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ABSTRACT

Abstract

Reducing the pollution of new vehicles has become a priority to vehicle manufacturers, particularly given
the fact that emissions requirements that must be achieved by diesel vehicles are becoming more stringent.
Modern fuel injectors on common-rail diesel vehicles use very high rail pressures to aid atomisation and
increase combustion efficiency. However, associated with the high injections pressures is the issue of nozzle
cavitation. Cavitation leads to pockets of diesel vapour forming in the nozzle and it is hypothesised that this
causes the formation of deposits in the nozzle. It is also suggested that the collapse of the cavitation vapour
space results in extremely high temperatures within the nozzle, resulting in thermal cracking of the fuel and
eventually the formation of carbon deposits.

A two-dimensional axisymmetric CFD model with dimensions representative of an injector nozzle was con-
structed using a fully structured grid. The standard k-¢ turbulence model with enhanced wall treatment was
used for closure of the Navier-Stokes equations. Multiphase fuel flow was modelled in FLUENT® using the
mixture model and the full cavitation model developed by Singhal et al. was used to simulate cavitation
vapour formation.

It was found that cavitation occurred in the nozzle for the entire spectrum of fuel parameters allowed by
the EN 590 specifications. The fuel parameters that most strongly affected cavitation formation were the
fuel viscosity and surface tension. It was observed that the decrease in fuel density and viscosity resulted in
decreased flow development time.

A simple model for the simulation of the collapse of the cavitation void space was developed. The Rayleigh-
Plesset equation was used to determine the bubble radius. Viscous, surface tension, mass and heat-transfer
effects were taken into account. A backwards differencing method was used to solve the governing equations.

It was concluded that, for the assumed conditions, there is a strong possibility that thermal cracking could
occur. This confirmed the hypothesis that cavitation was the driving mechanism for deposit formation. It
was observed that a decrease in fuel viscosity or increase in contaminant gases resulted in elevated collapse
temperatures. Additional initial parameters that influenced the maximum collapse temperature are the initial
bubble radius and vapour temperature.
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GLOSSARY

Glossary

Atomisation
Axisymmetric
Cavitation

Cavitation number
Coefficient of contraction
Coefficient of discharge
Coefficient of velocity
Hydraulic flip
Navier-Stokes equations

Non-condensable gas

Nucleation
Mini-sac

Rayleigh-Plesset equation
Valve covered orifice

vena contracta

The process of transforming a body of liquid into a fine spray.

Angularly symmetric about an axis.

The process of nucleation in a liquid associated with a sudden decrease

in pressure in a fluid.

A dimensionless number characterising the likelihood and severity of
cavitation within a nozzle.

A dimensionless number quantifying the degree to which the cross-sectional
area of a flow has been reduced from the ideal value.

A dimensionless number quantifying the degree to which the mass
discharge from a nozzle has been reduced from the ideal value.

A dimensionless number quantifying the degree to which the velocity of a
flow has been reduced from the ideal value.

A description of the nozzle condition created when convection of gases,
generated through the process of cavitation, causes vapour to flow from the
inlet to the nozzle exit.

A set of partial differential equations describing the motion of fluids.
Contaminant gases that are diffused in a liquid. In diesel, the contaminant
gas would mostly consist of air.

The mechanism of cavitation bubble formation and initial growth.

A type of injector in which the nozzles are not closed by the needle when it
is seated. The nozzles are open to the sac volume at the base of the injector.
An equation, derived from continuum theory, describing the motion of a
spherical bubble undergoing growth or collapse in a Newtonian fluid.

A type of injector that, when the injector needle is fully seated, has the exit
nozzles partially or entirely covered by the needle.

The region of a nozzle or jet stream where the flow area is at a minimum.
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NOMENCLATURE

Nomenclature

Symbols

d Nozzle diameter

{ Nozzle length

D Fluid pressure

T Radius of curvature of nozzle inlet corner
R Universal gas constant

Greek symbols

«a Phase volume fraction

¥ Adiabatic index (2)

K Cavitation number (n = ‘;m‘“"‘—j;:%)
K Bulk modulus of a liquid
Sub-scripts

1 Upstream characteristic

2 Downstream characteristic

c Characteristic measured at the vena contracta
d Dispersed phase

e Nozzle exit characteristic

id Ideal value

g Non-condensable gas

l Liquid phase

k Secondary phase

m Mixture

v Vapour phase

00 Far-field
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NOMENCLATURE

Abbreviations and Acronyms

Ce Coefficient of contraction
cd Coefficient of discharge
MFR Mass flow rate
NCG Non-condensable gas
ppm Parts per million
Re Reynolds number
Rep Reynolds number based on hydraulic head
STP Standard temperature and pressure
RANS Reynolds Averaged Navier-Stokes
vCO Valve covered orifice
VFR Volume flow rate
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1. INTRODUCTION

1. Introduction

At a tirme where world oil ressurces are becoming mare scarce, an imperative for more fuel-efficient vehicles
is being strengthened. This fuel economy requirement must be met while producing lower emissions and

without diminishing vehicle performance.

Diesel vehicles offer better fuel economy over their petrol-dnven counterparts. However, this is often at the
expense of increased ancillary running costs. For a diesel vehicle to be economically viable to the average
private motorist, the running cost must be offset by the gain in fuel economy.

To achieve the required combustion efficiency and lower emission output, it is necessary for the fuel to be
atomised more effeciively tpm injection inte the combustion chamber, Modern injectors require greatly
increased injection pressures, which results in exit velocities in excess of 4 m/s to 500 m/s [2, 10] and
improved spray penetration and atomisation.

The increased injection pressure has, however, been linked to increased deposition of material in the injector
and premature failore of fuel injectors. Such deposit formations, shown in Figure 1.1, are hypothesised to
be caused by increased temiperatures in the infector and possible cracking and dissociation of the fuel- It is
speculated that the disspoated fuel accumulates in regions of the mjector walls and promotes this deposit

farmation,

Sharp
et
leposition
Eaunded
mlet
Figure 1.1: Section through a fuel injector nozzle with deposition
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1. INTRODUCTION 1.1. THE BASICS OF FUEL INJECTORS AND CAVITATION

Nozzle diameters are typically in the order of 0.15 mm and injection durations are measured in microseconds.
Direct measurement of characteristics of actual injectors is extremely difficult due to the physical size and
time-scales involved in the injection process. The use of Computational Fluid Dynamics (CFD) thus becomes
an extremely important aid to the understanding of this process. The Literature Review which follows on
page 5, reviews the several studies which have been performed to investigate the flow of fluid in fuel injectors.

1.1 The basics of fuel injectors and cavitation

Each cylinder of a diesel engine has a injector situated between the combustion chamber and the fuel pump.
It is arguably the most complex part of a common-rail diesel engine and plays a vital role in the effective com-
bustion of fuel. Each injector is fed off a highly pressurised common fuel rail that may operate at pressures
up to 2000 bar.

The injector is controlled by the Electronic Control Unit (ECU) and
serves the purpose of providing precisely measured quantities of
fuel into the combustion chamber at an exact time for a closely con-
trolled interval. This is achieved by the movement of the injector
needle along the axis of the injector to, and away from, the injector
nozzle(s). Depending on the design of the injector, there may be
more than one nozzle to which flow may be directly or indirectly
blocked by the needle. Currently, the most popular method of con-
trol of the injector needle is by the use of solenoids and springs, a
design shown in Figure 1.2. Third generation injectors are chang-
ing to piezo-wafer crystals for more precise control of the needle.

The period of time for which the needle is lifted off its seat de-
termines the volume of fuel which is injected into the combustion
chamber. The volume flow rate is closely controlled under all con-
ditions as the volume of fluid that is injected should be consis-
tent and repeatable. The number of holes and their diameter is
related to the effectiveness of the injector to atomise the fuel. Ef-
fective atomisation is critical in achieving efficient combustion, as
the smaller the fuel droplets the greater the surface area, which
leads to better combustion. Enhanced atomisation is achieved by
expelling fuel out of smaller diameter nozzles at a greater pressure.

