe)n VE+1 k dskPd,k*"d,k 1+ ath
w1 3 \n+l

It should be noted that although equations (4.98) and (4.99)
are formally the same as equations (4.92) and (4.93), the summations
take place over the different cell volumesof the axial and radial
velocity components. It should also be noted that the source
coefficients are written in terms of known quantities apart from

n+l n+1)’

the new time level droplet diameters (Dd k) and densities (pd K

whose determination is dealt with next

Simultaneous Solution of Gas and Droplet Energy and Evaporation

Equations

The droplet energy and evaporation equations (4.69),
and (4.70) are implicit in gas temperature, droplet temperature
and droplet diameter. Here, with the help of a simplified version

of the gas energy equation, the aforementioned equations are
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solved simultaneously by iteration to give the new time level

droplet temperature Td

n+l

gas energy equation is written as:

and droplet diameter Dg+1. First, the

53(p0h) = - V.(o6Uih) + V.(6Tgrad h) +-v%-a%(mdhd)

The relative importance of each of the above terms is

investigated through the order of magnitude estimate given in

table (4.2).

Table (4.2)

Relative order of magnitude estimate of the

different terms of the gas energy equation

(4.100)

relative order of magnitude

term order of magnitude
32(osh) alid 1
V. (p6uh) EEEEEI %E
V (Tégrad h) -EEEEI E%
L Lp
e | T legs | e sz ;

Typical values of 6 and t are 0.9 and 3 x 1070 s. respectively

while the values of gas and droplet properties as well as L (the



length) vary along the spray length.
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Therefore, the relative

order of magnitude of the different terms of equation (4.100)

at three locations along the spray is given in the following

table:
term near the injector | middle of spray | near spray tip
<3(p6h) 1 1 1
V. (p6th) 0.2 0.08 0.024
v.(rograd h) 3 x107% 1x 107 2 x 1074
5 5.7 6.1

<|._a
Ha
—~~
3
o,
Q._|
S

From the above table, it is clear that the interaction

source term is much Targer than the convection tenm-{V.(péUh)}

and the diffusion term {V.(T6grad h)} in any location within the

spray region, therefore, here, the gas energy equation is simplified

by assuming that the droplet source term dominates the right-hand

side of equation (4.100) (it is important to note that the full form

of the gas energy equation is solved along with the other gas phase

equations, as will be shown later in this section), thus:




- 161 -

n+1.,n+l 3

N c
+1 T4,k 'd,k-Pd,k\n 3
SR LI )" Dy ) Tak - (0

spvPcpmix

k)

which can be expressed more compactly as:

LB E(Dg’k)n+1ngi
where
™04, kNd, kKPd,kn
E = (—g7c )
TP Pmi x
and
F=t (@ )M, +1"
d.k) Td,k

The droplet energy equation (4.69) is written in the compact

form as:
n+l _ A n+l n+l C
T4,k EE;T'SﬁiT(T “Ta,k) T gmT t B
d,k d,k
where
A= (g 6Kp zz Nu)" st
pd,k d,k e - ]
_ 4, 3L yn n
B =g ) * Tak
d,k

3L \n 4n
C=¢( D
CPd,k d,k

The droplet mass equation (4.70) is similarly treated:

"Tg,k} (4.101)

(4.102)

(4.103)
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Dn+1
n+l _ n d,k T  n+1,.1/3
Dy, = {[my-6 T T, 1/(5eg,x 1} (4.104)
d,k
where
2nDP P, - P
t t Ve n
G = { wn(p——p——)Sh} " st
Rmix Pt pQ,s

Because equations (4.102), (4.103) and (4.104) are non-linear
and coupled they are solved iteratively.
At low ambient pressure (lower than the critical pressure
of the pure hydrocarbon fuel) the droplet temperature in restricted

by the condition

Td < Thoit (4.105)

where Tboi] is the boiling temperature of the liquid i.e. the
temperature at which the partial pressure of the fuel vapour at
the droplet surface equals the charge pressure Pt’ thus from

equation (3.82) the boiling temperature is given as:

Tooi] =W%WW+ 93.022 (4.106)
In the absence of other effects, at charge conditions at
or higher than the thermodynamic critical point of the liquid
fuel, the radial regression velocity of the liquid surface becomes
comparable to the radial gas velocity since the densities of the
two phases are the same and the gas mixtures in the film
surrounding the droplet behave in a non-ideal manner (see

e.g. Maltosz et al (1972) and Kadota et al (1976)).
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However, the solubility of the liquid increases and at the
critical condition itself all characteristics of both phases are
the same; temperature, pressure and composition. Faeth (1983)
reports that the presence of dissolved gases in the liquid fuel
at high charge pressure tends to raise the critical conditions
of the liquid. This trend was observed by Manrique et al (1969)
who concluded that the droplets heat continuously without
reaching the (presumably elevated) critical condition before
they are completely evaporated. Therefore, in the present study,
the droplets are assumed to heat up continuously. The upper
temperature limit being the surrounding gas temperature. However,
the partial pressure of the fuel vapour at droplet surface is

restricted not to exceed the gas pressure i.e.

P SSI’

v, (4.107)

t

Since it would be unrealistic to extrapolate the equilibrium
curve of the fuel vapour partial pressure beyond the charge
pressure.

As far as the liquid and vapour properties at elevated
pressure are concerned, and in the absence of any experimental
information, they are here taken from the low pressure values,

given in Chapter 3.
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Solution of Equations

As already shown in section (4.4), in the semi-implicit

n+1) are

scheme, all the unknown new field values of ¢'s (¢
related to known old time level values (¢n) except in the momentum
equation (4.95) and (4.96) where the pressure gradients are

given in terms of new quantities. Thus for a given pressure field,
the discretized form of the gas conservation equations are

solved point by point and no special provision is necessary for
them.

The pressure correction equation (which is cast in fully
implicit form) is solved by the same alternating direction line
method used in the implicit algorithm and described in section
(4.7.1).

The droplet equations are also explicit except for the
mass and energy conservation equationswhich are non-linear,
coupled and implicit, therefore, require iteration. However,

since the droplets are non-interacting, the equation for each

droplet can be treated in turn.

Order of Solution

In summary, each time step entails the following sequence
of operations as also shown in the flow chart given in
Fig. (4.6).

1. The new droplet positions are calculated from equations

(4.65) and (4.66).
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The new droplet temperatures, masses and hence sizes

are obtained by iterative solution of equations

(4.102), (4.103) and (4.104).

The new void fractions are obtained by inserting the

new droplet sizes into equation (4.72), and the mass,
momentum and energy transferred to the gas are evaluated
through equations (4.73), (4.91)-(4.93), (4.97)-(4.99)
and (4.76).

The momentum equations (4.95) and (4.96) are solved using
the prevailing pressure field P* to give the starred
velocities u* and v*,

The new fuel vapour mass fractions and gas enthalpies

are obtained from equation (4.41) with ¢ equals f and h
respectively. Calculate the gas density from the enthalpy
field and the equations of state.

The new turbulent kinetic energy and its dissipation rate
are calculated from equation (4.41) with¢=k and €
respectively.

The gas pressures, densities and velocities are corrected
through solving the pressure correction equation (4.61)
and then applying equations (4.46), (4.52) and (4.53).
The new droplet velocity components are obtained from

equations (4.88).
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Stability Requirements

The semi-impiicit scheme adapted in the present study eliminates
the need to observe the Courant sound speed restriction on the
magnitude of the computational time step (see Harlow and Amsden (1971)).
Also, the present simultaneous treatment of the gas and droplet
equations obviates the need to use a.very small time step due to
the close coupling of both phases. However, there are still some
restrictions on the time step that must be obeyed to ensure
stability and accuracy of the solution.

As the convection terms in the gas momentum equations are
differenced explicitly, stability requires that a fluid element
cannot move by more fhan a cell dimension, giving (see Courant et

al (1967)):

max(LgJ)f-t, v1ot) g (4.108)

A similar constraint applies to the diffusion of a fluid element,

to the explicit treatment of the turbulent diffusion terms:

r.ét I8t
max(-8— , ) <1 (4.109)
pSX pSr

Another time step constraint arises due to the fact that the source
terms S¢'s are differential explicitly. In the momentum equations
they are diffusion-like terms and are therefore, covered by equation
(4.109). In the turbulence equations, the source term Sk

(equation (4.30)) can become negative if the dissipation is

higher than the generation Gt’ thus producing negative values of
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k. As a remedy, Sk and S; are manipulated with the help of

equation (3.33) to give:

S? = (66, - ecupzkzlu)n (4.110)

’5" [cqc L1966, E-Cnpe E3+ peev.u]" (4.717)

With these practices temporal stability was found to be ensured
by obedience to the foregoing constraints.

Another important condition for stability is that the void
fraction at the cell under consideration must not become negative,
which the Lagrangian droplet treatment does not ensure as was
pointed out in connection with equation (4.72). It will be shown
later that the avoidance of that situation effectively puts a
constraint on the minimum cell size.

For the accuracy of computing the mass, momentum and energy
interaction terms, the time step &t must be a fraction of the

residence time of a parcel in a cell (0'Rourke (1981)), thus

Iu [t vgylst
max. ( Bx ? sr

) <1 4 (4.112)

A further constraint on the time step is implied in order to
obtain an accurate calculation of droplets behaviour using 'Euler'

integration method as will be seen in Chapter 5.
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4.8 Boundary and Initial Conditions

The complete representation of the mathematical problems
requires the specification of the conditions at the boundaries
of the domain of interest for each dependent variable. These
boundary conditions are usually either specification of the
variable itself, or the value of its normal gradient at the
boundary, or a combination of the two.

This section describes the ways in which the conditions
at the various boundaries are handled, as well as the specification

of the initial conditions.

4.8.1 Axis of Symmetry

At the symmetry axis all the gas-phase properties are
assumed to have zero radial gradient, apart from the radial
velocity, which is set to zero. The assumption of zero radial
gradient is imposed in the finite-difference equation (4.18)
by setting the appropriate coefficients Ac to zero.

In spray computations, there is a possibility that the
droplets attempt to stray across the axis of symmetry due to
the present treatment of the turbulent dispersion of droplets,
thereby causing a loss of mass and momentum of the liquid. In

the present study a provision is made to reflect the droplets
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which cross the axis; if the outcome of equation (4.66) is that

r2+1< 0, the reflection is imposed by setting Pg+1*‘ r2+] and
vgﬂ > - Vg-!:l .

4.8.2 Outflow Boundary

The fluid condition at the outlet section is not always
known in advance, nevertheless, a boundary condition for each
variable must be specified. However, provided that the outlet
plane is located where the flow has a parabolic or boundary
Tayer nature (high Peclet number), the effect of the outlet
boundary condition on the upstream fluid is small. The normal
practice is to assume that the gas-phase properties have zero
gradients normal to the boundary except the axial velocity at
the boundary Ugs which is obtained by some form of extrapolation
from the interior velocities and then corrected to ensure that

overall continuity is maintained. Thus:
ug > ug * du (4.113)
where the velocity increment Su is calculated from:

. >
Min = aJ P8U3-19%
Su = (4.114)

7
ppdA
Ag BT 8B
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where ﬁin is the total mass inflow and the subscripts B and
B - 1 denote boundary and next to the boundary respectively while

AB represents the area of the boundary.

4.8.3 Free Stream Boundary

Provided that the freestream boundary shown in Fig. (4.1)
does not intersect with the jet or the spray anywhere within the
solution domain, all the gas-phase properties are assumed to have

the free streamvalues i.e.
k=e=0

The velocity components are assumed to satisfy continuity at the

free streamboundary, thus:

ou _
w -0
I (4.115)
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4.8.4 Inflow Boundary

a. Gas jets

Referring to Fig. (4.7) which shows the grid arrangement
used in gas jet computations, the inlet boundary conditions across

the jet exit (r <rj) are:

in 0
Vip = 0
k. = iu2 (4.116)
n 0
_,3/2
ein = KiR%/2, (4.117)

where rj stands for the nozzle or injector radius, Uy is the
velocity at the nozzle exit and i and 20 are the turbulence
intensity and dissipation length scale respectively. 20 is

related to the jet diameter dj through:

By = A.d; (4.118)

The region of the inflow boundary on top of the nozzle

(r > rj) is treated as a no-slip wall for which:

As the flow adjacent to that wall which is mainly due to entrainment
is laminar, it is not necessary to apply the 'wall functions' to
estimate the values of v, k and € adjacent to the wall

(see Looney (1982)).
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b. Spray computations

The inflow boundary conditions imposed on the gas-phase
properties are those of a no-slip wall similar to the gas jets,
except for the 'injection cell' which is located adjacent to the
injection nozzle, as shown in Fig. (4.1). Following O'Rourke (1981),
the gas and droplets are injected from the injection cell with
the same axial velocity in the manner described below.

The present spray representation cannot simulate the
process of the atomization of the liquid jet emerging from the
nozzle: thus it is necessary to make some assumptions concerning
the nature of the droplets produced and their effect on the gas
flow, for use as the-upstream boundary conditions in the
calculations. In the present treatment, it is assumed that within
the injection cell, the jet breaks up into non-interactive spherical
droplets of known initial size and velocity, and the gas is
assumed to be accelerated to this velocity.

With reference to Fig. (4.8), the liquid jet enters the
cell from the nozzle whose radius is ry- ‘The droplet parcels

exit from the cell within a cone of angle 28. The exit radius

rs is evidently

rg = 1; + §x tanB (4.119)

where &x is the axial dimension of the injection cell which is
chosen such that rg<ér (the radial dimension of the cell). The
cell exit values of the droplet axial velocity UdO and the void

fraction 6, are determined from balances of liquid mass and
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mixture axial momentum on the injection cell., It is assumed

for this purpose that the axial velocity UO of the gas is equal
to Udo‘ This assumption is justified because the mass of liquid
in the injection cell is much larger than that of the gas there

and therefore only a small fraction of the liquid momentum need

be transferred to the gas to bring the velocities into equilibrium.

The equation for the conservation of liquid is:

2 _ 2

and that for the mixture axial momentum is

2 2

_ 2 _2
Uinjnrj = pd(] - Bo)Udowrs

Pd

+ pUy,m {sr - (1 - eo)rg}

where Uinj is the liquid injection velocity.

Equation (4.120) and (4.121) can be solved to give

2 p ,0r.2
U KN U P LT
i} pd pd pd rj
inj o ,8r\2
2 BE(FT)
J

and

U. . r.
6 =1 - 1nJ(_g42
0 Udo rs

The entrainment gas velocity Vo through the top of the

cell is obtained from a conservation of the gas mass assuming

(4.120)

(4.121)

(4.122)

(4.123)
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incompressibility, thus:

2 2

(1 -8,)rg - ér

Vo T “do T 73rex

The injection cell gas velocity components u = Udo and Vo and

the void fraction eo are calculated at the beginning of each time
step using the measured time histories of the fuel injection rate
and spray cone angle, as will be shown later, and they are used

as boundary conditions at that time step.

4.8.5 Initial Conditions

a. Gas Jets

As the gas jets in the present study are injected into
an initially quiescent medium, the ambient gas velocities are
initially set to zero everywhere in the solution domain. The
thermodynamic properties of the gas i.e. pressure, temperature
and density are set initially in a fashion consistent with the
equation of state. The initial turbulent kinetic energy and
dissipation rate are set to give a level of turbulent viscosity
equal to the molecular viscosity. For this purpose, a value of
k = 0.01 kin is used and € is calculated from equations (4.117)

and (4.118)

(4.124)
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b. Spray Calculations

In order to simulate the conditions of the initially
quiescent medium which the sprays are injected into, the gas
velocity components are set initially to zero except for the
injection cell which has its own treatment as described earlier.
Since initially there is no Tiquid in the zone of interest the
fuel vapour mass fraction is set to zero, and the thermodynamic
properties of the gas are set in a similar manner to the gas jets.
The turbulent kinetic energy and dissipation rate are initially
set to give a level of viscosity equal to the molecular viscosity.
fe. k=1x107 ul;

and € is calculated from equation (4.117) and (4.118).

where u,y is the average injection velocity

The initial conditions of the injected droplet parcels

are the subject of the next subsection.

Droplet Injection

As noted earlier the droplet parcels emerge from the injection
cell with assigned velocities, sizes and temperatures.

Concerning the velocities, all droplets are assianed the
axial value Udo as calculated from equation (4.122). The radial
component is randomly assigned in the range O Vo< Y40 tang,
is an effort to simulate the observed effect of atomization to
produce an initial spread. As explained Tater, B is obtained
from measurements.

The mass injected at each time step 6mi (from time ti to

t, + 8t) is obtained from the injection rate diagram shown in
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Fig. (4.9) and allocated to N_ droplet parcels (Np is the number

P
of droplet parcels introduced per time step). The diameters

of the droplets are randomly chosen from the range

<D

<
Dd,m’n dsk D

d,max for 1<k <Np

and D and Dd are the assumed lower and upper bounds on

d,min
Dd respectively.

s,max

The proportions of the total liquid mass in each parcel, and
hence the number of droplets Nd,k in same, is obtained from an
assumed size distribution function that relates the probability
o) of finding a droplet of vo]ume-g Dg,k to the droplet diameter
(as shown in Fig. (4.10)) thus:

Gm_iok
Nd,k =N (4.125)
g o, = p3
k=1 k & Pd"d,k
The injection velocity Uinj of the droplets is calculated,
at each time step, from the mass injected as:
Gmi
Uinj= ——=— (4.126)
n npdr.dt
J
Alternatively, if the pressure drop 2P across the nozzle and the
discharge coefficient CQ are known, then
- C. | 24P 4.127
Uing cQ/pd ( )
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The spray cone angle (28) must be provided for the injector
in question by direct measurement or through empirical formula.
Reitz (1978) has developed a semi-empirical method for calculating

this angle, which is

tang = A/;Z (4.128)
d

where A is a constant dependent on the nozzle used and p and Py
are the ambient gas and droplet densities respectively.

Finally, the droplet size distribution was measured downstream
of the injector and the data were fitted by e.g. the Rosin-Rammler
distribution (Boulderstone et al (1981)) as:

- _n

AR (Wb

v =nh=e dDy (4.129)
where n and D are experimentally determined exponent and mean

diameter respectively.
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4.9 Closure

In this chapter, the partial differential equations of
the gas phase have been discretized yielding algebraic expressions
from which the values of velocities, pressure, energy, turbulence
quantities and the fuel vapour mass fraction may be found at a
finite number of points in the flow.

The discretized equations have been expressed in terms
of general spatial and temporal difference functions. A hybrid
of central and donor-cell spatial differencing has been selected
for reasons of stability and accuracy and the implicit and
semi-implicit temporal differencing schemes have been presented.

The pressure %ie]d and hence, the pressure gradient terms
of the momentum equations have been obtained by linking the
continuity and momentum equations.

The droplet equations have been differenced using Euler's
method and combined with the gas-phase equations to enable
simultaneous solution for the gas and droplet velocities. A method
has also been developed to solve the droplet mass and energy
equations simultaneously with the simplified gas energy equation.

Finally, the treatment of the initial and boundary conditions
has been described with particular emphasis on the injection

cell treatment.
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CHAPTER 5

PRELIMINARY TESTING OF GAS JET

AND SPRAY CALCULATION PROCEDURES

5.1 Introduction

This chapter is concerned with the numerical tests which were
performed to assess the accuracy and reliability of the numerical
methods assembled for the present study.

The effects of the number of grid nodes of the computational
mesh and the size of time step on the performance of the fully
implicit scheme, are dealt with in section (5.2). The predictions
of the semi-implicit and fully implicit schemes are compared in
section (5.3) for transient laminar and turbulent round free gas
jet test cases.

In section (5.4), the accuracy of the droplet trajectory
calculation is examined by performing calculations for a simple case
for which an analytical solution can be obtained. Also examined,
is the effect of the integration time step on the trajectory
calculation.

In the final section (5.5). tests are made of the full spray
calculation method; dincluding the effect of the grid size, time step,
number of droplets injected per unit time and stochastic variations

of penetration and gas phase properties.
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5.2 Assessment of Accuracy of Fully Implicit Scheme

The accuracy of the fully implicit scheme which is used in
the present study for the gas jet calculations depends on the
fineness of the grid spacing in the two spatial directions. The
grid system used for these calculations was depicted earlier
in Fig. (4.7). The size of the cells increases away from the
nozzle exit with an axial expansion factor of 1.1. In the radial
direction, the cell sizes are uniform within the nozzle radius,
but outside this nozzle they expand by a factor of 1.1. The reason
for this arrangement is to keep the number of nodes to a minimum
while ensuring that the Targe velocity gradients in the mixing
region near the nozzle are adequately resolved. In these calculations,
the time step 6t is initially held constant for 1 ms and then
increased by 20% at each step until it reaches a maximum value
equal to 4 times the starting value. An exception to this practice
is the calculation of the hot jet case, for which a constant
time step was used due to the time-varying injection rate (details
of which are given in chapter 5).

The effects of the grid size on the steady-state centreline
velocity decay and the jet tip arrival time (defined as the instant
when the jet velocity reaches 70% of the steady state value at any
axial location) of an impulsively started jet emanating at a velocity
of 103 m/s from a nozzle of diameter dj = 1.35 mm are depicted in
Fig. (5.1). The initial time step is 0.05 ms. It can be seen from
Fig. (5.1)(a) that the results obtained with 15x 15 grid show a very

short (= 1.5 dj) potential core and slower rate of decay than those



- 187 -

1.0
0.75 4
DO
S 0.5 F -
0.25 i
0 - | -
0 10 20 30
x/dj
(a) Steady-state centreline velocity decay
]00 T ]
15 x 15
75 —— 20 x 20
i . 1
em == 30 x 30 57
f?//
- 40 x 40 57
w7
o 50} 7 / /
T
',¢>////
25 F ,.,7/ 4
.u"»’/’/
Q . 3
0 10 20 30
x/d‘j
(b) Transient jet tip penetration
Fig. (5.1) Effect of grid size on the behaviour of transient turbulent

gas jet



- 188 -

obtained with 20 x 20, 30 x 30 and 40 x 40 meshes (for the same
size of the computational domain). The latter three give nearly
equal potential core lengths of ~5 dj. The centreline velocity
decay shows also small signs of sensitivity to the grid, provided
that it is 20 x 20 or greater.

The effect of the grid density on the tip arrival time
(transient jet tip penetration) is more significant as shown in
Fig. (5.1)b. In this figure t is defined as the instant when the
jet velocity reaches 70% of the final plateau value at any x. It is
clear that increasing the number of the grid lines decreases the
differences between the results obtained using two successive grid
sizes i.e. at x/dj = 20 the difference in the jet arrival time
between the 15 x 15 and 20 x 20 mesh results is 11%, while that
between 20 x 20 and 30 x 30 is only 5%. A further increase in the
grid density to 40 x 40 produces no appreciable change in the results
as shown in Fig. (5.1)b. It should be mentioned that an increase of
the mesh density from 30 x 30 to 40 x 40 increases the computer
storage by about 78% and the computational time by about 90%.

The exploration of the effect of the time step size was

performed using a 30 x 30 mesh and starting time steps (expressed

U st
as Courant number CR’ defined as —%;— where 8x is the minimum cell

size) varies between 23 and 2.3. The outcome is given in Fig. (5.2).
It is obvious from diagram (a) that, as expected, varying &t
produces no effect on the steady-state centreline velocity decay. In
the transient case (diagram (b)) a reduction in &t increases the

penetration but only in the early stages of jetting (up to a—§U—::30).
j’7o
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It should be noted that the reduction of §t from Cp = 5.75 to 2.3
has no appreciable change in the predict tip penetration, while it
increases the computational time by about 40%.

The foregoing findings suggest that, considering both accuracy
and economy of the computations, the grid and time step specifications

are 30 x 30 and 0.05 ms (CR = 5.75) respectively.

5.3 Assessment of the Semi-Implicit Scheme

The accuracy and reliability of the semi-implicit method
used for the gas phase computations in the spray calculation
procedure are assessed here by comparing its predictions with
those obtained with the fully implicit scheme, for single phase
laminar and turbulent starting gas jets. In these calculations, the
same grid size (30 x 30) is used for both implicit and semi-implicit
schemes. The computational time step of the semi-implicit scheme
is automatically adjusted so as to obey the stability criteria
mentioned earlier in chapter 4: 1in general the obtained values are
much smaller than those used in the fully implicit calculations.
Figure (5.3) displays a comparison of the jet penetration
obtained by the two schemes for a laminar starting jet having a
Reynolds number Re(DUodj/u) of 254. It is clear from the figure

that the difference between the predictions is negligibly small
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and that both 1ie within the scatter of the experimental measurements
of Abramovich and Solan (1973) for the Reynolds number range 80 <Re < 500.
It should be mentioned here that the time step of the semi-implicit
scheme is reduced (below the stability 1limit) to obtain a time step-
independent solution. In this case, the size of the time step used
in the implicit scheme (equivalent to CR==5) is 12 times greater
than that of the semi-implicit one (Cp =~ 0.4).

Similar trends to those of Fig. (5.3) are also observed in
Fig. (5.4) which compares the turbulent round jet penetration
predicted by the two schemes for a Reynolds number of 3750 and the
experimental data of Witze (1980). Here, the size of the time step
of the semi-implicit scheme is =10 times less than that of the fully
implicit scheme in order to obtain the same (time step-independent)
solution.

From the above findings, it can be concluded that the semi-
implicit solution scheme is less economical than the fully implicit
one for gas jet calculations, however it turns out to be the more
efficient and economical for the small sizes of the time steps

necessary for spray calculations.
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5.4 Droplet Trajectory Calculations

As described in section (4.6) the droplet tracking is
performed by numerically integrating, using Euler's method, the
ordinary differential equations governing the motion, heat and mass
transfer of each parcel. In this section the accuracy of this
procedure is assessed by calculating the droplet trajectories
in circumstances for which it is possible to obtain an exact
solution to the differential equations.

For this purpose, droplets are injected into a quiescent gas
which is deemed to be uninfluenced by their presence. Further,
the droplet Reynolds number Re is supposed to be in the Stokes
regime, for which according to equation (3.65) the drag coefficient
CD = 24/Re. Insertion of this into the axial momentum equation (3.63)
gives

dud

7t ud/r =0 (5.1)

where T is the 'relaxation’' time defined (for Stokes regime)
as T = pst/]Su. The solution of equation (5.1) is, for an initial

0:

droplet velocity Udo at time t

_ -t/1
Uoyact = Udoe (5.2)

Further, since the penetration x obeys dx/dt = Ugo it follows that

_ -t/
Xexact ~ UdoT(] -e ) (5.3)

A similar analysis for the vertical velocity v t and penetration

exac

yexact gives:
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_ -t/T
Vexact = Vdoe (5.4)

and

-t/T
Yexact = Va1 - ¢™/T) (5.5)

Computations were performed to simulate the above case for
droplets having relaxation time of 2.5, 15.6 and 62.5 ms (corresponding
to droplets of 10, 25 and 50 pym diameter respectively). The numerical
integration time steps &§t/t for those droplets were 1 x 10'3,

1.6 x 107* and 4 x 107 respectively (6t = 2.5 us). The results

of the Euler's method are compared with the exact solution in

Fig. (5.5) which displays the axial velocity and penetration histories
of the droplets. It is clear from this figure that the smaller
droplets loose their momentum faster than the larger one and hence
penetrate less. This may be attributed to the inverse dependence

of the drag force on the droplet diameter as seen in equation (3.63).
It is also clear from the figure that both the numerical and
analytical solutions produce the same results. However, a detailed
inspection of the numerical results showed an error, as plotted
(normalised by the exact solution) versus time for &t/t = 1 x 10'3,

2 x 1073 and 4 x 107 in Fig. (5.6). As expected (Carnahan et al
(1969)), the error resulting from the use of Euler's method increases
linearly with time and is proportional te the size of the integration
time step. For example, the error at t = 0.9 ms, for T = 2.5 x 1073 ms

4 x 1073, to 4.2% for

-3

droplet, decreases from 8.4% for &t/t
3

st/t =2 x 107 and 2.1% for 8t/t =1 x 10 These errors
decrease for droplets having larger relaxation times.
Similar errors are also obtained by considering the radial

behaviour of the droplets (not displayed) since equations (5.4)
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and (5.5) are similar to equations (5.2) and (5.3), differing
only by a factor of Vdo/Udo. Therefore, it can be concluded
that an accurate calculation of the droplet behaviour necessitate
the use of small enough integration time step especially for small
droplets. In the present study an average time step of 3 us is

used for droplet integration.