Figure 1.2: Cross-section of a diesel fuel
However, raised fuel line pressure increases the tendency for fuel injector [1]

to cavitate inside the injector. Cavitation is a phenomenon asso-

ciated with a sudden change in direction of a high velocity fluid.

The direction change often causes a low pressure region to form in the flow field. If the pressure loss is great
enough to drop the pressure to the fluid vapour pressure, the diesel liquid will convert to vapour in order to
accommodate the pressure loss. Such a phenomenon occurs near the inlet of the injector nozzle, and possibly
on the edges of corners of the injector needle.

There are numerous operational difficulties associated with deposit formation in nozzles. Firstly, the already
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1. INTRODUCTION 1.2. ROLE OF THE FUEL INDUSTRY

small flow cross-sectional area can become severely reduced, affecting spray formation and effective fuel
dispersion in the engine. This would lead to very poor engine performance with reduction in power and
fuel economy and a considerable increase in soot emissions. The deposition may be very severe causing the
complete blockage of a nozzle. Ultimately, this would render the injector completely unfit for use and the
device would require replacement. Should deposits become dislodged and injected into the engine, these
deposits become nucleation sites for soot growth, thereby increasing the pollution output of the engine.

Additionally, cavitation has the ability to erode material and cause substantial damage to its parent appara-
tus. This damage is attributed to the nature of the collapse of tiny bubbles that form in cavitating flow. High
pressures, temperatures and velocities are invariably generated in regions of bubble collapse.

It is largely accepted that there is a strong interconnection between fuel injection rate, spray formation, cav-
itation and pollution emissions [11]. This makes the understanding of the cavitating flow in injector nozzles
imperative to improving on both injector design and fuel blending.

1.2 Role of the fuel industry

It is clear that the flow through a nozzle is influenced by operating conditions such as pressure and fuel
temperature; nozzle geometry and fuel properties. Theoretically therefore the variation of these parameters
could be used to control the operation of the injector.

It is not clear what effect the alteration of fuel properties has on the severity of cavitation present in the
injector nozzle. It is known that cavitation is an aid to effective atomisation; and it is hypothesised that it
increases the rate at which deposits build up in the injector. Clearly with the use of higher injection pressures
in the next generation injectors, it is crucial that the role which the fuel itself has in the formation of the
cavitating regions be understood.

The control of the amount of cavitation present in a nozzle could lead to decreased deposit formation at the
nozzle inlet and exit and, injectors with an increased life-span and performance. Currently, the only level of
control use is through altering the injection pressure and the inlet radius of each nozzle. By altering specific
fuel properties, it may be possible to produce a fuel that greatly enhances overall performance for the next
generation of injectors.

1.3 Dissertation objectives

The overall objective of this research was to understand the effect of fuel properties have on the cavitation
phenomena that occur in diesel fuel-injectors.

This objective was achieved by observing cavitation effect in two different circumstances, namely during
1. Vapour formation: An axisymmetric nozzle of similar dimensions to that found in a specified fuel-

injector is to be simulated using a fluid of differing properties. Flow differences are to be noted and
quantified where possible.
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1. INTRODUCTION 1.3 . DISSERTATION OBJECTIVES

2. Vapour collapse: The collapse of a cavitation void was to be modelled. A first-order estimation for the
conditions experienced during collapse had to be made. Since the temperature experienced at the point
of collapse was critical, a qualified approximation of this property was vital.

This study was performed using FLUENT® 6.2.16, a commercially available CFD code. Additional package
such as Mathworks MATLAB® and Microsoft® Excel were also available for use.
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2. LITERATURE REVIEW

2. Literature Review

The literature review which follows embraces the topics that covers the scope of the topics discussed in this
dissertation. Background information for the investigation of the effects of fuel parameters is provided in
this chapter. Items of particular interest are the effect of cavitation on fuel injection, cavitation modelling and
simulation, as well as experiments and studies performed on the field of interest.

2.1 Effect of cavitation on fuel injection

There are several reasons as to why the understanding of the dynarnics involved in the process of fuel injec-
tion is so important.

Firstly, the breakup of the jet of fuel exiting a fuel injector has a significant effect on the pollution levels of
the engine. This is because most of the pollution is caused by unburned fuel due to poor air/fuel mixture.
Further, an increase in surface area to volume ratio will provide an increased burn efficiency. This is due to
an increase in heat transfer between the compressed air in the cylinder to the fuel droplet.

The goals of both reduced pollution and increased surface area to volume ratio can be achieved by having
a finer spray emanating from the nozzle [12, 13]. This is widely believed to be assisted by the presence of
cavitation in the nozzle [10, 14, 15, 16, 17], although some literature discounts this idea [15].

2.2 Deposition in fuel injectors

Deposit formation mechanisms in internal combustion engines are discussed by Lepperhoff et .al. [18]. It
was noted that gaseous components of fuel condense and adsorb at the wall due to low wall temperatures.
Carbonaceous particles are deposited by adhesive forces between the wall and particles (sticking), attachment
by a liquid surface layer (incorporation) and impaction by the motion of particles from a region of higher
temperature to one of lower temperature (thermophoresis).

Deposit formation was categorised into two distinct phases. The first, the induction phase, is when a contact
medium is built up between the wall and particles. The contact medium consists mostly of hydrocarbons
which condense at the wall. In the second phase, carbon particles are able to deposit onto the contact medium.
Gaseous components are also able to diffuse into the deposit, causing the density of the deposit to increase.
Pyrolysis and polymerisation of the deposit occur and fix the deposit. It was concluded that the only method
of avoiding deposit formation is at the induction phase.
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2. LITERATURE REVIEW 2.3. EXPERIMENTAL STUDIES

In reference to previous work, Williams [19] discussed the severity of deposition around the injector needle.
It was concluded that the noedle tip, which is cxposed to combustion gases and liquid fuel, commonly ac-
cumulates light to heavy carbon deposits. The leading edge of the needle, which aeats on the injoctor body,
shows vory little accurmulation of carbon deposit.

Leedham et al. |13] investigated the presence of deposit formation at the tip of injector nozzles uaing fuel
with fuel-additives. Dreposition at the fuel-injector tip was observed. It was noted that any deposition in the
spray hole is a critical factor, since it Jeads to less effective fuel atomisation. The point that increased fuel-rail
pressure leads to increased fuel injector tip temperatures was futed,

2.3 [Ixperimental studies

Laser Doppler velocitmetry (LDV) was used by Sou et al. [2] in order to understand how cavitating flow in
nozeles enhances the liquid jet atomisation and velocity distribution of cavitating flow in a two-dimensional
transparent nozzle, Tap waler with a temperature of 2% K was discharged through a nozzle, with a length,
width and depth of 16mrm, 4mm and lmm respectively, into ambient air. The cavitation number used was
derived from Bernoulli’s equation, and accounted for the average velocity of the flow, The velocity of the
fow, amd consequently the cavitabion number and Reynolds number were altered during the oxperiments.
Additional control over fhe Reynolds number was maintained by altering the temperature of the water. For
some experiments, nucleation sites were introduced by adding 3pun silicone carbide particles to the water.

Sharp Roundars Shieed Lavpuid Bubble MNozzle
171 e IBLe Se AL ticn -avitabomn LI L*-I.I.L1!.J:>r’ T .1]

Figure 2.1: Supercavitation in a two-dimensional nozzle, flow moving from left-to-right [2]

The results of the experiments showed that the incoption of cavitation occurred near the outer edge of the
separated boundary layer. They were able to distinguish between three different cavitation regimes {n the
nwzzles, namely super-cavitation (low cavitation number), developing cavitation and no cavitation (high
cavitation number). The supercavitating condition shown in Figure 2.1, It was observed that fot intermediate
conditions, reattachment of the scparated boundary layer occurred in the middle of the nozzle. By altering the
cavitation number, keeping Reynolds number approximately constant (by changing the liquid temperature),
it was determined that cavitation depended on cavitation number alone. It was determined that a large
volocity Huctuation exists downstream of the separated boundary laver, and decreases near the noz2zle exit,
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Additionally, it was noted that for the supercavitation conditions, lateral flow from the liquid core to the
side walls just upstream of the nozzle exit was present, increasing the spray angle and causing enhanced
atomisation.