5.5 Spray Calculation

The full spray computation method was subjected to preliminary
assessment tests reported here, which include the effects of the
grid density, the computational time step and the number of droplet
parcels introduced per unit time. Also examined was the degree of

randomness introduced by the stochastic elements of the method.

a. Effect of the grid size

The grid system used for the spray computations uniformly
expands in the axial and radial directions. The smallest cell
is adjacent to the nozzle exit and the expansion factors are 1.1
and 1.15 in the axial and radial directions respectively.

The effect of the grid density on the spray tip penetration
was investigated by decreasing the size of the injection cell,

which has the effect of increasing the grid lines to cover the
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same computational domain. The results are displayed in Fig. (5.7),

from which it is clear that reducing only the axial spacing has

very little effect, compared to that of reducing the radial spacing.

Generally speaking, reducing the latter causes a systematic

increase in tip penetration until the injection cell radius falls

below 0.4 mm: then the calculation scheme fails because the void

fraction near the injection cell becomes negative, which is non

physical, since it implies that the droplets occupy more space

than is available. This is a basic defect of the Lagrangian model

as employed here and elsewhere, for it contains no provision for

recognizing the proximity of the droplets and preventing overfilling.

Similar problems are recorded by Dukowicz (1980), O0'Rourke (1981)

and Kuo and Bracco (1982a, b). This is an important drawback,

because it effectively prevents grid independence solution from

being achievable and thereby introduces errors into the calculations.
In the spray computation of the present study, the injection

cell size is 1.5 x 0.5 mm and a total of 24 grid lines in the

axial direction and 12 cells in the radial direction are used.

b. Effect of the time step

As discussed earlier in section (4.7) the computational
time step is calculated from equation (4.108) which ensure that it
remains below the level required to ensure numerical stability
(In practice the 1imit is set by the magnitude of the velocities
at the exit of the injection cell). It is also however necessary

to ensure that 6t is sufficiently small to ensure accuracy as well.
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Therefore, computations were performed to investigate the effect
of the computational time step on the predicted spray tip penetration.
In this investigation, the time step was reduced from 5 us,
corresponding to Cp = 0.5 to 2.5 us, corresponding to CR = 0.25 using
the same computational mesh (24 x 12) and the same number of
droplet parcels introduced per unit time (500).

Figure (5.8) shows the predictions for the conditions of
the isothermal spray of Yule's (1985b) experiments (P = 4.5 MPa,
T = 288 K). Each of the two curves is the average of three runs:
this was done to minimise the effect of the stochastic elements
of the calculation. It is clear from this figure that halving 6t
produces 1ittle change in the tip penetration, but of course
increases the computational costs. Therefore, in all subsequent
calculations presented in the present study a Courant number of 0.5

is used.

c. Effect of the droplet number

It is recalled that in the Lagrangian formulation of the
spray used in the present work, a finite number of droplet
parcels (sample) is used to represent the entire population. The
total number of droplets in that sample influences the economy
of the procedure since it determines the computational time and
storage requirements. Therefore, calculations were performed to
investigate the effect of the number of droplet parcels introduced
per unit time on the tip penetration as well as on the spray structure.
Since the mass injected per unit time is fixed by the injection

rate schedule, varying the number of droplet parcels implies a
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change in the number of droplets in each computational parcel.
Increasing the number of droplet parcels improves the statistical
accuracy of the calculation but as already noted, also increases
the costs.

Figure (5.9) illustrates the effect on the spray tip
penetration of increasing the introduction rate from 250 droplet/ms
to 500 droplet/ms and Fig. (5.10) shows the corresponding spray
structures at different times. It appears that the tip penetration
is not sensitive to variations in this parameter within the range
covered while the statistical accuracy of the 250 droplet/ms spray

is less than that of the 500 droplet/ms one.

d. Stochastic variations

In the parcel injection technique described in chapter 4,
both the droplet diameters and the radial injection velocities are
chosen randomly from specified distributions of diameters and
velocities respectively (see section (4.8) for details). Also
the effect of gas turbulence on droplet behaviour is treated
stochastically, as described in section (3.8). It is therefore
of interest to assess how large are the stochastic variations in the
spray predictions introduced by these features. Towards this end,
several calculations were performed for the conditions of the
isothermal spray of Yule et al (1985b) (P = 4.5 MPa and T = 288 K)
with different random number sequences and the results are displayed
in Fig. (5.11) and (5.12). Figure (5.11) shows that the stochastic

variation in the spray tip penetration is 9%. The gas-phase centre-
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line velocities illustrated in Fig. (5.12)(a) show larger differences,
e.g. at t = 1 ms from the start of injection, the differences are

20% or less. The gas-phase turbulent intensity and viscosity
displayed in Fig. (5.12)(b) and (c) show markedly larger differences,
especially near the injector, since in this region the spray

occupies at most two or three grid cells and a change in the centre-
line velocity causes a drastic change in the velocity gradient.

Similar calculations were also performed for an evaporating
spray for conditions corresponding to those of Kuniyoshi et al (1980)
(P =6.28 MPa and T = 800 K). Figure (5.13)(a)-(c) show the
vaporization rate, equivalence ratio and temperature distributions
and profiles resulting from three runs with different random number
sequences. The differences in the total masses evaporated are
always less than 10%, while larger differences are observed in the
predicted equivalence ratio and ambient gas temperatures.

It can be concluded from the above that both spray tip
penetration and vaporization rate are less sensitive to the stochastic
calculation than the other gas-phase properties such as velocity,
turbulence parameters, equivalence ratio and temperature. Therefore,
a statistical averaging of results from many runs is needed if

comparisons are made with similarly averaged measurements.
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5.6 Concluding Remarks

In this chapter, the different numerical tests which
were performed to assess the accuracy and reliability of both the
fully implicit and the semi-implicit solution algorithms were
presented.

In the fully implicit scheme, used for gas jet calculations,
a grid and time step independent solution was obtained by increasing
the number of grid points (for constant &t) and decreasing the
time step (for the same mesh) until no further changes were obtained
in the final solution. It was found that the optimum grid and
time step specifications are 30 x 30 and 0.05 ms respectively.

The numerical technique employed for spray calculations
becomes unstable and the procedure fails to give a solution under
conditions when the droplets cluster locally giving negative void
fraction. This effectively prevents grid independence solution
from being achievable. A time step independent solution was obtained
by decreasing Cp (below the level required to ensure numerical
stability) to 0.5 and a further decrease to 0.25 produced a very
little effect on the spray tip penetration.

As far as the effect of increasing the droplet introduction
rate (from 250 to 500 droplet/ms) is concerned, it was found that
the penetration is not very sensitive to this variation while
the statistical accuracy of the spray increases.

Finally, further computations were performed to investigate
the stochastic variation associated with the use of different
random number sequences in the spray calculations. The stochastic

variations of the spray tip penetration and the total vaporized
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mass were always less than 10% while larger differences were
observed in other gas phase properties such as velocity, turbulence
parameters, equivalence ratio and temperature. Therefore, a
statistical averaging of the results from many runs is necessary

if comparisons are made with similarly averaged measurements.
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CHAPTER 6

ASSESSMENT OF THE PROCEDURE

GAS PHASE

6.1 Introduction

The main objective of this chapter is to assess the ability
of the theoretical model presented in chapter 3 to predict droplet-
free steady and transient gas jets such as round jets. Assessment
of the procedure is carried ouf here using five such test cases,
all of which involve comparison with experiments.

Predictions of the steady laminar free jet and comparison
with the experimental data of Abramovich and Solan (1973) are
given first in section (6.2). Then section (6.3) deals with
calculations of the starting laminar jet.

The steady turbulent round free jet serves as the third
test case and is described in section (6.4), while predictions of
impulsively started turbulent jets (isothermal and non-isothermal)
are presented in section (6.5).

Finally, the scaling of the transient turbulent
round free jet; 1including the effects of the Reynolds number,

length scale and turbulent intensity, is given in section(6.6).
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6.2 Steady Laminar Round Free Jet

Calculations were performed to predict the behaviour of an
isothermal laminar free jet and the results are compared with
the experimental data of Abramovich and Solan (1973). In their
experiments, Abramovich et al measured the centreline velocity
decay of airemanating from a 6 mm internal diameter pipe. The Reynolds
number range was 80 - 500.

The computed result for the steady-state centreline velocity
decay obtained from a parabolic starting profile of a Reynolds
number of 254 is compared with that measured by Abramovich and
Solan (1973) in Fig. (6.1). The dimensionless co-ordinates are
those suggested by Abramovich and Solan, i.e. u* = Um/Umo and

0.5

x* = x/dee where Um is the maximum velocity at any x from

the nozzle, U__ is the maximum velocity at the nozzle exit (here

mo _
U 0= 2Uo) and Re is the jet Reynolds number defined as Re = pUOdj/u.

m
It is clear from the figure that the calculated result fits inside

the experimental scatter. Kuo and Bracco (1982a) made similar
calculations and found that the results obtained for different

Reynolds numbers, do not coincide when the non-dimensional parameters
of Abramovich and Solan are used. They concluded that the experimental
scattering observed in Fig. (6.1) may not be due wholly to experimental
error but also to improper account of the Reynolds number effect

in the normalisation of x by deeO'S. They suggested that a more
appropriate length scale is dee. Figure (6.2) shows that Kuo's

predictions for Re = 70, 100 and 500 as well as the present prediction

for Re = 254 which is displayed in Fig. (6.1) all coalesce when
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plotted in this way. Unfortunately the experimental data of Abramovich
and Solan cannot be reported in the same figure because they did not
identify the Reynolds numbers corresponding to each of their

experimental points.

6.3 Transient Laminar Round Free Jet

The predicted transient behaviour of a starting laminar round
free jet is assessed against the experimental data of Abramovich and
Solan (1973). They measured the travel time of the spherical
vortex at the front of a suddenly switched on, submerged, laminar
jet in the Reynolds number range 80 < Re <500. The centreline velccity
plateau was recorded from which the jet penetration was obtained.

A typical set of results for the predicted centreline
velocities at several axial locations for an unsteady air jet with
a parabolic starting velocity profile at Re = 254 1is given in
Fig. (6.3). At each Tocation the velocity is seen to reach a steady-
state plateau with the plateau level decreasing with distance from
the nozzle exit. Following the somewhat arbitrary procedure
introduced by Abramovich and Solan, the arrival time (t) of the
jet tip at a point x on the centreline is defined as the instant
when the jet velocity reaches 70 per cent of the final (steady)
plateau value. When x and u are scaled as before and t is non-

. . - 0.5
dimensionalised as t* = 2twRe /d§ where v is the dynamic viscosity,
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the computed results for the transient jet tip penetration histories
for Re = 125 and 254 appear as in Fig. (6.4), where they are plotted
with the experimental data for Reynolds number range 80< Re < 500.

It is clear from the figure that the results for Re = 127 and 254
lie inside the experimental range but do not coincide, i.e. they
show a Reynolds number dependence similar to the centreline velocity
decay of the steady laminar jet presented in section (6.2). Once
more Kuo and Bracco (1982a)concluded that the observed experimental
scattering is partially due to the improper account of the Reynolds
number effect in Abramovich's scaling parameters and they proposed
new dimensionless parameters as x* = x/dee and t* = t/(dg/V).
Figure (6.5) shows that Kuo's predictions for Re = 70, 100, 500 and
the present predictions for Re = 127 and 254 coalesce when plotted

in this way.

6.4 Steady-State Turbulent Free Jet

An isothermal axisymmetric turbulent free jet serves as
the third test case, which is used to assess the applicability of
the k-¢ turbulence model in these circumstances. The ensemble-
averaged form of the Navier-Stokes equations for steady state
axisymmetric turbulent flow are solved in conjunction with the
turbulent kinetic energy and its dissipation rate equations and the
results are compared with the experimental data of Witze (1980)

and Wygnanski and Fiedler (1969).
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Witze (1980) measured the mean and fluctuating components
of the axial velocity at the centreline of air-into-air jets
emerging from two different nozzle geometries using hot film
anemometry. Calculations were performed to simulate Witze's
experiment for his 'nozzle A' which has a diameter of 1.35 mm and
uniform exit velocity of 103 m/s (Re = 8200). The value of the

turbulent kinetic energy at nozzle exit kin was specified as

=iy
kin = iU (6.1)

where i is the turbulence intensity and the dissipation rate at
nozzle exit €4 Was estimated through the expression

-3/

in = Kin /% (6.2)

where %0 is the length scale, taken as a fraction of the nozzle
radius. In the present computations, the value of i is specified
as 0.03 guided by the experimental measurements while 0 is
evaluated, following Kuo and Bracco (1982a) as 0.09rj where r;
is the nozzle radius. Except for the coefficient, C1» in the
dissipation rate equation, which is set equal to 1.5 (the reason
for this will be discussed later), all the other constants of the
k-¢ model are those given in table (3.1). From Fig. (6.6) it
can be seen that, as far as the steady state centreline velocity
decay is concerned, the agreement with Witze's experimental
correlation is quite good for 7.5 < x/dj < 30. It is also clear

from the figure that the measured potential core length is much

smaller than the generally accepted experimental value for free
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jets of 4 to 6 orifice diameters (see e.g. Rajaratnam (1976)),
while the predicted one lies inside that range. The discrepancy
may be attributed to the uncertainty in the measurements near
the nozzle exit.