An experimental investigation was conducted by Schmidt et al. [20] to detect cavitation in working diesel fuel
injectors. A non-dimensional cavitation number, determined from one-dimensional nozzle theory, and the
coefficient of discharge were used to characterise the transient flow. Flow in nozzles with different numbers
of holes, as well as differing nozzle throat inlet geometry, was observed. Injection pressure, needle lift and
rate of injection was recorded.

For injection pressures of up to 100 bar, it was concluded that behaviour of sharp-edged (both single- and
multi-holed) nozzles, corresponded well with that predicted by one-dimensional theory and was similar to
that shown in steady-state experiments. A linear relationship between the coefficient of discharge and the
square root cavitation number, as predicted by one-dimensional theory, was verified. It was determined that
the flow through a rounded multi-holed tip had the characteristics of a non-cavitating nozzle.

Oscillating needle lift was measured in the multi-holed injectors, which resulted in a fluctuation in the rate
of injection and the upstream pressure. Although it was predicted that this would have an effect on the
coefficient of discharge, no effect was observed. The coefficient of discharge was seen to steadily decrease as
the injection time increased.

A paper by MacDonald [21] discusses the use of a fuel injector data acquisition system, known as the AKRIBIS
system. The tool is used to record fuel delivery rates and timings. This data is used to characterise delivery
rates and timings of fuel injectors, as well as cavitation bubble formation and collapse, and diesel molecular
chemistry in terms of the decomposition and disintegration of fuel during bubble collapse.

Typical discharge velocities for the liquid were in the range of 500 m/s to 800 m/s for pressures ranging from
1000 bar to 1800 bar. Is was observed that an increase in injection pressure resulted in an increase in fuel
discharge temperature (static temperature) of up to 80°K. This was attributed to the flow dynamics, since the
pressure in the fuel line is very high and adds an enormous quantity of kinetic energy to the flow.

The author noted that the collapse of cavitation bubbles results in either very high temperatures or sono-
luminescence. The collapse temperatures of non-volatile fuels have been measured as high as 5000°K. It is
the authors opinion that the decomposition of vapour’s constituent long-chain polymers lowers the collapse
temperatures considerably. The technique used to measure the collapse temperature was not outlined. It was
also noted that the typical existence period for a cavitation bubble is between 1.0 us and 2.5 us.

Benajes et al. [11] analysed the influence of diesel nozzle geometry in the injection rate characteristics. This
included the effects of nozzle length and orifice conicity, which is the relationship between the diameter of
the nozzle inlet and outlet.

It was found that for a hole with no orifice conicity, where the nozzle inlet and outlet are of the same diameter,
the mass flow rate was independent of the pressure drop. This describes a choked flow situation caused by
cavitation. Experiments revealed that a conical nozzle did not experience the same effect. It was determined
that when no cavitation appeared, there was a good relationship between the discharge coefficient of the
nozzle and the flow Reynolds number. However, when cavitation was present, the Reynolds number became
meaningless and the flow is best characterised by a non-dimensional cavitation number.

A paper comparing cavitation phenomena in scaled-up diesel fuel nozzles was presented by Canippa et
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al. [22] in 2001. Four geometries, including nozzles with an inclined hole and axisymmetric nozzles, were
tested at Reynolds numbers between 40 000 and 100 000. Water was chosen as the working fluid. The geome-
tries were made using transparent materials, allowing for photography of the inception and development of
the cavitation phenomena. The experiments showed that the distribution of cavitation, as well as the cavita-
tion structure, influence the injector spray pattern and distribution. The cavitation structure was sensitive to
the geometry of the sac and hole. As the hole inclination was increased from perpendicular to the centreline
of the injector, the cavitation shifted toward the centre of the hole.

It was concluded that inception bubbles grew intensively in the shear layer and developed into cloud-like
structures. Cavitation cloud shedding was present in all geometries due to instabilities in the shear layer. It
was observed that, under heavy flow conditions, the cavitation cloud can transform into a glossy sheet form
(similar to that seen in Figure 2.1). It was also noted that, due to the non-symmetric distribution of cavitation
within the hole, the outflow jet atomised on the side where cavitation was present and did not atomise on
the side where there was less cavitation.

Payeri et al. [14] performed a study to determine the influence of cavitation on the internal flow of a diesel
fuel injector as well as its spray formation. Two orifice injectors were used, one having a cylindrical nozzle,
while the other had a conical (tapered) nozzle. Measurements were taken for injection pressures of up to 80
MPa.

It was concluded that a nozzle with a low level of conicity and smaller rounding radii is more prone to cav-
itation than the highly tapered nozzle with a large inlet radius. It was determined that the critical cavitation
number depends on the injection pressure as well as the geometry. This number was observed to increase
with injection pressure. Nozzles with high conicity and a large inlet radius have a high discharge coefficient.

In order to study the influence of orifice geometry on flow at the nozzle exit, Payeri et al. [15] performed
experimental research on three modern, six-hole, sac-type, direct-injection diesel fuel injectors of varying
geometry. The effect of cavitation on the internal flow of the nozzle and spray formation was observed.

It was observed that the discharge coefficient was affected by the pressure difference between the nozzle
inlet and outlet, as well as the formation of cavitation in the nozzle. Cavitation occurred when the pressure
difference exceeded a critical value for the tested rail pressure. It was noted that a the decreased coefficient of
discharge was related to decreased mass flow through the nozzle. The momentum flux for cylindrical nozzles
was slightly lower than that of conical nozzles at high injection pressures. Similarly, the effective velocity of
the flow exiting the cylindrical nozzle was lower than that of the conical nozzles. Overall, it was concluded
that the velocity and mass flow rate was strongly influenced by cavitation, while the momentum flux was
not.

The initiation and development of cavitation was visualised by Roth et al. [10] using enlarged acrylic injector
models, high-speed digital video cameras and laser Doppler velocimetry. Two injector designs, namely the
conical mini-sac and VCO, were analysed.

Increased turbulence through the onset of cavitation was noticed at the entrance to the nozzle, which affected
the size of the cavitation bubbles and the homogeneity of the mixture exiting the nozzle. Cavitation was
initiated in regions of low pressure at the core of recirculation zones. It was concluded that flow around the
sides of the injector hole inlet could be a possible mechanism for cavitation inception. Increased turbulence
levels were measured on the lower part of the injection hole when the cavitation number was increased for
moderate flow rates. After the onset of cavitation, it was noticed that the recirculation zone was reduced in
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size, which led to reduced flow restriction and decreased average flow velocity in that region. Increasing the
cavitation and flow Reynolds number resulted in increased turbulent kinetic energy.

Desantes et al. [17] presented a paper outlining the effects of cavitation on the flow momentum and outlet
velocity. A one-dimensional model based on Bernoulli’s equation was used to describe the momentum flux.
Experimental results using a VCO injector with a 144 um nozzle diameter were attained, and compared to
the results of Nurick.

It was observed that a reduction in mass flow occurs when cavitation is present. Once this occurs, the mass
flow becomes independent of the discharge pressure. The discharge coefficient decreased when the cavitation
number increased, a result that aligned with Nurick’s one dimensional theory. The momentum flux was
observed to increase proportionally with the pressure drop across the nozzle. It was concluded that the
decrease in momentum associated with the reduced mass flow was compensated for by smaller wall shear
stresses due to the presence of vapour against the nozzle walls. Outlet velocity was seen to increase with the
appearance of cavitation.

Collicot et al. [23] conducted experimental research using clear, tilted orifices to study the internal dynamics
of the nozzle, as well as cavitation. Flow inside 200 um nozzles at pressures of up to 210 MPa were visualised.

It was observed that at high pressures, roughness induced cavitation was formed. It was concluded that
nozzle surface roughness, cavitation and boundary layer interaction affected spray droplet formation. The
authors commented that such effects would be difficult to capture using computational methods.

24 Numerical studies and cavitation modelling

In validating the formulation for the full cavitation model, Singhal et al. [24] compared data from the simu-
lation of two-dimensional axisymmetric nozzles to that of Nurick

A 2-D, axisymmetric grid consisting of 2800 cells, incorporating a 20x120 grid in the nozzle, was used to
discretise the sharp-edged orifice of the nozzle. A second-order upwind scheme was used to discretise con-
vective fluxes, and turbulence was modelled using the standard k-e¢ model.