Wygnanski and Fiedler (1969) carried out detailed measurement
of axial and radial velocity and turbulence characteristics of
the steady round free jet. The nozzle diameter was 2.64 cm and
the air velocity at nozzle exit was 51 m/s (Re=79000). Calculations
were performed using the above injection condition as well as the
initial turbulence prescription mentioned earlier. Figure (6.7)
shows the predicted mean velocity distribution acorss the jet at
x/dj = 40, compared with the experimental measurements of Wygnanski
and Fiedler. The velocity scale in this figure is the maximum velocity
at this section and the lateral distance from the axis of symmetry
r is rendered dimensionless by dividing by the axial distance from
the nozzle exit. It is obvious from the figure that the predicted
axial velocity profile agrees well with the measured one in the
inner region of the flow and overestimates it in the outer region.
This discrepancy can be attributed to the deficiency of the k-e
turbulence model to deal with different types of flow with the
same set of constants Cys Cp. (Abbas et al (1980) showed that a
change of ¢; to 1.57 improves the agreement in the outer region and
underestimates the experiment in the inner region).

The predicted turbulent intensities across the jet at
x/dj = 40 are compared with the measured intensities in the self-

preserving region (x/dj:>40) in Fig. (6.8). It is interesting



u/Uo

u/U0

1

.0

0.5

1

.0

0.5

- 223 -

— prediction

e MWitze's experimental data .

1 L 1 1

0 5 10

Fig.(6.6)

15 20 25 30 35

x/dj

Centreline velocity decay of steady turbulent jet.

1 1 I O. 002
\\\\ v
:O
0.0 >
! 3 ] -0.02
0 0.05 0.1 0.15 0.2
r/x

Fig.(6.7) Mean velocity of turbulent jet,---- Wygnanski et al (1969)

data.



w2y Ay e,

0.3

0.2

0.1

x/d,
/dJ

1 1

! 1)

—®— measured u' fluctuation

—O6— measured v' fluctuation

—a&— measured w' fluctuation

nrediction

Fig. (6.8)

0.05 0.1

Turbulent intensity across

y/%
the jet

0.15 0.2

0.25

- Ve -



- 225 -

to note that the magnitude of the measured v' and w' in less than
that of u' i.e. the turbulence of the jet is not isotropic, whereas

isotropy is assumed in the calculation.

6.5 Impulsively Started Turbulent Round Jets

a. Isothermal jets

Despite its practical importance, the starting jet has
received much less investigation in comparison to the steady jet.
Earlier experimental work on impulsively started jets was mostly
confired to the qualitative study of the flow patterns resulting
from the mixing of isothermal homogeneous fluids. Rizk (1958)
carried out flow visualization tests for the development of an
axisymmetric starting water jet with particular reference to the
scavenging process in two-stroke engines. Recently, Witze (1980)
made detailed measurements in impulsively started isothermal
air-into-air jets by hot-film anemometry. He measured both mean
and fluctuating components of the axial velocity for both steady
and transient cases, and presented four sets of experimental data
using two nozzle exit configurations as shown in Fig. (6.9). He
showed, as did the present calculation, that these jets exhibit
an interesting feature: ahead of the advancing jet tip front, the
surrounding fluid remains undisturbed and at a distance behind it
steady state can be considered to have been reached (for a steady
injection velocity). The transition between the undisturbed and the

steady state occurs mostly in the jet tip vortex.
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The different operating conditions for Witze's two nozzles

A and B are given in table (6.1) below.

Table (6.1) Witze's operating conditions

case nozzle Uy m/s dj mm
1 A 53.0 1.152
2 A 103.5 1.35
3 B 22.0 1.68
4 B 54.4 1.818

For computational purposes, the set of constants used in the
steady turbulent jet calculations given in section (6.4) is also
used here. The results for the jet penetration are compared with
those measured by Witze (1980).

A typical set of results for the velocity histories
calculated at several axial locations for Case 2 of table (6.1)
is given in Fig. (6.10). It can be seen from the figure that,
as expected, at each location the velocity reaches a steady-state
plateau, with both the rate of rise and the plateau level decreasing

with distance from the nozzle exit.
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Following the procedure introduced by Abramovich and

Solan (1973) the arrival time of the jet tip at a point in space

is defined as the instant when the jet velocity reaches 70% of

the final (steady-state) plateau value. The predicted jet penetrations

are compared with the measured ones, for the four cases studied,in

Figs. (6.11)(a)-(d). The overall agreement is fairly satisfactory

in view of the uncertainties in both the measurements and the

computations which are:

i.

ii.

The computations were performed using the same turbulence
constants as for the steady jet, thus assuming that the
turbulence generating mechanism is the same for both steady
and transient situations. However, Bermhorst et al (1977)
observed in their experimental measurements of the
characteristics of a pulsed jet that the turbulence at

x/dj < 10 is significantly higher than>the steady state value.
The experimental measurements of Witze were made by hot-

film anemometry. As the orifice diameters were small

(1.2 - 2 mm) and the hot film probe was of the same size

this may have affected the flow near the orifice and presented

spatial resolution limitations near the injector.
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b. Non-isothermal Jjets

The behaviour of the heated starting jets was investigated
by Wolfhard and Bruszak (1960) and more recently by Phillips
(1971). Phillips took Schlieren photographs of the development of
a hot, subsonic jet emanating from a small nozzle (3 mm diameter)
into cold surrounding and driven by the ignition of a combustible
gas mixture. Hengrussamee (1975) conducted a similar experiment
in which he only measured the velocity and temperature time
histories of the gases at the nozzle outlet as shown in Figs. (6.12)
and (6.13) respectively. Curve fitting to his data yields the
following formulae for the variation of the gas velocity and

temperature at the nozzle exit:

U, = -1.637 x 10% + 1.8 x 10° - 5.382 x 10't?

+6.7979 x 10°t> - 3 x 10" 1¢? (6.3)
T, = -2.7865 x 10° + 3.796 x 10% - 1.5496 x 107t

+3.027 x 10113 - 2.78 x 1073t% + 9.7 x 10140 (6.4)

where t is the time from ignition in seconds and Uo and T, are
the gas velocity (m/s) and temperature (K) respectively. It
should be noted that a time delay of about Z ms was observed from
the time of ignition to the start of the jet.

For the purpose of calculating the Phillips case and as
he did not report the operating conditions of his experiments, the

hot gases emerging from the nozzle are treated as air whose
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velocity and temperature are obtained from equations (6.3) and
(6.4) respectively. The initial level of the turbulent kinetic
energy and dissipation rate at nozzle exit are evaluated as
presented in section (6.4) i.e. in equations (6.1) and (6.2)
i=0.03 and %, = 0.09 r; respectively.

The predicted development of the jet front, defined as
the axial Tocation at which the gas temperature (density) has a
maximum gradient, is compared with the measured one taken from
the Schlieren photographs in Fig. (6.14). The time is calculated
from the instant the spark inside the enclosure is initiated.
Despite the uncertainties about the turbulence level at the
nozzle exit and the other exit conditions, the agreement is
fairly satisfactory.

Figure (6.15) shows the comparison of the development
of the jet radius (rw) at x/dj = 14.3 downstream of the noiz]e
outlet. The predicted radius is defined as the radial distance
from the jet axis to the position where the gas temperature is
300 K (the ambient temperature). It is clear from the figure
that fairly good agreement is obtained in view of the above
uncertainties.

A further feature of interest which emerged from these
calculations is that despite the unsteady nature of this process
the predicted jet velocities at various axial positions tend to
be self-similar after 8 ms from the start of ignition as shown
in Fig. (6.16). The length used to render the radial distance

r dimensionless is the local half-width of the profile, namely
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the width corresponding ﬁo the point where the mean velocity is
equal to one-half of its value on the axis. It should be mentioned
here that the self-similar profile of the hot starting jet is
identical to that of a steady jet.

Figures (6.17)a-c show the predicted fields of turbulence
intensity (//gi;uo), turbulent viscosity and gas temperature (7/T,)
respectively. The values of U0 and T0 are chosen as the injection
velocity and temperature at t = 8 ms. These figures display the
characteristic feature of strong turbulent mixing near the nozzle.
The turbulent viscosity levels vary between 10 and 200 times the
molecular one, a range which is small compared with typical spray
behaviour as will be shown later in Chapter 7. This is mainly due

to the larger lateral spreading of the jet.

6.6 Parametric Study and Scaling Laws

a. Parametric Study

Calculations were performed to quantify the effects of
the different input parameters and physical factors on the behaviour
of the steady state and transient turbulent isothermal round
free jet. The values of the parameters used in the various

calculations are given in table (6.2). The parameters varied are:

the turbulence model < coefficient, jet Reynolds number, initial
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jet exit turbulence intensity and initial turbulent length

scale.

Table (6.2) Input parameters of the parametric study

Uod Uo dj
Case Re = —;—l c i A
m/s (mm)
1 8193 103 1.35 1.5 0.03 -0.09
2 8193 103 1.35 1.44 | 0.03 0.09
3 81930 103 13.5 1.5 0.03 0.09
4 8193 103 1.35 1.5 0.003 | 0.09
5 8193 103 1.35 1.5 0.03 0.009

i. Effect of <

Calculations of the steady state round free jet over-

estimate the spreading rate by about 40% when based on the k-¢

turbulence model with coefficients optimised for plane flows (see

for example Gosman et al (1976b)). A similar trend was also

observed by Launder and Morse (1977) in computations based on a

second-order closure for the Reynolds stress.

deficiency was shown by McGuirk et al (1977) to be the source term

in the dissipation rate equation.

The origin of the
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In the present study calculations were performed to
investigate the effect of changing S from 1.44 (the optimised
value for planar flows) to 1.5, corresponding to cases 2 and 1
of table (6.2) respectively. This 4% variation of Cq produces
a marked change in the centreline velocity decay as shown in
Fig. (6.18)a. It also affects the transient jet penetration but
to a lesser extent (Fig. (6.18)b). As far as the jet spreading
rate is concerned, it was found that a 15% decrease occurs.

Kuo (1982) also reported that 10% increase of cq produced 45%
decrease in the spreading rate and Launder et al (1977) pointed out
that a 1% variation in either of the coefficients c; and c, can
alter the rate of spread by about 4% (using the Reynolds stress
closure model).

Thus it can be concluded that the computed flow field
for both steady state and transient cases are very sensitive to

the value of Cys the 'best' value seems to be 1.5.

ii. The Effect of the Jet Reynolds Number

For fixed values of ¢y and levels of the turbulence
intensity and length scale at the nozzle exit, computations were
performed for Re = 8193 (case 1 of table (6.2)) and Re = 81930
(case 3). The results are displayed in Fig. (6.19) from which
it is evident that increasing jet Reynolds number lengthens the
potential core and thus delays the steady-state centreline velocity

decay (diagram (a)). Also, the transient jet tip penetration
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presented in Fig. (6.19)(b) shows a systematic Reynolds number
dependence i.e. the higher the jet Reynolds number, the faster

the penetration. Kuo (1982) observed the same tendency; he also
noted that the Reynolds number dependence of both the steady-state
centreline velocity decay and the transient jet penetration

disappear for large values of Re (Re >105).

iii. Effect of Initial Level of Turbulence Quantities

In the light of uncertainty about the initial Tevel of
the turbulence quantities at the nozzle exit, further predictions
were performed to investigate the effect of both the turbulence
intensity and the length scale on the jet behaviour. Figure (6.20)
shows the effect of increasing the turbulence intensity i by a
factor of 10 i.e. from 0.003 to 0.03. Although increasing i
increases the turbulent kinetic energy kin and hence the turbulent
viscosity (for the same length scale), the results displayed in
Fig. (6.20) show that increasing i yields a somewhat elongated
potential core and a delayed centreline velocity decay. The
transient calculations also showed a faster penetration with larger
turbulence intensity. A similar trend was also observed by
Kuo (1982) and Ideriah (1974). It seems that the reason for this
behaviour 1lies in the dissipation rate €in since increasing i

according to the relation ¢, = k3/2

increases also ¥ in in

n /20 and it

was found that at x/dj > 3 the viscosity decreases due to the

higher values of €.
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Figure (6.21) illustrates the effect of increasing the
length scale by a factor of 10, i.e. from zolrj = 0.009 to
zo/rj = 0.09. As might have been expected, increasing the length
scale, for the same turbulent kinetic energy, increases the turbulent
viscosity and hence produces an earlier steady-state centreline
velocity decay (Fig. (6.21)a) and a slower penetration as shown

in Fig. (6.21)b.

b. Scaling Laws

In sections (6.2) and (6.3), it has been shown that both
the steady state centreline velocity decay and the transient jet
tip penetration of the laminar round free jets exhibit a systematic
Reynolds number dependence for the range 80 <Re <500. Also, it has
been shown that the appropriate time and length scales to render
all the predicted results with different Reynolds numbers lie on
one line, are t* = t/(dg/v) and x* = x/(dee) respectively.

For transient turbulent round free jets, and similar to
the laminar one, both the steady state centreline velocity decay
and the transient jet tip penetration exhibit Reynolds number
dependence (Fig. (6.19)). Following Kuo (1982) the dependence
of the steady-state centreline velocity decay on the Reynolds
number disappears when scaling the axial distance as x* = x/(dee0'053)
as shown in Fig. (6.22)(a). The penetration of the transient jet

0.053

is scaled by t* = t/(dee /Uo) to account for Re dependence

as shown in Fig. (6.22)(b).
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6.7 Concluding Remarks

The present tests have demonstrated that it is possible to
calculate the behaviour of Taminar and turbulent gas jets to a
tolerable degree of accuracy using the implicit method.

It has been shown in chapter 5 that also the semi-implicit
method is capable of predicting the behaviour of laminar and
turbulent gas jets provided that the time step satisfies the
stability requirements.

The predicted steady-state centreline velocity decay and
the transient jet tip penetration of incompressible laminar free jet
agree well with the experimental measurements of Abramovich and
Solan (1973) and it is found that the Tength and time scales are
X* = x/(dee) and t* = t/(dj/v) respectively.

It is also found that isothermal turbulent jets can be well
predicted provided that the coefficient c; in the dissipation rate
equation is adjusted to the value 1.5.

The transient calculations of the turbulent hot jet have
been shown to predict Phillips (1971) experimental data fairly well,
despite the uncertainty about the turbulence level at nozzle exit.

The parametric study presented in section (6.6) revealed
that increasing the turbulence intensity at nozzle exit lengthens
the potential core and delays the steady-state centreline velocity
decay while the transient behaviour shows a faster penetration.

It is also found that increasing the length scale at nozzle exit,
for the same turbulent kinetic energy, produces an earlier steady-

state centreline velocity decay and a slower jet penetration.
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Finally, the predicted steady-state centreline velocity
decay and the transient behaviour of the turbulent jet showed a
Reynolds number dependence for the range of Re studied. The spatial

and temporal development of the turbulent jet are scaled as

0.053 0.053

dee and dee /U, respectively.
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CHAPTER 7

ASSESSMENT OF THE SPRAY CALCULATION PROCEDURE

7.1 Introduction

As already noted, the main intended application of the procedure
described in chapter 3 is to the modelling of diese-like fuel sprays.
For the purpose of assessment of the procedure, which is the
objective of this chapter, it is desirable to compute sprays for
which experimental data are available. Unfortunately, experiments
which provide sufficient data to fully specify the initial and
boundary conditions of the spray do not appear to exist, due to
the difficulty of conducting measurements near the injector. Thus,
it has been necessary in the present study to estimate some of the
required information, notably the initial droplet size and velocity
distributions.

The prediction procedure is evaluated against four sets of
experimental data which come closest to providing the necessary
spray information: they are those of Yule (1984) and Yule et al
(1985b) for isothermal and evaporating diesel sprays (which were
conducted in parallel with the present study; Hiroyasu and
Kadota (1974), for isothermal sprays; and finally, Kuniyoshi et al
(1980) for evaporating sprays.

A second objective of this chapter is to test the sensitivity
of the predictions to various features which it contains such as
the initial level of turbulence quantities, initial velocity profile
of the droplet, turbulent droplets dispersion, initial spray cone
angle, initial droplet sizes, initial size distribution function,

injection rate history and fuel introduction temperature.



- 252 -

7.2 Isothermal Sprays

7.2.1 Comparison With lMeasurements

i. The experiments of Yule et al (1985a,b)

As already shown in chapter 2, these experiments had the
objective of measuring the structure and penetration of sprays
injected from 0.46 mm diameter single hole Lucas nozzle into an
inert quiescent gas. In addition, the fuel flow rate versus time
characteristics were measured and a unique curve was found for
all charge pressures and temperatures (Fig. (7.1)). The parcel
masses and velocities are calculated from the injection rate
diagram in the manner described earlier in section (4.8).

The droplet size distrubiton was measured at atmospheric
pressure and at an axial distance of 64 mm downstream of the
injector (see Boulderstone et al (1981)). The droplet size

distribution was fitted by a Rosin-Rammler function as:

Lay O -tom™
va‘DE= n _Ij_ e (7.])

where dV is the volume of the droplets having diameter between

Dd and Dd + dDd and n and D are the experimentally determined
Rosin-Rammler exponent and mean diameter having the values of 2

and 25 um respectively to yield droplets ranging from 0 to 60 um
approximately (Fig. (7.2)). In the present study this distribution
was assumed to prevail in the vicinity of the injector and was

used as the inlet conditions for the calculations, in the absence

of any better information.
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The measured spray cone angle versus time variation shown
in Fig. (7.3) for different charge pressures (T = 288K) were
used to calculate the inlet radial velocity of the droplets
(see section (4.8)).

The different measurements of Yule et al (1985b) are

summarized in table (7.1).

Table (7.1) Experimental measurements of Yule et al (1985b)

P=0.5MPa |1.5MPa| 2.5MPa| 3.5MPa| 4.5 MPa} 5.0MPa

penetration " / / / / v/

T =288K| spray cone angle v/ / / / Y v/

injection rate

v v v / / v
diagram
penetration v v v/
T =373K| spray cone angle / v /
injection rate
vV / v/ vy / /

diagram
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Fig. (7.3) Spray cone angle versus time at different charge pressures, from

Yule et al (1985b)
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Presentation of the results

The predicted penetration of the spray tip (defined as the
axial position of the leading droplet) as a function of time from
the start of injection is compared with Yule's (1985b) experimental
data in Fig. (7.4)(a)and (b), for ambient pressures of 0.5, 2.5
and 4.5 MPa and an ambient temperature of 288 K. The measured
curves show a scatter of about 15%, which Yule (1984) attributed
to "jitter" from pulse to pulse and also, to irregularities in the
spray leading edge. The predicted results are represented by the
vertical bars in Fig. (7.4), showing the scatter resulting from
four stochastic calculations with different random number sequences.

It is clear from the figure that the agreement is poor at
the Tow pressure case (P = 0.5 MPa) and somewhat better at higher
préssures, although even here the slope of the predictions are
below the measurements in the early stages of injection (up to
~ 0.3 ms from the start of injection).

The predicted spray structure for the P = 0.5 MPa case
based on two altérnative representations, one of which shows
'droplets' whose size is proportional to the local mass of the
1iquid, and the other which reflects the actual droplet diameters,
are shown in Fig. (7.5)(a) and (b) respectively. Close inspection
of the latter reveals a concentration of large droplets near the
spray tip, as was also observed in the experiments. This was
attributed to the observed tendency of such droplets to migrate to
the front, aided by the fact that with practical systems droplets

injected at later times enter at higher velocity than the very early
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ones (c.f. Fig. (7.1)), at least until the peak injection rate

is reached and passed. This phenomenon is readily apparent in

the novel representation of, for example, the same (P = 0.5 MPa)
spray in Fig. (7.6), where the cricles are proportional in diameter
to droplet sizes and are numbered sequentially in order of
introduction, i.e. droplet number 1 is the first introduced one.

A further indicator of the timing of introduction is provided by the
'clock hands' appearing in each circle: these are advanced by an
increment of 45° at intervals of 50 s, during each of which a
number of droplets are introduced. (It should be noted that for
clarity the radial scale of these plots is greatly enlarged since
the spreading angle of the spray is usually small).

Typical predicted fields of gas velocity and turbulence
characteristics are represented in Fig. (7.7) for the high pressure
case (P = 4.5 MPa, T = 288 K). As shown in Fig. (7.7)(a), the
injection process induces recirculation due to the fact that air
is entrained into the jet close to the injector nozzle and flows
radially away from the jet near the tip of the spray. Also, the
large gas velocities are confined to the vicinity of the spray
unlike the pure gas jet, where lateral spread is greater.

The main noteworthy points of the turbulence predictions of
Fig. (7.7)(b)-(d) are the high turbulent viscosity (“t) levels,
mainly due to the high turbulent intensities (u'Evzg—;), which
in turn result from the large velocity gradients near the spray
axis. In this connection, it should be recalled that the version

of the k-e turbulence model employed here contains no provision
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Fig. (7.7)
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for the presence of the droplet (as discussed in Chapter 3), which
have the effect of damping the turbulent motion, primarily due
to inertial effects (see Buckingham and Siekhaus (1981)): so the
present predictions are likely to be an overestimate.

In order to understand the reasons for the poor agreement
in Fig. (7.4) between the predicted and measured spray tip
penetrationsat the Tow pressure case (P = 0.5 MPa), further
investigations were made. In the first instance, a hypothetical
situation where no atomization takes place was examined. It was
assumed that the Tiquid exits the nozzle as an intact jet and
travels through the gas (without exchanging mass, momentum or energy)
at either the instantaneous mean exit velocity from the nozzle
(i.e. the ratio of the volumetric flow rate to the nozzle area) or
at the peak value of an assumed radial velocity distribution. The
latter was taken to be either parabolic, which is appropriate to
laminar flow (which is the case at times less than 0.1 ms from the
start of injection, for which the nozzle Reynolds number, defined
as Re = deodj/“d is Tess than 500); or a one seventh power law,
corresponding to turbulent flow. The penetration histories for
these two cases are plotted in Fig. (7.8) where it is seen than
the result of the laminar exit velocity profile case agrees well
with the experimental data at the early stages of injection (up to
t =0.18 ms). At later times, the measurements become bracketed
by the non-uniform exit profile cases, suggesting that the initial
fast penetration in the real case is due to incomplete atomization.
In support of this, Yule et al (198tb) indicated that the photographs

of the 0.5 MPa spray suggested that it has a continuous central bulk
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liquid core extending over the first 40 mm from the nozzle

exit while the higher pressure sprays have a dense and very poorly
atomized core. Thus, these observations necessitate the need in
the future to include 'ligament' and 'column break-up' regimes

in the theoretical model, at least for low charge pressures.

A second possible cause for the discrepancies between the
predicted and measured tip penetrations is the uncertainty in the
initial part (up to 0.1 ms) of the fuel injection rate diagram
(Fig. (7.1)). Firstly, Yule(1985b)could not measure the fuel
flow rate reliably in the first 40 us, so a straight line was
drawn from the origin as shown in Fig. (7.1). Secondly, in view
of the fact that the opening pressure is 12.0 MPa and the charge
pressures vary from 0.5 to 5 MPa the injection rate would expect
to show some variation between these, rather than the reported unique
curve for all pressures. In this connection, it will be shown later
that, as might have been expected, the penetration is sensitive

to the initial injection schedule.

ii. The experiment of Hiroyasu and Kadota (1974)

The objective of the experiment of Hiroyasu and Kadota (1974)
was to measure the.penetration, initia1vcone angle and droplet
size distributions of sprays injected into a high pressure and
room temperature nitrogen environment (description of the experiment
is detailed in chapter 2).
The droplet size distribution was measured about 650 mm downstream

of the injector and it was found that the data for different charge
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pressures, could be fitted by the size distribution function

of the Chi form:

p3

D
UL 13.5(53—) exp { - 3(1%)} (7.2)
32

where D32 is the experimentally determined Sauter mean diameter.
Unfortunately these data are unlikely to characterize the droplet
sizes in the vicinity of the injector, due to the possibility

of droplet coalescence causing a shift from the initially-generated
distribution. For example, for the spray injected into a charge
pressure of 5 MPa, droplet stability considerations based on the
Weber number criterion (equation (3.57)) suggest a stable Sauter
mean diameter of 25 um compared to the measured value of 50 um.
For computational purposes, the measured size distribution was
retained and the measured Sauter mean diameter was reduced

by a constant factor of 2 to represent the distribution near the
injector.

Since the injection mass flow rate was not measured, for
the purposes of the simulation, it was estimated using equation
(4.127), with the discharge coefficient, CQ taken to be 0.7
(from the experimental data of Bergwerk (1959)) and assuming that
the injection pressure was equal to the valve opening pressure
of 9.9 MPa. The valve opening was assumed to be instantaneous,
thus giving a steady injection rate. This is not entirely
realistic since the measured injection pressure and needle lift
signals showed a time-dependent nature and because there was no

quantitative information concerning these signals, an accurate
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calculation of the mass flow rate was unavailable. The input
parameters for the different cases are given in table (7.2).

The outcomes of the predictions are compared with the
experimental data in Fig. (7.9). It is clear that the agreement
is fairly good for the low pressure case (0.1 MPa), but the
predictions over-estimate the penetration for the higher pressures.
As already noted, in the simulation of Yule's (1985b) Tow pressure
cases, under-prediction occurred while here good agreement is
obtained. The reason for this is that in the present simulation a
constant injection rate is employed, in the absence of measurements
of same. It will be seen later that using a constant injection rate
in the Yule simulation improves the agreement for the low pressure
case but leads to over-prediction for the high-pressure cases in a
similar fashion to the behaviour exhibited in Fig. (7.9).

In spite of the uncertainties in injection velocity and
initial droplet sizes, Dukowicz (1980), 0'Rourke and Bracco (1980),
and Kuo and Bracco (1982b)reported fairly good agreement with the
same experimental data. Since Dukowicz's approach was similar to
that of the present study, the present calculations were restructured
so as to make them correspond, in principle. The results are
compared with Dukowicz's for the P = 5 MPa case in Fig. (7.10) where
it can be seen that the present predictions 1ie above his and the
experimental data. The cause of the discrepancy is due, it is
believed, to an erroneous treatment by Dukowicz of droplets which
aftempt to stray across the axis of the spray. He apparently allows

them to escape, thereby causing a loss of mass and momentum (and
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hence reduced penetration), while a more realistic reflective
boundary condition is used in the present study (as discussed in
section (4.8)). To illustrate this, the present calculations
were repeated using Dukowicz's treatment and as shown in Fig. (7.10)
the erroneous one brings the predictions into line with his.

As far as the work of 0'Rourke and Bracco (1980) and
Kuo and Bracco (1982b)is concerned, they used an extension of
Dukowicz's methodology, the most important addition being the
calculation of droplet collision and coalescence. The fairly
good agreement with the experimental data which they obtained was

attributed to the dense spray treatment i.e. to collision effects.

7.2.2 Sensitivity Analysis

Although there are a great deal of experimental spray
investigations reported in the literature, none of them report any
detailed and complete measurements. Thus it is important to know
the sensitivity of the predicted spray behaviour to the uncertainties
in the various input parameters used in the calculations, whether
they are taken from the measurements or approximated.

In this section, computational sensitivity such as the initial
level of the turbulence quantities, initial velocity profile of the

droplets and the residual effects in pulsed spray as well as the
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mode11ling sensitivity such as the turbulent droplet dispersion

and the spray cone angle are presented for conditions corresponding
to the P = 4.5 MPa case of Yule et al(1985b) since this pressure is
close to that in a diesel engine at the start of injection (recall
however that T = 288 K, which is well below diesel conditions:

the effect of elevated temperatures will be examined later).