The working fluid was chosen to be water at 300°K. Inlet pressures ranging from 1.9 bar to 2500 bar, with
corresponding cavitation numbers between 1.0004 and 1.963 were tested. The non-condensable gas fraction
was set to 15 ppm for non-deaerated water, which is the saturation concentration of air in water at atmo-
spheric pressure [25]; 1ppm is used for deaerated water, although it is difficult to deaerate to concentrations
below 3ppm [25]. The cavitation number used to characterise flow was dependant on the pressure difference
between the inlet and outlet, as well as the inlet and vapour pressure. Solutions were considered to have
converged when error residuals dropped four orders of magnitude.

Results showed that the predicted results corresponded very well to Nurick's results. The discharge coeffi-
cient was constant in non-cavitating flow, while it showed a dependence on the square-root of the cavitation
number when flow was cavitating. Additionally, it was found that when the number of cells in the grid were
doubled, the predicted mass-flow varied by less than 1%.

A doctoral dissertation presented by Marchese [12] described a Rayleigh-Taylor mixing rate simulation. A
piecewise equation of state was used to describe the pressure of the isentropic fluid in terms of its density and
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quality. The most basic equation of state, namely the polytropic or gamma law, was used to describe gases.
The validity of using this equation of state is not discussed. The vapour region is described as a gamma
law gas, a stiffened gamma law gas describes the liquid region, and the mixed region was described by a
homogeneous equilibrium model.

A two-dimensional axisymmetric model described the nozzle region of a single-orifice injector. A no-slip
condition was applied to the walls of the injector. For coarse computational grids, a partial slip condition
was used. This ensured that the zero-velocity usually present at the wall would not be imposed beyond the
boundary layer. A high pressure condition was imposed at the nozzle inlet. Adaptive mesh refinement was
used to ensure that the computational grid was kept sufficiently fine in regions of large property gradients.

Schmidt et al. [9] produced a fully compressible, two dimensional model of a high-speed cavitating noz-
zle. The compressibility of both phases was taken into account in order to model extremely high injection
pressures. The liquid-vapour density ratio was approximately ten-thousand-to-one; a third-order shock-
capturing scheme helped account for large density gradients. A computationally inexpensive continuum
method was used to track vapour content. The grid was 140 cells long and 40 cells high.

Both the inlet and outlet boundaries have specified pressures. The upstream boundary was specified far
enough for the liquid to be near stagnation conditions. The outlet boundary was specified in such a way so
that bubbles and acoustic waves could move out of the domain. Flow reversal at the exit was dealt with by
specifying incoming fluid as liquid moving in normal to the boundary. The authors submit that this is not an
accurate assumption, and limits their model from predicting hydraulic flip.

Initially, the simple axisymmetric model was evaluated. The only grid sensitivity that was noticed was that
the transient length of the cavitation film could change. However, they found that mass flow into the domain
was not significantly affected.

Results showed that the cavitation region stretched out along the nozzle, as opposed to forming spherical
bubbles. For most of the span of the nozzle, the liquid was constricted into a vena contracta. The liquid
area expanded near the nozzle exit. It was observed that the vapour bubble reached the nozzle exit, which
suggests that the bubbles could collapse outside the nozzle. Results of a nozzle that included a rounded inlet
edge indicate that these geometries are also prone to cavitation.

Schmidt et al. [26] used an asymmetric, planar model to determine the effects of inlet and outlet pressure
on cavitation and separation within a nozzle. The nozzle included a divergent section at the exit. The com-
putational grid was 140 cells long and 40 cells high, totalling 5600 cells. The fluid was modelled as a single
phase, with an equation of state accounting for density changes within the fluid. Experimental studies were
conducted to confirm results. A geometry representative of a VCO (valve covered orifice) injector was also
numerically studied.

It was found that at high pressure differences, cavitation was present at the nozzle inlet. They found experi-
mental evidence that either cavitation or hydraulic flip may occur at the exit. However, the numerical models
could not confirm this because no species other than fuel was accounted for. This cavitation effect was time
stable.

The VCO injector was modelled as a planar section, with no particular justification. This model was used to
assess the effect of needle proximity on the nozzle flow. The model was simplified to one that had a pressure
outlet at the exit, a pressure inlet condition upstream of the nozzle inlet, and a wall condition between the
seat and the sac. The latter is due to the zero mass flow rate condition between the sac and the nozzle.
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Results showed that a large vapour bubble formed along the upper wall of the nozzle. The liquid separated
from the upper surface and flowed along the lower surface of the nozzle. The bubble had a highly transient
nature. During bubble growth, the exit momentum was concentrated on the lower wall of the nozzle. After
bubble collapse, the exit momentum profile varied greatly and nozzle flow is disrupted by a strong pressure
wave. It was concluded that the asymmetry and transient oscillations of the flow could cause the spray to
break up very rapidly near the nozzle exit.

Iben et al [27] outline the results of CFD simulation of cavitation erosion performed for Robert Bosch GmbH.
The package used to perform the numerical work was ANSYS CFX-5. Results were validated by experimental
work.

In order to validate the cavitation model, a basic cavitation simulation was performed for a circular throttle
flow. Numerical modelling was checked for grid dependency. Results were found to be largely independent
of grid size. Model validation was performed in a steady state condition using a RANS SST (shear stress
transport) turbulence model. Rayleigh-Plesset equations were incorporated in the simulation.

It was observed that once the pressure difference between the inlet and outlet reached a certain value, the
mass flow rate did not increase for an increased pressure difference. This result described a situation involv-
ing choked flow and was confirmed by experimental results. It was noted that this phenomenon is purposely
designed into fuel injectors to guarantee a certain mass flow rate under nearly all operating conditions. Over-
all, it was found that cavitation erosion in injection systems can only be predicted using DES (detached Eddy
simulation) modelling methods. This was required in order to resolve the complex interaction between large-
scale turbulent structures and cavitation.

In 2003, Fluent Inc. [28] performed simulations of a eight-hole injector using FLUENT® 6.1. Due to the
geometrical symmetry, only a 45 degree sector was modelled. A total of 231 000 computational cells were
used, of which most were hexahedral.

Pressure was specified at the inlet and outlet. The inlet was modelled at least 8 nozzle lengths upstream of
the sac. Symmetry planes were specified at either side of the 45 degree cut. The working fluid was set as a
mixture of diesel fuel and diesel vapour. All properties for both phases, including the vapour pressure, was
specified. A cavitation model was used to track the production of vapour and separation of the two phases.
Non-condensable gases were also taken into account. The standard k-« model was used to model turbulence.

In order to resolve cavitation accurately, the cavitating regions was contained at least six cells across their
width.

It was found that regions of cavitation occurred where the absolute pressure approximated the vapour pres-
sure. This occurred in regions of high recirculation and where the pressure fell below the vapour pressure.
Two regions of cavitation were present: One in the nozzle, and one upstream of the nozzle, where the nee-
dle and seat are angled. The diesel vapours were carried outside the fuel injector through the outlet, which
indicated heavy cavitating conditions.

Fluent Inc. [29] produced another model of an eight nozzle injector in 2005. The full geometry was mod-
elled to assess the effect of an offset needle on conditions inside individual nozzles. A transient simulation,
consisting of 800 000 hexahedral computational cells, was performed.

The fluid inlet and outlet were both modelled as pressure boundaries. The inlet was set at least ten nozzle
lengths upstream of the sac. The working fluid was set as a mixture of diesel fuel and vapour. A dynamic-
mesh model was used to describe the position of the needle as a function of time. The needle was not kept
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centred on the injectors vertical axis of svmmetry, and was set to rest agaihst the wall of the injector at some
pointin time. A cavitation model was used, and the effects of non-condensable gases were taken into account.
The Realisable k-« model was used to model turbulence, Compressibility effects were not taken into account.

(a) Lifted offset needle [29] (b} Near-seated neadla [H)]

Figure 2.2: Vapour volume fraction on mid-plane of an sac-type eight-hole injector

A result of the simulations is depicted in Figure 2.2(a). Results showed that cavitation occurted at the nozzle
throat. It was observed that diesel vapours were carried oulside the fuel injector through the nozzle outlet.
Even with the asynumetrical needle position, it was observed that the flow pattern in each of the injector
nazeles was faitly synunetric. This flow symmetry was observed throughout the injection period.

Figure 2.2(b} shows a similar geometry to that shown in Figure 2.2{(a}, but with the needle closer (o the seated
position. Wo text accompanied Figure 2.2{b), but it is thoughi that it represents the presence of cavitation in
an injector as the needle is about to reseat at the end of an injection. Tt is interesting to note that the formation
of cavitation occurs on the bottom of the nozzle; the opposite position to that of an open needle. This is an
important result, since significant rounding of the nozele inlet edge, used to condrol and prevent cavitation,
occurs only along the upper surface of the orifice,

Three dimensional flow anatysis was performed on a VOO injector nozzle by Kubo et al. [31] using the
STAR-CD CFD package. The effect of needle eccentricity on fuel-spray pattern was examined, and the sim-
nlations were compared to experimental results. The computational geometry consisted of 115 280 cells,
which included a region downstream of the nozzle outlet. A needle eccentricity of 10 um was provided in
the direction of one of the holes..

Boundary conditions included a pressure inlet upstream of the nozzles and a pressure outlet downstream
of the nozele exit. A cavitation model was used to predict vapour formation within the nozzles, which was
subsequently treated as a gas. The vapour transpert equations were solved using the VOF (volume of fluid}
model. Needle lift was a linearly deseribed boundary condition ocowrring over a period of 1.0ms. An initial
litt of 50 pimcwas imposed for approximately 0.15 mas, aftet which the nesdie lift was made to increase linearly
over a period of 5.5 ms o its maximum height of 600 pm at 0.7 ms,

A comparison between the coefficient of discharge at a flow time of up to 0.3 ms for models including and
excluding a cavitation model, indicated very little difference in resulis. The average flow rate of simulations
including a cavitation model agreed betier with experimental tesults than those that did not use a cavitation

CENIRE FOR RESEARCH 1N COMPUTATIONAL AND APrLIEDN MECHANICS FaGE12
UNIVERSITY OF CaPe TOwn



2. LITERATURE REVIEW 2.4. NUMERICAL STUDIES AND CAVITATION MODELLING

model. Flow field visualisation of the numerical results indicate that reverse flow fields within the cavitation
region are present. Comparison between numerical resuits and a five-times scaled-up experimental results
visually indicate very similar results for certain needle positions. It was also made clear that cavitation
formed at the top of the hole, and proceeded downstream. Long vapour streams of twisted cavitation are
present.

A CFD study of erosion and deposition in two-dimensional axisymmetric hydroentangling nozzles was con-
ducted by Anantharamaiah et al. [32] in 2005. FLUENT® was the CFD package used for simulating the
flow of water through the tapered nozzle. The mixture model along with a cavitation model were imple-
mented. The cavitation bubble number density was specified. The segregated solver was selected as the
solution scheme, the PISO algorithm was used for the time-dependant pressure-velocity coupling. Discreti-
sation schemes for all continuum equations were all second-order upwind, except for the pressure equation
which was solved using the PRESTO scheme. The RNG k-¢ turbulence model was utilised, as it showed the
best convergence characteristics for the problem. The solution was considered converged when all residuals
has decreased by at least three orders of magnitude.

A two-layer zonal model was used for the near-wall treatment of fluids. The maximum wall y* value was
kept below 5 for the initial simulations. This value then fluctuated as the pressure was varied above and
below the initial condition. The cavitation number for all conditions was close to unity. The grid in the 128
pm capillary region, the location of cavitation initiation, was constructed of a very fine 64x128 structured
mesh. The inlet rounding (g = 0.04) was neglected.

A single phase-flow field incorporating the turbulence model was initially solved for the nozzle. The cavita-
tion model was enabled when convergence was reached for the single-phase simulation. When the cavitating
simulations showed no further change in the flow field, the simulation conditions were changed to steady-
state and laminar flow. The back-flow at the nozzle outlet was set as that of vapour with a volume fraction
of 1, rather than the more realistic treatment as back-flowing air. This assumption was considered valid since
the density of vapour is of the same magnitude as that of air.

It was determined that boundary layer separation at the sharp orifice inlet led to the formation of cavitation.
This intense cavitation led to the nozzle undergoing hydraulic flip. The water detached from the nozzle
wall and caused a constricted jet to form. It was noted that when this condition occurred, the coefficient of
discharge dropped from 0.94 to 0.62. Furthermore, it was found that particles released upstream of the inlet
were able to impact and deposit at the nozzle inlet.

A comparison of computational prediction of cavitation in diesel fuel injectors and experimental data was
performed by Giannadakis et al. [33]. The predictive capability of three different cavitation models was
compared to experimental data, and a comprehensive parametric study on model assumptions and settings
was performed.

Two Eularian cavitation models both assuming a fixed bubble number density and a linear approximation of
the Rayleigh-Plesset equation to simulate bubble growth were tested. One of these models considered the slip
velocity between the two fluid phases, while the other did not. The third cavitation model is a Lagrangian
model that accounts for the complete Rayleigh-Plesset equation and a variable bubble number density to
allow for bubble break-up and coalescence events. Thermal effects were not considered, as it was suggested
that they are only significant for injector pressures of over 2000 bar.

A three-dimensional segment of a six-hole fuel injector was modelled using an inlet pressure of 100 bar and

CENTRE FOR RESEARCH IN COMPUTATIONAL AND APPLIED MECHANICS PAGE 13
UNIVERSITY OF CAPE TOWN



2. LITERATURE REVIEW 2.4. NUMERICAL STUDIES AND CAVITATION MODELLING

an outlet pressure of 1 bar. The injector hole was modelled without inlet curvature. The base computational
model used a grid size of 180 000 unstructured cells, while a 1st order discretisation scheme and the standard
k-¢ model were implemented.

It was found that dependant on the variation of simulation conditions, discharge coefficient values of between
0.65 and 0.68 were attained for cavitating flows. It was found that the increasing the cell count up to 500 000
resulted in a Cd variation of only 0.01. It was found that the Cd value difference between the standard k-¢
turbulence model, the RNG k-¢ model and two other versions of the k-¢ model was 0.03. The discretisation
scheme accounted for a change of 0.02 in the Cd value. It was found that more dissipative turbulence models
and discretisation schemes predicted alower Cd value. In a high Cd nozzle with a large inlet radius and more
tapered hole, discharge coefficients for various simulation setups ranged from 0.77 to 0.83. The difference in
the Cd value of 0.06 is attributed to the effects of the grid, discretisation scheme and turbulence model. A test
on the result of varying operating pressures was conducted for the nozzles with filleted orifice inlets. It was
concluded that the discharge coefficient was a function of the cavitation number and the pressure difference
between the inlet and outlet.

The formation of the vapour space, as well as the formation, growth, collapse and reformation of both the
individual cavitation bubbles in the nozzle was described. Overall, it was concluded that the Eularian mod-
els predict a large void area inside the injector nozzle, while the Lagrangian model predicts a more diffused
and gradual vapour distribution. However, all models similarly predicted the velocity increase inside the
injection hole and the decrease in discharge coefficient due to the presence of vapour. The collapse of the cav-
itation region was not captured well by the Eularian models when transitioning between incipient cavitation
and fully cavitating flow regimes.

FLUENT® was used by Payri et al. [34] to analyse geometrical effects on the internal flow characteristics of
diesel fuel injectors. Cylindrical and conical nozzles with varying grades of hydro-grinding were considered.
Computational results were validated by experimental methods.