7.2.2.1 Computational Sensitivity

i. Initial levels of turbulence quantities

The response of the predicted penetration to the initial
ambient levels of the turbulence quantities k and € are displayed
in Fig. (7.11). The lowest pair of values yield a turbulent
viscosity equal to the molecular value i.e. the charge is essentially
turbulent-free, as would occur, for example, in experiments
where the spray is injected into a container of quiescent gas.
Also shown are results for two ambient levels more representative
to engine conditions (conditions 2 and 3). For these conditions,
the'turbulence intensity (normalised by mean piston speed) at the
start of injection is taken to be = 0.6, from the computer simulation
of Jahanbakhsh (1984). For a typical diesel engine running at
1400 rpm and having a stroke of 0.129 m, the mean piston speed is

5.6 m/s and hence, k = 20 m%/s2. The dissipation rate ¢ is
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specified so as to give turbulent to molecular viscosity ratios
of the order of 102 and 103 respectively.
It is clear from the figure that an increase of e

5 t0 3.4 x 1073 yields no effect on the predicted

from 2 x 10~
penetration for the first quarter of the experimental injection
duration (up to t = 0.5 ms): after this; the penetration
decreases. Then further increase in He to 3.4 x 10'2 produces
an earlier and larger effect. The decrease in penetration with
increased charge viscosity can be attributed mainly to the
increased amount of momentum diffused to the gas surrounding
the spray by means of the Reynolds stresses, hence decreasing
the gas velocities and thus reducing penetration. Another possible
reason for the reduction of the penetration (but to a lesser
extent) is that due to the turbulent dispersion of the droplets.
Higher turbulent viscosities generate larger values of turbulent
kinetic energy which produce more widely dispersed spray, thus
decreasing the penetration as will be discussed in section 7.2.2.2.
In the early stage of injections (up to t=0.3 ms) which
is termed the 'initial' spray period (Hiroyaéu et al (1980)),
the penetration is determined by the behaviour of the droplets
injected during the first 100 us, as pointed out earlier in
section (7.2.1) in connection with the history of the individual
droplets. Since the momentum of the droplets is higher than that
of the gas in this initial period (because the droplet masses are

larger than the gas mass), only a small fraction of droplet momentum
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is needed to equalise the velocities of the two phases. Thus

during the initial spray period, the droplets move at their

initial velocities without slip. Figure (7.12) displays the
development of the average* droplet velocities at the injection cell
exit and the gas and the average droplet velocities at the
computational cell centred on the symmetry axis at x = 5 mm. It
can be seen from the figure that, at the time the droplets enter
the cell, their average velocity is higher than that of the gas,

but shortly thereafter they equalise and increase with time (because
droplets which enter the cell at later times have larger velocities).
It can also be seen that the average droplet velocities at x = 5 mm
are less than those at the injection cell exit, because the droplets
give some of their momentum to accelerate the entrained gas.

Furthermore, the initial slopes of the penetration curves
displayed in e.g. Fig. (7.27) reveal that the spray moves with a
constant velocity equal to the forementioned average droplet
velocity for those injected in the first 100 ps.

Hiroyasu and Kadota (1980) also concluded that the spray
travels in the initial period with a constant velocity. Therefore
it can be concluded that the spray penetration in this period is
determined by its dominant momentum, which explains why initial
turbulence characteristics of the gas phase have no effect during
this period. Later it will be shown that other parameters, such
as the initial spray cone angle and droplet diameters also have

no effect on the initial penetration, for the same reason.

*x*
Here defined as the mass-weighted average of the velocities of
the droplets occupying the cell in gquestion.
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ii. Initial velocity profile of the droplets

In the light of the uncertainties about the initial velocities
of the injected droplets, and prompted from the findings of the
liquid jet study presented in Fig. (7.8), a prediction was performed
assuming a one-seventh power law for the distribution of the fuel
velocity at the exit of the nozzle as illustrated in Fig. (7.13)(a).
Since the droplet introduction velocities are arrived at by sampling
this distribution (Fig. (7.13)(b)), those injected near the centre-
line have the largest axial velocities while ones injected near
the edge of the nozzle have the Towest values. The overall effect
is, for a given mass flow rate, to increase the total momentum
of the injected liquid over that which would result from a uniform
exit profile.

The predicted penetrations for the two exit profiles are
compared with the experimental data in Fig. (7.14). It is clear
from the figure that,as would be expected, the non-uniform exit
profile improves the agreement with the measured penetration in
the early stages of injection (i.e. the 'initial spray period'),
but exacerbates the overprediction in the later stages. It also
appears that towards the middle of the experimental injection
period (t = 1.0 ms) the two predictions are converging. This is
believed to be a coincidental consequence of the timing of the
transitions from linear penetration to the situation where the

penetration varies as V<.



penetration (mm)

- 283 -

0.23
0.2.'2\
E o
wn)
=
3 0.1
o |
N |
N
2 0.05
_J
- N
— "0 —=i 0.1 0.2 0.3
— ]
Um nd/ntota1
(a) (b)
Fig. (7.13) 1Inlet velocity profiles and number density
of the injected droplets (P = 4.5 MPa,
T = 288 K)
80 . . . . —_
P=4.5 MPa
T =288 K
. ==-
et
et
60 I Call
L
o/"'
gl
40F
.ﬁ;ﬁi“"' Prediction with
—--- uniform exit velocity profile
20
power law exit velocity profile
T=% experimental data
0 i 1 1 1 A
0.2 0.4 0.6 0.8 1.0 1.2

time (ms)
Fig. (7.14) Effect of initial velocity profile of the injected droplets

on the spray tip penetration



- 284 -

iii. Residual effects in pulsed spray experiments

In order to ensure that the practice of simulating the
behaviour of the pulsed spray by calculating just one pulse is
justifiable, a calculation was performed to determine whether a
given pulse is influenced by the previous one. In the experiments
of Yule (1984), the spray pulses are of 2.05 ms duration and are
separated by a period of 38 ms. Calculations were therefore
performed up to 20 ms after the end of injection and the predicted
centreline gas velocity and turbulent viscosity histories were
examined. The gas velocities, which are plotted in Fig. (7.15),
rapidly decrease with time, such that by t = 11 ms their maximum
level is only 1% of the mean injection velocity (100 m/s). The
same trend is observed for the turbulent viscosity whose temperol
variation at x = 10 mm is plotted in Fig. (7.16): this shows that
My becomes of the same order as the molecular viscosity after about
20 ms. On the basis of those findings it can be concluded that

there is negligible interaction between successive pulses.

7.2.2.2 Modelling Sensitivity

i. Turbulent droplets dispersion

The sensitivity of the calculations to the modelling of the
turbulent dispersion of the droplets (described earlier in

section (3.8)) was investigated by performing calculations:
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(a) ignoring droplets dispersion; (b) calculating it, and assuming
the interaction time T to be the same as the integration time step
(as in the treatment of Dukowicz (1980)); and (c) using the present
method (taken from Gosman and Ioannides (1981)).

The droplet fields displayed in Fig. (7.17) show that the
spray produced by ignoring dispersion (diagrams (a)) has a
smaller cone angle than those of (b) and (c). It is also clear
that the 'apparent' spray cone angles (B;) of (a) and (b) are
smaller than the initial ones (B), while the spray of (c) has an
equal apparent and initial cone angles since, generally, droplet
dispersion increases the lateral spread of the spray. Also, the
spread of spray (c) obtained by assuming that the turbulence
acting time is the minimum of the eddy life time and the transit
time (as given in chapter 3), is larger than that of (b).

The resulting penetration histories are shown in Fig. (7.18),
from which it can be clearly seen that the dispersion slightly
reduces the penetration of the spray, presumably because the more
widely dispersed spray is able to transfer its momentum to more
of the gas, reducing gas velocity (near the axis) and therefore

increasing the drag on the spray.

ii. Initial spray cone angle

An exploration has been performed of the sensitivity of
the calculations to the value of the initial spray cone angle (B)
since its value determines the initial radial velocity imparted
to the injected droplets (see section (4.8)). For this purpose,

two cases have been studied: (a) using the measured spray cone
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angle and (b) using half the measured one. The predicted spray
shapes corresponding to those two cases are presented in Fig. (7.19)
(plotted as whole sprays for the sake of clarity and comparison).
It can be observed that although case (b) spray is initially
narrower than that of (a), the apparent cone angle of spray (b)
increases with time and by t = 0.782 ms, both sprays have more or
less the same apparent angle. This can be explained with reference
to Fig. (7.20) which displays the centreline variations of the
turbulent kinetic energy of the gas phase at different times

for both cases. The narrow spray of case (b) generates higher
axial gas velocities in the spray region and also generates higher
turbulence energies which in turn give rise to larger spreading

of the droplets especially near the injector. The latter effect
thus offsets the diminished initial angle.

The corresponding predicted spray tip penetrations are
displayed in Fig. (7.21). As expected, the spray penetrates
further for case (b) but the maximum difference between the two
cases is only 6%. This may be attributed to the fact that
because the initial spray width of case (b) is smaller than case
(a) and less air is entrained, momentum is imparted to a smaller
volume of gas, which results in a larger gas velocity. It
should be noted that however, up to 0.25 ms, there is no effect,
because the spray penetrates according to its axial momentum
which does not change with the spray cone angle, as discussed

earlier in section (7.2.2.1).
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7.2.3 Parametric Study

a. Effect of droplet sizes

It is well known that because droplet sizes are invariably
measured far downstream of the injector, they may not represent
the distribution in its immediate vicinity, i.e. droplet coalescence
may occur (Dukowicz (1980)). This possibility has motivated
the first parametric study reported here, which is to investigate
the effect of the initial droplet sizes on the calculated
spray tip penetration. The procedure was to perform three runs
with different initial distributions, all possessing the same
shape (Rosin-Rammler distribution function) but covering different
ranges. The three size ranges used are (i) Dg=0- 22 um, with
a mean diameter (D) of 10 um; (ii) Dy = 0 - 55 um, with D = 25 um;
and (ii1) Dg =0 - 120 um, with D = 50 um. The results given
in Fig. (7.22) show the expected trend of enhanced penetration
with increasing droplet sizes. This occurs because, the drag
force varies inversely with the droplet diameter (equations (3.63))
i.e. the larger droplets experience less drag than the smaller
ones and thus the transition from the linear behaviour is delayed.
In the early period, the effect is very small since the droplets
move without slip (as discussed in section (7.2.2.1)) and hence
experience no drag.

An interesting point evident in Fig. (7.22) is that the
change in spray tip penetration is not directly proportional to
changes in the droplet sizes, e.g. the maximum difference between

the curves for D = 10 ym and D = 50 um is only 7%.
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b. Effect of initial size distribution function

In the Tight of the large number of size distribution functions
used to characterise measured droplet data such as Rosin-Rammler,
Chi, Tanasawa-Tesima, log-probability etc. (see section 2.2.3)),
calculations were performed to assess the effect of the different
distributions possessing the same mean on the spray tip penetration.
The Rosin-Rammler (equation (7.1)) and the Chi (equation (7.2))
functions were chosen for this purpose and are compared in
Fig. (7.23) for a Sauter mean diameter (D32) of 25 um. It is clear
that of the two, the Rosin-Rammler distribution gives a larger
probability of finding finer droplets in the spray.

Figure (7.24) shows the predicted spray tfp penetration
corresponding to the two distributions. The results indicate
that the Chi distribution gives slightly (= 3%) longer penetrations

due to its predominance of coarser droplets, as would be expected.

c. Effect of injection rate history

In the light of the uncertainties about the initial part
of the injection curve in the experiments of Yule (1984)
(i.e. up to 100 us) and of the entire history in most other
experiments, sensitivity explorations were performed for the Yule
case using a hypothetical constant injection rate throughout.
It produces the same total injected mass over the 2.05 ms interval
as the measured diagram as shown in Fig. (7.1). It should be
noted that the constant injection rate diagram produces a higher
rate than the 'measured' one during the first 0.3 ms of the

injection pulse.
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The results of these tests are shown in the form of plots
of the calculated and measured spray tip penetrations in Figs. (7.25)
and (7.26) for the 'lTow' and 'high' pressure cases respectively.
These show clearly that, as might have been expected, the results
are sensitive to the initial injection schedule and an enhanced
penetration is obtained for a constant injection rate. This occurs
because as already shown,the constant injection rate diagrams gives
higher rates up to t= 0.3 ms which produces, for the same nozzle
diameter, higher injection velocities, resulting in a higher momentum
spray. Therefore, somewhat better agreement with the experimental
data is obtained for the low-pressure case. For the high-pressure
case, the agreement with the constant-rate predictions is fairly good
up to t =~ 0.3 ms, after which it deteriorates. This trend is now
consistent with that of the Hiroyasu and Kadota simulation in which
a constant injection rate was used (see section (7.2.1)). Of course,
the use of a constant injection rate throughout cannot be justified,
since the measurements show that the nozzle inlet pressure and needle
1ift are time dependent, so the improvement obtained especially for

the low pressure case might be partly fortuitous.

d. Effect of injection velocity for a given injection mass schedule

Finally, the effect of injection velocity on the spray tip
penetration was investigated. For this purpose, the injector
diameter was reduced from 0.46 mm to 0.36 mm while the mass flow rate
was kept constant, thus resulting in an increase in the injection

velocity of 47%.
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It will be recalled that experiments show that increasing

the injection velocity decreases the Sauter mean diameter and

the initial spray cone angle. The effect of those two on the

spray tip penetration is small and of opposite direction, as

was shown earlier. Thus it was decided not to take into consideration
these two effects in this investigation, i.e. the initial spray

angle and size distribution were left unchanged.

The predicted spray tip penetration for the two injector
diameters studied are presented in Fig. (7.27), which shows
clearly that appreciably enhanced penetration is obtained for
higher injection velocity (and hence higher droplet momentum).

It is interesting to note that when comparing Figs. (7.22)
and (7.27) it appears that the penetration is much more sensitive
to an increase in droplet momentum resulting from higher initial
velocity than to that corresponding to larger initial droplet

sizes.