An extended volume of fluid (VOF) model was used to simulate cavitating flows. A simplified Rayleigh
equation accounts for the changing bubble radius. It was noted that the cavitation model implemented in
FLUENT® 5.0 did not predict the collapse of cavitation bubbles. Axisymmetric models with a rounded inlet
orifice were used to simulate the nozzle. A wall was placed upstream of the nozzle inlet, so flow moved
radially into the nozzle. A fully structured grid and partially unstructured grid, of sizes varying from 9000
cells to 200 000 cells, were considered. It was decided that grids of 12 000 cells and 14 000 cells were to be used
for the conical and cylindrical models respectively. Laminar flow and turbulent flow were both considered.
Results using the Spalart-Allmaras and k-¢ turbulence models were compared to that considering laminar
flow, and it was concluded that the effect of turbulence was negligible. Pressure boundary conditions were
set at the inlet and outlet. Typical gas-oil (CysHz3g) properties were used to model the fluid. Time steps of the
order of 10~° were used for transient simulations. Convergence requirements were that equation residuals
of less than 10~3 were reached and that the exit velocity profile had stabilised.

The authors concluded that, even though needle lift was not considered, the transient results were indicative
of the diesel injection process. It was determined that a larger inlet rounding resulted in increased mean
exit velocities near the wall and an increased discharge coefficient, while the cavitating region was reduced
in size. A correlation between the degree of boundary layer separation and the onset of cavitation was
observed. CFD calculations predicted that conical nozzles do not have cavitation and are less sensitive to
the variation of inlet radius. This is because the pressure experienced in the nozzle is always higher than the
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vapour pressure. The convergent effect was said to soften pressure gradients and velocity acceleration and
was described as a good design tool to eliminate cavitation.

Gavaises et al. [16] investigated flow inside a five-hole diesel fuel injectors using experimental and computa-
tional methods. Flow imaging was captured using high-speed photography, while CFD was used to model
the injector flow.

Three-dimensional CFD analysis was conducted using a GFS RANS solver and an unstructured grid. The
Eularian-Lagrangian cavitation model, which accounted for fundamental processes such as nucleation, bub-
ble growth and collapse and fluid momentum exchanges, was able to simulate geometric induced cavitation,
but unable to reproduce the string cavitation observed in the photographs. The SIMPLE algorithm was used
to solve the flow-field. Single-phase simulations demonstrated regions in which cavitation was likely to be
initiated. Experimentally-derived fixed pressure boundary conditions were applied.

Cavitation was found to be present not only in the nozzles but also inside the volume upstream of the injec-
tion holes. Cavitation strings, which are not geometrically induced, were present in regions of large vortex
structures in the nozzle tip. Cavitation strings were found to be highly transient and vary considerably with
needle lift, but less affected by the cavitation number and Reynolds number once the flow became fully de-
veloped. It was observed that the string cavitation significantly influenced the flow pattern inside the nozzle.
Geometrically induced cavitation was found to affect the flow rate through the nozzle without the presence
of string cavitation. It was concluded that string cavitation was a source of cycle-to-cycle variation of spray
patterns in fuel injectors.

Masuda et al. [35] developed a series calculation methodology for computational simulations that predicted
flow inside a VCO injector and then performed a spray calculation outside the injector.

The commercial CFD code FIRE version 8 was used to simulate the injector. Due to the symmetry of the
injector, only one hole was modelled. Models considering different levels of hydro-grinding were consid-
ered by altering the hole inlet radius. Needle movement was modelled. The SIMPLE algorithm was used
for pressure-velocity coupling. Internal flow calculation was performed using an Eularian three-fluid and
cavitation model. Nozzle geometry was reflected in the internal flow and spray characteristics. The initial
vapour void fraction was set at 0.0001 and the bubble number density was specified.

Cavitation was seen to occur at the hole inlet edge throughout the injection period. Asymmetric flow in the
nozzle was observed, but credited to the effect of numerical error. The occurrence of asymmetrical nozzle
flow was considered possible due to actual asymmetry in the geometry of a real injector. The cavitation
region was observed to separate into two regions due to secondary flow in the nozzle cross-section. Twin-
vortices of opposing rotational direction, considered to be the secondary flow, were formed in the nozzle.
The structure of these vortices changed during periods of low and high needle lift. Needle movement was
thus concluded to be a crucial element to the cavitation distribution.

Temperature effects caused due to the compressibility effects of liquid fuel were evaluated by Catania et
al. [36]. A computational model employing mass continuity, momentum balance and thermal conservation
equations was employed. Physical properties of fluids were modelled using equations of state that accounted
for both pressure and temperature variations.

Transient flow through a high-pressure pump-line-nozzle system was evaluated. Cavitation was modelled
using a barotropic model. Different thermodynamic evolutions of the vapour and mixture were evaluated.
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It was determined that the thermodynamic model applied to the system did not affect the macroscopic for-
mation of cavitation in the system. Pressure distributions were not affected by the variation in vapour void
fraction. It was concluded that modelling cavitating flow as isothermal was acceptable due to the negligible
temperature variations due to the vaporisation of fluid in the system. Additionally, it was observed that the
isothermal models produced the most conservative results with regards to vapour formation.

Blessing et al. [37] used experimental and computational methods to visualise cavitating flow in sac-type
common-rail diesel injectors. The influences of spray hole position, inlet rounding and nozzle conicity were
determined. Rail pressures of up to 800 bar were tested.

Experimental visualisation was achieved by attaching acrylic glass nozzle tips to real injectors. High speed
photography was used to capture the transient cavitation. FIRE v6.3, a finite-volume commercial CFD code,
was used to conduct computation simulation. A cavitation model, accounting for bubble growth and col-
lapse, used a linearised Rayleigh-Plesset equation was used to model fluid mass exchange. The bubble num-
ber density was specified and needle lift was accounted for.

It was observed that cavitation zones appear in cylindrical nozzles during the injection process. The rounding
of inlet edges caused greater flow uniformity and led to a reduction in cavitation intensity. It was concluded
that the combination of a rounded inlet edge and a sufficiently conical nozzle can prevent the formation of
cavitation in the nozzle.

The difficulties encountered in the numerical simulation of fuel injectors have been described by various
authors. These include

e the equation of state for diesel fuel. [12]

e the presence of shock-waves and phase transitions in the flow field. [12]

¢ the multi-scale nature of the flow field, which includes not only the microscopic nozzle, but also the
fluid transfer cavities in the injector and the combustion chamber. Multiple turbulence scales exist,
necessitating large computational resources to capture the turbulence effects. [12]

e the tracking of droplets exiting the injector nozzle. [12]

e the large density difference between the vapour and liquid phases. The density of the mixture can
change several orders of magnitude over the space of a single computational cell and causes great
instability in numerical codes. [26]

o the existence of complex free surfaces at the liquid-vapour interface. [26]

e the treatment and tracking of the second and mixed phases. [26]

2.5 Analytical modelling of bubble collapse

Zwick [38] gives a comprehensive formulation of a continuum approach describing the behaviour of a vapour
bubble in liquid. Heat transfer and vapour condensation effects are accounted for during bubble growth and
collapse respectively. Heat transfer equations involving convection and diffusion, as well as the temperature
distribution inside and outside the bubble, are solved. The bubble dynamics for both bubble expansion and
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collapse are described using a non-viscous form of the Rayleigh-Plesset equation. Experimental analysis of
bubble growth in superheated water was conducted. Comparison of the integral solution to the theory with
experimental data found the results to correlate well.

A comparison between two different modelling approaches is given by Lugli el al. [39]. The first model eval-
uated is a hydrodynamic model, with dynamics described by the Rayleigh-Plesset equations. The authors
observed that viscous terms dominate the deceleration of the bubble wall until shock-like rebound occurs.
The second model presents a molecular dynamics description of bubble collapse, which applies Newton’s
laws directly to molecules in the fluids.

It was noted that limitations of hydrodynamic models arise due to the macroscopic considerations involved
in their derivation. Standard continuum mechanics is ill-suited to the locally extreme conditions present
in a collapsing bubble. Such conditions include accelerations of 10!! g and supersonic changes in velocity
that occur on a picosecond time-scale. Additionally, models apply assumptions of uniform pressure and
temperature within the bubbles. Another limitation is that this model assumes thermodynamic equilibrium,
describing conditions where macroscopic fluid variables such as pressure and temperature do not change
greatly over molecular length and time-scales.

After the evaluation of the performance of each model’s description of the collapse of a 1 nm and 1.5 nm
in liquid water of varying temperature, it was concluded that both models provided similar results at the
nanometre length scale.

Several methods for solving the Rayleigh-Plesset equation are assessed by Alehossein et al. [40]. Four finite
differencing schemes, namely the Euler, central, modified Euler and Runge-Kutta-Fehlberg (RKF) schemes,
were evaluated using both constant and variable time-steps. It was found that the RKF method produced the
most accurate solution for constant time-steps, while variable time-stepping reduced the computation time
significantly. The central differencing method was found to be inefficient and unstable.

The collapse of cavitation bubbles is a rapidly developing area of study. Many papers are available describing
the collapse of bubbles in liquids, and models are often extended to investigate near-wall effects (41, 42], free-
surface effects [41], microgravity environments [43], asymmetric collapse [41, 42, 44] and the formation and
effects of sonoluminescence [45, 46, 47, 48, 49]. The mathematics described in the majority of these models
is well outside the scope of this dissertation, and was not focussed on. Instead, the relevant points from the
literature have been highlighted in the list below.

o The Rayleigh-Plesset equation is commonly used to describe bubble dynamics for cavitation bubble
collapse. The assumptions made in the application of boundary conditions and the solution of the
Rayleigh-Plesset equation can have a significant effect on the results attained from the model.

o It is possible to model bubble oscillation in weakly compressible fluids using an extension of the
Rayleigh-Plesset equation, known as the Keller equation. [50]

o The external or far-field pressure is either assumed to be constant [43] or of a periodic nature, often
approximated as a sinusoidal function [45, 46, 48].

o The gas in the bubble is often considered to undergo polytropic compression [40, 42, 50], and is mod-
elled as an ideal gas [46]. On some occasions, heat transfer effects are neglected and the adiabatic laws
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are applied to determine the pressure or temperature of the bubble [41, 45, 49, 51]. In certain circum-
stances, the van der Waal equation is also considered applicable in the calculation of the bubble pressure
[45]. |

o It is possible to extend the Rayleigh-Plesset equation to include the effects of the compressibility of the
surrounding liquid [51].

o The effects of heat-transfer or mass-transfer between the bubble and surrounding environment are
sometimes neglected. It is shown that the bubble behaves isothermally when the radial velocity of
the bubble wall is small, while there is very little heat loss, representing adiabatic behaviour, only when
the radius of the bubble begins to decrease rapidly [44, 47]. Mass transfer is analogous to heat transfer,
as when the bubble wall moves slowly vapour is able to diffuse out of the bubble, while vapour is
trapped within a rapidly collapsing bubble [44, 47].

2.6 Critique of reviewed literature

The following shortcomings have been noted whilst reviewing the available literature on this subject:

e There is little discussion of the level of inaccuracy of treatment of fluids as inter-penetrating as opposed
to two distinct fluids.

¢ Disadvantages of particular assumptions made during numerical modelling, such as assuming an ax-
isymmetric nozzle or incompressible liquid, was not found.

e The advantages and disadvantages to not using a fine grid around the region of cavitation are not
discussed.

¢ Numerical modelling and simulation of vapour void space and bubble collapse in fuel injector nozzles
using commercial CFD packages is not widely discussed. Literature discussing full bubble dynamics
that accounted for both growth and collapse of bubbles was found, but there was no reference to the
use of the current version of FLUENT® , which employs the “full cavitation model”, to model this
phenomenon.

e There is no reference in the literature as to what happens to the internal flow-field in the injector or its
nozzles after the needle is reseated. A situation such as this would occur once an injection event has
ceased.
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3. Cavitation and Bubble Dynamics

Cavitation is the process of nucleation in & liquid associated with & sudden decrease in pressure in a fuid.
Cavitation imvolves the rupturing of a fluid, as the pressure exerted on it exceeds the tensile strength of the
fluid. This phenomencn results in a fluid phase-change and local regions of vapour forming in an otherwise
liquid fluid, [25]

This chaper examines the fundamental ideas used in lhe formation of the governing equation for bubble
dynamics. Tl alse briefly describes the factors affecting the formation, growth and collapse of bubbles as seen

i1 a cavitation envippnment.

3.1 One-dimensional theory

The cavitation phenomena occurs in a nozzle when fluid fows around a corner. This is most prevalent ag the
nozzle entrance, where high speed fluid changes direction suddenly as it moves inte the nozale, A low static
pressure in the throal of the nozzle is associaled wilh Lhe direction change.

One-dimensienal theery is & product of incompressible flow theory, and indicates that flow around a corner
of zero radius of curvalure will have an infinite negative pressure. This is a phvsically impossible ovutcome,
and is a consequence of the assumption of comstant density made in the formulation of the theory. When the
pressure drops below the fluid vapour pressure, the fluid density will change and vapour bubbles may begin
ter form. The sharper the cornet; and higher the velocity at the nozzle entrance, the more likely cavilation is
to oo, | 20]

Figure 3.1 describes the nature of cavilating flw in a nozzle.

Lerw pressure region
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Figure 3.1: Deseription of fluid flow in a cavitating nezzle [3]
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As fluid flows around a sharp corner, flow separation oceurs at the nozzle entrance which results in the
presence of @ verg contracta. The area through which fluid flows near the entrance of lhe nozzle is effectively
decreased. The ratie between the minimum cross-rectional area at the ene contracta and Uhe overall cross-

sectional area of the nozele is known as the coetficient of contraction, and 1= defined as [20]

A,
== (3.1}
A

where A. is the reduced flow area of the vena condrecha, described in Figure 3.2(a)

The coefficient of contraction is largely dependent on the geometry of the nozzle and cavitation parameters.
A very rounded nozzle may not contain a separated flow field, and will therefore have a coefficient of con-
Eraction of unity. Experimental and theoretical analysis show that the coefficient of contraction of a sharp
entranced nozzle should be apgroximately 0,611, [20]

This value has been measured in a steady-state condition for both cavitating and non-cavitating flows, It has
also been observed that, at hugh injection pressures, the vapour region can elongate and not cause any further
disruption to the fow, [20]

The coefficient of discharge, defined as [20, 4]

O = e ey (5.2)

Wi As/Zpr ;e — pa)

where s is the measwred mass flow rate Hoowugh the nozzle
g 15 the ideal mass flow rate predicted by Bernounili’s theorem

. describes the efficiency of the nozsle between two measured points. One can therefore measure the losses
in the system by comparing the theoretical maximum flow rate with the measured flow rate. [20]

The one-dimensional model makes the assurnpdion that the pressure at the point of contraction is eguoal to
Lhe vapour vressure, . This implies that all losses in the nozzle occur between the veng condracks and the
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(a) Description (b} Experimental coefficient of discharge vs cavitaticn namber [21]
Figure 3.2 One dimensional noezele theory
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3. CAVITATION AND BUBBLE DYNAMICS 3.2. NOZZLE THEORY

second measured point. With this assumption, the mass flow rate is described only in terms of the vapour
and upstream pressure, with the downstream pressure not affecting the flow: [20]

m = A.Ccv20L (P — Py) (3.3)

The points at which the pressure values are referenced in Equation 3.3 are shown in Figure 3.2(a). Equation
3.3 describes a situation similar to that of a choked nozzle. This behaviour has been observed experimentally
in cavitating venturi nozzles. [20]

Using the definition of the coefficient of discharge, continuity and Bernoulli’s equation, the following de-
scription of the coefficient of discharge (Equation 3.4a) and the cavitation number (Equation 3.4b) can be
developed: [20]

Ca=C.(K)?} (3.4a)
_ P 1 P, v
-3-h (3.4b)

Nurick [52], after plotting the coefficient of discharge vs cavitation number on log-log axes, observed that
the cavitating region lay on a straight line. The y-intercept of the line is the coefficient of contraction and
the slope is one-half. When the pressure difference between the inlet and outlet is sufficiently small and K
becomes large, cavitation no longer occurs. At these high values of K, the coefficient of discharge becomes
largely constant. At high values of K, flow is best characterised by the Reynolds number, as opposed to using
the cavitation number. [20]

Various experiments have been conducted by numerous authors over the past sixty years, and results were
collated by Schmidt et al. [20] in order to determine the extent to which the coefficient of discharge has
a square root dependency on the cavitation number. Figure 3.2(b) shows the results of experimental work
plotted against the theoretical result. These results largely conform to Nurick’s hypothesis. Sources of error
in the experimental results include the inaccuracy of measuring the sac pressure and the inclusion of needle
effects. [20]

It is noted that at the beginning and end of injection, the needle will greatly affect the coefficient of discharge
described by one-dimensional theory. This is because the low needle lift causes a large pressure loss across
its surface. Thus, the measured value of K is only valid during periods of high needle lift. [20]

3.2 Nozzle theory

One-dimensional theory is a useful tool that can be used to analyse ideal nozzles with sharp inlet cor-
ners. However, all manufactured nozzles have some curvature on the nozzle inlet, which may render one-
dimensional theory inadequate for analysis purposes.