Summary

From the sensitivity and the parametric study presented
earlier, one can establish the order of importance of the factors
influencing the spray penetration under isothermal conditions.
Droplet injection velocity, injection rate history and initial
gas-phase turbulence characteristics are the most influential

factors. The other parameters have a secondary effect on the
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penetration. These are in descending order of importance:

initial velocity profile of the liquid, spray cone angle, initial
droplet sizes, initial droplet size distribution and finally
turbulent dispersion of the droplets. The last named factor

has the least effect on penetration but the highest effect on
the spray shape. The effects of some of these factors on the

evaporating spray behaviour will be discussed in the next section.

7.3 Evaporating Spray

7.3.1 Comparison With Measurements

i. The experiment of Yule et al (1985a,b)

Computations were performed to simulate the evaporating
spray experiments of Yule et al (1985b) using the measured injection
rate diagram and the spray cone angle to obtain the inlet masses
and velocities of the introduced droplet as shown in section (4.8).
In the absence of any other information, the size distribution of
the injected droplets was approximated in the same way as in the
“isothermal spray calculations i.e. by a Rosin-Rammler distribution
function (equation (7.1)) with mean diameter of 25 um and exponent
of 2, to yield droplets ranging from 0 to 60 um in diameter.

The predicted spray tip penetration (defined as the furthest

axial distance travelled by droplets) are compared with the measured
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ones for P = 0.5 and 4.5 MPa in Fig. (7.28)(a) and for P = 2.5 MPa
in Fig. (7.28)(b).

The increase of temperature it should be noted, has two
effects: one is to reduce the gas density, which tends to
increase penetration (see section (2.5.5)); and the other is to
cause droplet evaporation, which will have the opposite tendency.

The measurements show the nett effect to be considerably reduced
penetration as discussed earlier in section (2.5.5). The predictions
also, show a reduction in penetration, but to a considerably lesser
extent. This could be due to underestimation of the vaporization
rate, as can be seen from Fig. (7.29) which displays the cumulative
evaporated mass (mv) for the above mentioned cases and shows that

by t = 0.9 ms the maximum value is only 0.11% of the injected

mass (minj)‘

It should be pointed out that evaporating spray measurements
were taken for single spray pulse. If the measurements were taken
over many spray pulses, as in the isothermal spray experiments,
the measured penetration will yield a band and hence, the agreement

of the penetration with the measurements may vary quantitatively

and probably, qualitatively.

ii. Simulation of Kuniyoshi et al (1980) experiments

Inlet conditions

In the experiments the total amount of fuel injected per
pulse as determined by collecting and averaging over many pulses
was 0.12 g, and the pulse duration was 9 ms. Also reported was

the fuel flow rate versus time history but this is inconsistent
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with the above information, for the total mass of fuel injected
per pulse obtained from integration of this history is around 20%
larger. Therefore, the computations were performed using a steady
injection rate.

As noted in section (2.2.3), the droplet sizes were measured
in the spray periphery at various sections downstream of the nozzle
and they ranged from 5 to 50 ym. For computational purposes,

a Chi size distribution function with D32 = 25 pym is used to
represent the distribution in the vicinity of the injector in the
absence of any better information (because it is characterised

only by the Sauter mean diameter, unlike the Rosin-Rammler function
which requires specification of D and n). Finally, the measured

spray cone angles were employed.

Definitions of the spray tip penetration

There is some ambiguity in these experiments about the
definition of the droplet-based spray tip penetration, which was
obtainedin the conventional way by deducing the leading droplet
positions from photographs. The ambiguity arises at ambient
temperatures greater than 750 K where, according to the experimentors,
the density of the spray was less than the intensity of the
transmitted 1ight of the measuring technique due to the extensive
vaporization of the spray. In these circumstances it is possibie
that the leading droplets in the sparse region were obscured resulting

in under-estimation of the droplet-based penetration.
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The flame-based 'vapour penetration' was defined as the
axial position of the flame front just after ignition and was

correlated by the empirical expression:

where Qf is the 'vapour penetration', t is the time from the
start of injection and g is the gravitational acceleration.
Accordingly the following two definitions of the spray
tip penetration are used for comparison with these data
a. The distance travelled by the leading droplets, %.
b. The Tocation '2c' on the axis where the equivalence
ratio has a prescribed value ¥ given by

where f is a prescribed level of fuel vapour mass fraction
and fstoich is the stoichiometric ratio (0.0668).
The predicted penetrations according to the above definitions

are displayed in Fig. (7.30) together with the measurements and
the flame-based experimental correlation (equation (7.3)), for the
case where P = 6.28 MPa and T = 800 K. In this figure, the droplet
penetration is compared with the measured one while the vapour
penetration for ¢ = 0.15 (the lean limit of combustion) is compared

with the flame-based empirical formula.
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Presentation of the results

The predicted vapour-based penetration (for ¥ = 0.15)
is compared in Fig. (7.31) with the experimental correlation over
the full range of charge temperatures covered in the experiments.

Evidently the calculations reproduce the trend of increasing

penetration with increasing temperature, which is due, as explained
earlier to the reduction in the charge density; however the levels
are over-estimated during the early stages of injection, where

the discrepancies reach a maximum value of 20% at t = 1 ms. At
later times the sets of curves approach each other, reducing

the maximum discrepancy to about 5% at t = 3 ms.

The discrepancies noted above may be attributed to two
main factors. The first is the uncertainty about the injection rate
history. A steady injection rate is used in this simulation, while
the measured one shows a time varying rate although there is a
very steep rise at the beginning of injection. The finite time
required for the initial build-up would have the effect of slowing
down the droplets injected in the early phases of injection and
hence decrease penetration (see the isothermal tests in section
(7.2.3)). The second source of uncertainty concerns the injection
condition, such as the droplet sizes, size distribution and
droplet velocity distribution.

Figure (7.32) displays the predicted integrated evaporation
rates as a percentage of the integrated injected mass corresponding
to the cases of Fig. (7.31). As might be expected, the evaporation
rate increases with increasing charge temperature. This is because

increasing the gas temperature increases the droplet temperature
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(c.f. equation (3.73)) and hence exponentially increases the

partial pressure of the fuel vapour (i.e. the concentration)

at the droplet surface (c.f. equation (3.82)), thus in turn augmenting
the driving force for diffusion. There is an opposite effect due

to the decrease in mean density in the vapour film, but this is
overshadowed by the increased driving force. It should be

noted that the initial evaporation rate up to t=~ 0.5 ms is lower

than that at later times. This is because the droplets are heating

up during this period. No data is available for the assessment

of these predictions.

The predicted droplet pattern and fields of gas velocity,
turbulence intensity, length scale, turbulent viscosity, equivalence
ratio and temperature are shown in Figs. (7.33)(a) through (g)
for the case where P = 6.28 MPa and T = 800 K. It is of interest
to notice in Fig. (7.33)(b) that, at any time, air entrainment
occurs near the nozzle in the same way as in the non—evaporéting
spray (note that the lower halves of the velocity field plots
are the mirror images of the upper ones and they are presented in
this way for the sake of clarity). The turbulent characteristics
displayed in Figs. (7.33)(c) -(e) show, as in isothermal spray
predictions, high values of turbulence intensities and high
levels of turbulent viscosities.

The main noteworthy points in Figs. (7.33)(f) and (7.33)(q)
are the evidence in the equivalence ratio contours of high
evaporation rates near the tip of the spray and low rates near
the nozzle. This is also clear from the close inspection of the

droplet fields (Fig. (7.33)(a)) which reveals that, at later times,
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there is a concentration of small droplet parcels (whose masses
have been decreased due to evaporation) near the spray tip.
This can be attributed to the fact that the droplets spend
part of their flight time heating up from the low introduction
temperature (288 K) where evaporation rate is very small. This
explanation is supported by Fig. (7.33)(g); which displays the
gas temperature contours normalized by the initial temperature
(800 K) and indicates the cooling of the internal region of the

spray by droplet heating and vaporization.

7.3.2 Parametric Study

Calculations were made to quantify the effects of the
various inputs to the model on the spray tip penetration and
vaporization rate histories. These include the fuel introduction
temperature, the initial droplet sizes, the initial size
distribution, the injection rate history and the injection
velocity. For the purpose of comparisons, the case of the
Kuniyoshi et al (1980) experiments where P = 6.28 MPa and
T = 800 K is chosen, since it closely represents the actual
engine conditions at the time of fuel injection. The various input

parameters used in this parametric study is given in table (7.3).



Table (7.3)

Input parameters of parametric study of evaporating spray

Run P T Td, dj D30 Size Injection
numbers | MPa K K m m distribution | rate Comments
function diagram
1 6.28 | 800 288 0.3 25 Chi Uniform Base line
2 6.28 | 800 500 0.3 25 Chi Uniform Fuel introduction temperature effect
3 6.28 | 800 288 0.3 12 Chi Uniform Initial droplet sizes effect
4 6.28 | 800 288 0.3 25 R-R Uniform Size distribution effect
5 6.28 | 800 288 0.3 25 Chi Trapezoidal| Injection rate history effect
6 6.28 | 800 | 288 0.24 | 25 Chi Uniform | GJectlon vetoey Y (1ndector

- Yee -
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1. Fuel introduction temperature T4,

In all calculations reported earlier the fuel was assumed
to enter at atmospheric temperature, taken to be 288 K. Here the
effect of preheating, which may occur in practice, is assessed
by increasing Td, to 500 K. The results are shown in Fig. (7.34)(a)
and (b) displaying the droplet and vapour penetrations respectively
and Fig. (7.35) showing the integrated evaporation rates. It
should be noted that the temperature increase has two opposing
effects:

a. it reduces the heating up period; giving more time for
the droplet to evaporate at high temperature, and thereby
reducing droplet penetration.

b. It reduces the fuel density causing, for a given injection
mass flow rate, higher injection velocities, which
enhance spray penetration (c.f. section (7.2.3)). This
in turn causes a further increase in the vaporization
rate.

Figures (7.34)(a) and (b) show that the nett effect of

increasing Tdo is enhanced droplet and vapour penetrations.

The increase in vaporization rate shown in Fig. (7.35) can
also be explained in terms of the above effects. (The individual
effect of increasing the injection velocity will be isolated and
dealt with later in this section).

Figures (7.36) and (7.37) display the axial and radial
profiles of the equivalence ratio and gas temperature at t = 3 ms
from the start of injection, corresponding to runs 1 and 2 of

table (7.3). It is clear from Fig. (7.36) that as noted earlier,
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the amount of vaporization of the droplets near the injector is
less than that near the tip of the spray i.e. as the droplets are
injected into the chamber, the liquid fuel is carried downstream
before considerable evaporation takes place. This is clear from
Fig. (7.37), which shows that the gas temperature decreases near
the injector (due to the heat transfer to the relatively cold
droplets) after which both gas and droplet temperatures reach

an equal value. It should also be noted that the level of gas
temperature for Tdo = 500 K is higher than that corresponding to

Tdo = 288 K, which contributes to the higher evaporation rate.

2. Initial mean droplet size

Calculations were performed to investigate the effect of
the initial mean droplet size to test the sensitivity to the
assumption that the measured downstream droplet sizes can be
used to represent those generated in the vicinity of the injector.
For computational purposes, the Chi size distribution is retained
and the Sauter mean diameter is reduced from D32 = 25 ym (Run 1)
to 12 ym (Run 3). The outcomes are plotted in Figs. (7.38)
and (7.39).

The droplet and vapour penetration histories displayed
in Fig. (7.38) show that smaller droplet sizes result in a smaller
penetration, as was also observed for isothermal sprays in
section (7.2.3). The reduction here at t = 0.8 ms is about 6%
as compared to about 4% for the isothermal case. This larger
effect can be attributed to faster evaporation for the small

droplets, as will be explained below.
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Figure (7.39) illustrates the integrated evaporated masses
for the two droplet size ranges considered. This figure is very
significant in showing that the smaller droplets produce substantially
higher rate: e.g. at t = 3 ms from the start of the injection, the
total vaporization increases from 38% of the injected liquid for
032 = 25 um to 60% for D32 = 12 uym. This can be attributed to
the fact that smaller droplets heat up faster than the larger ones¥*,
and once again the associated rapid increase in surface vapour

concentration overshadows other effects.

3. Initial size distribution function

The influence of the initial size distribution is examined
by performing the calculations using the two size distribution
functions illustrated in Fig. (7.23) with the Sauter mean diameter
equal to 25 um corresponding to Run 1 and Run 4 of table (7.3).

Figure (7.40) shows a comparison of the droplet and vapour
penetrations for the two distributions and as might have been
expected, the Rosin-Rammler version gives slightly slower penetration,
because it contains a higher proportion of finer droplets. For
the same reason, the Rosin-Rammler distribution results in a higher

evaporation rate as shown in Fig. (7.41).

*
It can be shown from the droplet energy equation (3.73) that
dT f f :
Hfg = Dl + —% » Where f] and f, are functions of the film properties.
d D
d
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4. 1Injection rate history

Calculations were performed to explore the effect of the
injection rate history using the two rate diagrams depicted in
Fig. (7.42). The constant rate case (Run 1) closely resemble
the measured one (Kuniyoshi et al (1980)) up to t = 3 ms from
the start of injection and the hypothetical trapezoidal diagram
(Run 5) produces, as the constant rate diagram, the measured
total mass of fuel injected over the pulse duration (9 ms).

The penetrations for the two histories are plotted in
Fig. (7.43) from which it is clear that the trapezoidal rate
variation gives a drastic decrease in tip penetration in the
early phase. This can be attributed to the reduced velocity
(and hence momentum) of the injected droplets up to t = 1.25 ms
from the start of injection. Note that the penetration rates
(i.e. the slopes of the penetration curves) corresponding to
the trapezoidal diagram are initially small and start to increase
fromt = 0.25 ms to t = 1.0 ms due to droplet overtaking, after
which tney start decreasing. However, the latter decrease is
less than that exhibited by the constant injection rate case.

Figure (7.44) shows the integrated evaporated masses
corresponding to the above two injection rate diagrams. The
Tower vaporization associated with the trapezoidal injection
rate is attributed to the lower injection velocity which gives
lower values of Reynolds number and hence lower values of

Sherwood numbers.
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5. Injection velocity

Finally, the effect of the injection velocity was examined
by performing calculations using nozzle diameters of 0.3 mm
(Run 1) and 0.24 mm (Run 6) keeping the mass flow rate the same,
in both cases.

Figure (7.45) shows the comparison between the droplet
penetrations. The results indicate an increase with increasing
injection velocity generated as would be expected. The vaporization

rate is similarly augmented, as shown in Fig. (7.46).

Summary

From the above parametric study, the order of importance
of the parameters influencing the vaporization rates of the non-
isothermal sprays is written in descending order of importance
as (i) fuel introduction temperature (being the most influential);
(b) initial mean droplet size; (c) injection rate diagram;
(d) initial size distribution and (e) injection velocity (being
the least influential). The effects of those parameters on the
spray tip penetration are given earlier in the summary of

section (7.2).
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7.4 Concluding Remarks

In this chapter the stochastic discrete droplet model has
been applied and assessed against four sets of experimental data
in which diesel fuel is injected into a chamber containing an
inert gas at various pressures and temperatures.

The assessment of the procedure against the experiments
of Yule et al (1985b) confirms the necessity to include a 'ligament'
and 'break-up' regimes in the model for the low pressure cases to
match the experimental observation, while the simulation of the
evaporating spray of Kuniyoshi et al (1980) shows good qualitative
and reasonable quantitative agreement with the measurements.

The results of the parametric study and sensitivity analysis
reveal the following:

1. The spray shape depends mainly on the turbulent

dispersion of the droplets and contrary to intuition,
it is independent of the initial spray cone angle.

2. The factors which have the most appreciable effect on
the spray tip penetration under isothermal conditions
are: droplet injection velocity; injection rate history
while other factors such as initial velocity profile
of the droplets; initial spray cone angle; initial
droplet sizes and size distribution, have a secondary
(small) affect on penetration.

3. The total vaporized mass of non-isothermal sprays is
appreciably influenced by; the fuel introduction

temperature; initial mean droplet size and the injection
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rate history while the initial droplet size distribution
and the initial droplet velocities have smaller effect

on the integrated vaporization rates.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

8.1 Summary of Achievements and Findings

A computational procedure has been developed to predict the
unsteady behaviour of axisymmetric liquid sprays injected into a
vessel containing quiescent inert gas at various pressures and
temperatures. This has been achieved by solving (i) The Eulerian
differential equations governing the conservation of mass, momentum
and energy of the gas phase and the transport equation of the mass
fraction of the vapour component of the gas. The two-equation k-e
turbulence model has been used to model the Reynolds stresses and the
turbulent fluxes. (ii) The Lagrangian ordinary differential
equations for the trajectory, velocity, temperature and size of
individual droplets passing through and interacting with the gas phase.
Each computational droplet represents a 'parcel' of spherical non-
interacting droplets possessing the same size, velocity, temperature
and position. The droplet equations have been combined with the gas-
phase equations to enable simultaneous solution for the gas and droplet
velocities. A method has been developed to solve the droplet mass and
energy equations simultaneously. Turbulent droplets dispersion has
been modelled in a stochastic way in which the instantaneous gas velocity
within an eddy and the turbulent interaction time have been obtained
from the mean gas velocity, turbulent kinetic energy and its dissipation

rate. Furthermore, a provision has been made to improve the accuracy
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of the spray calculation (to prevent it from producing non-physical
overshooting or undershooting) results, by combining the momentum
and continuity equations of the gas phase.

The accuracy and reliability of a fully implicit scheme used
for gas jet calculations have been examined and the effects of grid
size and time step on its performance have been tested. The accuracy
of the semi-implicit scheme used to obtain gas-phase properties in the
full spray calculations has been assessed by comparing its predictions
with those of the fully implicit formulation for transient laminar
and turbulent round free gas jets.

The accuracy and stability of the spray calculation procedure
have also been examined. However, it must be stated that solutions
independent of the effects of grid size could not be obtained since
below some limiting cell size, the droplets cluster Tocally giving
zero or negative void fractions. Under such conditions, the
procedure fails to give physically stable solution, thus effectively
puts a constraint on the minimum allowable cell size.

The main results of the assessment tests may be summarized

as follows:
a. Gas Jdets

The fully implicit numerical scheme has been applied to steady
and transient laminar rouhd free gas jets; steady and transient
isothermal turbulent round gas jets and impulsively started non-
isothermal turbulent jet.

The predicted steady state centreline velocity decay and the
transient jet tip penetration of the incompressible impulsively

started laminar round free gas jet were in a good agreement with
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the experimental measurements of Abramovich and Solan (1973) and
the characteristic 1length and time scales were dee and dj/v
respectively, as recommended by Kuo and Bracco (1982a).

Comparison with Witze's (1980) measurements of steady and
transient turbulent round free gas jets showed that the calculations
were generally in reasonable agreement with the measurements although,
on occasion, significant errors were observed and reasons have been
suggested, in chapter 6, to account for the discrépancies. The length
and time scales of the impulsively started turbulent jet have

been obtained as deeO'o53 0.053

and dee /Uo respectively, in accordance
with the findings of Kuo and Bracco (1982a).

Finally, the transient calculation of Phillips (1971) turbulent
hot jet produced satisfactory agreement, in spite of the uncertainty

about the turbulence level at nozzle exit.

b. Sprays

The spray calculation method was assessed against four
sets of data, all involving experiments in which diesel fuel is
injected into a high pressure/high temperature chamber containing
a quiescent inert gas. The predicted spray tip penetrations for
the isothermal and evaporating sprays of Yule et al (1985b) were
generally in qualitative agreement, although quantitatively, there
were substantial differences especially at the Tow pressure case
(P = 0.5 MPa). Some of the discrepancies could be ascribed to
experimental error and to the difficulty of specifying the initial
conditions for the droplets. The calculations of the evaporating
sprays of Kuniyoshi et al (1980) produced the measured trend of

increasing penetration with increasing temperature, however the
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levels are over-estimated during the early stages of injection,
where the discrepancies reached a maximum value of 20% at £t = 1 ms
from thé start of injection. At later times the sets of curves
approached each other, reducing the maximum discrepancies to only
5% at t = 3 ms.

The effects of the various parameters of the mathematical
model on the behaviour of both isothermal and evaporating sprays
were examined in chapter 7. The results of the computational
and modelling sensitivity of the isothermal spray calculations showed
that the penetration decreases with increasing the initial Tevel
of the turbulent viscosity while it increases when injecting the
1iquid with a power law velocity profile (but the two curves approach
each other towards the middle of the injection period). The
penetration was found to increase by only 6% when using half the
measured spray cone angle and it was also found to be changed slightly
when the turbulent droplets dispersion model was incorporated, although
the spray shape did change appreciably (increasing the lateral spread
of the spray).

The results of the parametric study on the isothermal spray
behaviour revealed that the tip penetration is greatly increased
by increasing the droplet injection velocity and using a constant
injection rate diagram while increasing the initial droplet sizes
from 10 um to 50 um produced only 7% increase in the pénetration and
the droplet size distribution has a minimum effect.

As far as the effects of the different parameters on the
behaviour of the evaporating sprays are concerned, it was found that

increasing the fuel introduction temperature increases both the levels
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of the charge temperature and the fuel vapour mass fraction,

enhances the penetration and appreciably increases the integrated
vaporized mass. The initial mean droplet size and the injection

rate history also have an appreciable effect on the vaporization rate
while the size distribution function and the injection velocity have

smaller effects.

8.2 Recommendations for Future Work

a. Droplet atomization and breakup

The spray calculations in the present study relies on the
assumption that the spray is fully atomized and consists of spherical
droplets. It also relies on the initial conditions ascribed to
the individual droplets such as the droplet size and velocity
distributions. Real progress towards the development of practical
spray modelling procedures, useful for design, depends on the
development of convenient methods of completely characterising
the spray injection condition. Therefore, this point requires
detailed measurements of the distributions of the droplet size and
velocity at nozzle exit.

However, there is a growing body of evidence that sprays contain
a liquid core surrounded by fully atomized regions. Comprehensive
measurements at different pressures and temperatures are needed to
clarify and assess this issue. As Yule et al (1985b) indicated that
the photographs of the 0.5 MPa spray showed that it has a continuous

central bulk Tiquid core extending over the first 40 mm from the
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exit nozzle while the high pressure sprays have a dense and very
poorly atomized core, adequate calculations of which necessitate
the inclusion of breakup regime in the mathematical model (at least
for the low pressure cases). This could be done by calculating

the flow in the 1iquid core by a time-marching boundary layer
procedure with a self-adjusting grid to conform to the nominal
shape of the free surface. Instabilities of this liquid surface
caused by air drag and other effects would have to be modelled,
probably by some empirical approach, to give the initial sizes and

velocities of the droplets formed.

b. Effect of droplets on turbulence

It seems intuitively reasonably that, in a turbulent flow,
droplet inertial effects and fluctuating phase volume (void fraction)
effects should influence the transport of turbulence energy,
dissipation and scale. Droplet number density and size distribution
are expected to be significant parameters in droplet/turbulence
interaction. In the present study the form of the k-e turbulence
model employed does not contain any provision for the presence
of the droplets. An attempt to model the effect of droplets on
turbulence was performed by Buckingham et al (1981). They modified
the k-¢ turbulence model by considering added dissipation of droplet
interactions in the governing equations for k and €. -The computations
were not compared directly with measurements, however, the results
suggested, as the complimentary experimental results for droplet
laden flow, that droplets tend to damp turbulent motion primarily

due to inertial effects. More extensive evaluation is required,
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however, in order to adequately establish empirical coefficients
appearing in terms representing droplet/turbulence interactions,

which were employed in the model.

c. Limit on cell size

The present and previous Lagrangian formulation contain no
provision for recognizing that an assembly of df0p1et parcels cannot
occupy more volume than available and preventing overfilling of the
cells. In situations where the injection cell radius falls below some
1imiting value the calculation scheme fails because the droplets cluster
Tocally giving negative void fractions, which is non-physical. This
is an important drawback, because it effectively prevents grid
independent solution from being achievable and thereby introduces
errors into the calculation. Overcoming this drawback represents

useful avenues for research.

d. Evaporation at elevated pressures

At high charge pressures such as those encountered in diesel
engines at the time of injection, a higher vapour pressure at the
droplet surface is required to provide a given fuel mass fraction.
Therefore, the boiling temperature during evaporation increases as
the ambient pressure increased. Eventually conditions are reached
where a drop approaches or exceeds its thermodynamic critical point
during its lifetime. Near the critical point, several aspects of
the conventional low pressure model must be modified; the solubility
of the liquid phase for the ambient gas increases (at the critical

condition itself all characteristics of both phases are the same;
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temperature, enthalpy, pressure and composition); the radial
regression velocity of the 1liquid surface becomes comparable
to the radial gas velocity since the densities of the two phases
are the same and liquid circulation and droplet secondary breakup
become important due to reduced values of surface tension
(Faeth (1977)).

Also required are detailed measurements of the thermodynamic

properties of the diesel fuel at high charge pressure and temperature.

e. Ignition and combustion

The modelling of spray combustion must be prerequisited by
model1ling of the ignition process. It is well known from high-speed
photography (Shiozaki et al (1980)) that combustion is often
initiated simultaneously in different regions of the cylinder and
a model that claims to be realistic must therefore allow for this.
Also, the combustion model should allow for the effects of both
the chemical kinetics and the rate-of-mixing of the fuel and oxygen
on the rate of reaction. The time taken from the start of fuel
injection until a detectable combustion is known as the ignition
delay. It is thought to consist of a physical delay; during which
spray evaporates and mixes with the surrounding air, and a chemical
delay; 1in which time the fuel undergoes complex chemical reactions.
Analysis of both delays is complicated by the fact that the two
overlap. Hence, the ignition model should incorporate both the

chemical and physical components of the delay period.
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NOMENCLATURE

coefficient of finite-difference equation
surface area of the droplet

area of cell faces

constants

drag function

drag coefficient

discharge coefficient

Courant number

specific heats

turbulence model constants

diffusivity

droplet diameter

Sauter mean diameter

increment of droplet diameter

increment of droplet volume

jet diameter

cell face flux

fuel vapour mass fraction or spatial weighting factor
generation rate of turbulence energy
acceleration of gravity

stagnation enthalpy, coefficient of heat transfer
coefficient of mass transfer

turbulent kinetic energy or number of droplets
latent heat of vaporization

penetration length or length scale

Mach number
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mass of droplet

mass flow rate

molecular weight

Nusselt number

number of droplets in the parcel
exponent of Rosin-Rammler distribution
pressure

Peclet number

Prandtl number

(%%)T , volume flow rate
heat flux

gas constant

Reynolds number

radial distance or radial co-ordinate
Schmidt number

Sherwood number

source term in gas-phase equation
droplet interaction source term
temperature

time

eddy life time

droplet transit time
non-dimensional time

injection velocity

axial velocity at nozzle exit

axial velocity

axial velocity relative to the co-ordinate frame

volume
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Vre1 relative velocity

' radial velocity

Ve radial velocity relative to co-ordinate frame
We Weber number

X axial distance, axial co-ordinate

Xg breakup length

Greek Symbols

o spacial weighting factor

B spray cone angle

T turbulent diffusivity

\ divergence operator

S increment

€ dissipation rate of turbulence energy

£ time varying distance

n temporal weighting factor

G void fraction

K thermal conductivity

U dynamic viscosity

\Y dynamic viscosity

0 density

z summation

o surface tension or turbulent Prandtl or Schmidt numbers
T stress or relaxation time or interaction time
) a dependent variable

¢' turbulent fluctuation of

ensemble-averaged value

< |
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b Favre-averaged value
X under-relaxation factor
Subscripts
a air
d droplet
f fuel or flame
g gas
m mean
max ma ximum
min minimum
mix mixture
0 initial
P,N,S,E,W
points-of-the-compass notation for grid points
N,S,e,W
S surface
t turbulent
v vapour
Superscripts
i iteration
n old time Tlevel
n+l new time level
- (overbar) ensemble averaged
' fluctuating component
* prevailing

- vector