There is, however, no established theory for determining and characterising nozzle flow. Therefore, one is
obliged to rely on empirical data described by experiments. These data can be interpreted in the form of
several cavitation parameters described in the following section. [4]
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3. CAVITATION AND BUBBLE DYNAMICS 3.2. NOZZLE THEORY

Firstly, it is necessary to describe the physical factors that affect nozzle flow. The physical dimensions of the
nozzle significantly influence the severity of cavitation, duration of the bubble, and energy release during
bubble collapse [21]. These factors include the [4, 21]:

1. nozzle diameter

2. orifice taper

3. nozzle length

4. radius of curvature at the inlet corner

5. upstream pressure

6. downstream pressure

7. viscosity

8. liquid density

9. vapour pressure

Furthermore, dimensionless parameters such as the cavitation number (described by Equation 3.4b) and the
Reynolds number based on “hydraulic” head also characterise the flow. The head-based Reynolds number

is defined as [4]
Rep = 20%a _ pid, [2(1 —p2) (3.5)
b b pu

The coefficient of contraction for rounded-inlet nozzles, based on experimental data and described by Nurick,
has the same meaning as defined as [4]
C.= —— (3.6)

where C,; is the theoretical constant, equal to 0.611, described in Section 3.1. Nurick observed that when
3 > 0.14, a vena contracta was not formed [11].

It is known that in sharp-edged nozzles, number defining cavitation inception is K = 1.9. However, in order
to account for the effects of nozzle rounding, an empirical relationship has been developed, and is described

by [4]

r\2 1000
Kincep = 1.9 (1 ~ E) - 2 (3.7)
The cavitation number that predicts when hydraulic flip will occur is defined as [4]
Kerit = 1+ ! (38)

(1+4) (1+%‘.’)e1¥

It should be noted that if 3 > 0.05, then hydraulic flip is considered impossible and K.i; = 1. The cavitation
number as well as the critical and inception cavitation numbers can be used to determine the state that the
nozzle will be in [4]:
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1. K> K incep
Single-phase nozzle; cavitation does not occur and no vapour appears in the nozzle.

1

Cy=———— (3.9a)
- 1+2.25%
o + 205
Cgu = 0.827 — 0.0085% (3.9b)
m
Ue = pz_A (310)
2. K < Kt’ncep
Cavitating nozzle; vapour forms in near the nozzle inlet
Ci=C.VK (3.11)
U = 2Cp1 —p2 + (1 — 2Cc)pv (3.12)
C. \/291 (p1 — pv)
3~ K S Kcrit
Flow may be cavitating or single-phase; hydraulic flip occurs
Cq=Cy =0.611 (3.13)
™m
- 3.14
te plCctA ( )

The formulation of the velocity of the fluid jet exiting the nozzle depends on the state of the nozzle. For
a single-phase nozzle, it is appropriate to assume a uniform exit velocity. Application of the principal of
continuity of mass reveals Equation 3.10. Equation 3.14 is produced in a similar manner to Equation 3.10;
however, it accounts for the loss of cross-sectional area of the fluid jet. For the cavitating nozzle, Schmidt and
Corrandini showed that the assumption of a uniform exit velocity is not valid. Equation 3.12 was derived to
account for the greater velocities experienced through a reduced cross-sectional area during cavitation. [4]

3.3 Mechanisms involved in cavitation

The following section describes, in brief, the cause for, and factors involved in, the cavitation effect. Physical
and experimental observations, as well as the mathematics used to describe bubble formation, are discussed.
A more detailed summary of relevant information can be found in Appendix A.

3.3.1 Causes of- and factors affecting- phase change

There are two main factors that can initiate a phase change in a fluid. These are a sudden decrease in pressure,
which leads to cavitation, or an increase in temperature, which results in boiling. In both cases, phase changes
may occur locally and not affect the whole fluid environment as only regions in the fluid may be reach its
tensile strength.

Cavitation is the process of rupturing a liquid by a decrease in pressure at a roughly constant liquid temper-
ature. A liquid at constant temperature could be subjected to an absolute pressure lower than its saturation

CENTRE FOR RESEARCH IN COMPUTATIONAL AND APPLIED MECHANICS PAGE 23
UNIVERSITY OF CAPE TOWN



3. CAVITATION AND BUBBLE DYNAMICS 3.4. BUBBLE GROWTH

vapour pressure. Fluid rupture occurs when the pressure difference between the absolute- and vapour- pres-
sures is greater than the tensile strength of the fluid at that specific temperature.

Nucleation describes the mechanism involved with the inception of cavitation. Two types of nucleation
exist, namely homogeneous and heterogeneous nucleation. Heterogeneous nucleation occurs at a boundary
interface between the liquid and a solid wall or contaminant particles suspended within the fluid; it is this
mechanism that best describes the process expected in nozzle flows. [25]

Due to the hydrodynamic flow in a system, some regions in the domain will have the optimum geometry to
promote bubble growth. As the pressure in the flow regime decreases below the vapour pressure, more areas
become capable of generating and releasing bubbles into the flow. In fuel, dissolved gases and microscopic
particles that pass through fuel-filters will act as nucleation sites [21]. Microscopic surface geometry has a
great effect on nucleation, and surface imperfections can act as nucleation sites. [25]

A further cause of nucleation is the presence of contaminant gases that reside within the liquid. These mi-
croscopic bubbles exist in all liquids, as deaeration techniques are not able to remove all gas impurities. The
contaminant gas acts as a point of weakness in the fluid, and increases the likelihood of localised fluid rup-
ture. The volume of contaminant gas present in the fluid may cause an increase or decrease in cavitation
inception pressure. It is noted that an extremely well purified liquid may have a contaminant gas content of
0.01 ppm. However, decreasing the volume of the NCG below 3ppm in a water tunnel takes a substantial
period of time. The mass fraction of air present in water at saturation pressure is approximately 15 ppm. [25]

In a viscous flow system, the minimum pressure experienced in the flow domain will depend on the Reynolds
number, which means that the cavitation pressure is also dependent on the Reynolds number. Most flows
are both turbulent and unsteady, so both free- and forced- shedding of vortices may occur. The pressure
at the centre of a vortex may reach pressures well below the mean pressure of the flow. The implication of
this is that cavitation may begin at a transient vortex centre as the pressure there drops below the vapour
pressure. [25]

3.4 Bubble growth

Bubble growth can occur due to mass diffusion, thermal, non-equilibrium, convective and surface-roughening
effects.

Diffusion of vapour and contaminant gases between the bubble and surrounding liquid changes the mass of
the bubble, although the diffusion of contaminant gases only occurs in small quantities over very small time
intervals. Change in ambient pressure may also lead to the increase or reduction of bubble mass. Thermal
effects only become important over longer time intervals, as the thermal boundary layer is small in inertially
controlled bubbles. Convective heat transfer occurs when there is a significant difference in velocity between
the bubbles and the surrounding liquid. Surface roughening effects describe heat transfer at the bubble
surface due to its instability. [25]

The rate of bubble growth is affected heavily by the thermodynamic properties of the fluid. These properties
are functions of temperature, and therefore as the temperature of the working fluid changes, the rate at which
cavitation occurs will change. This is because a change in temperature affects not only the physical properties
of the fluid, but also the pressure at which cavitation inception occurs. [25]
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3.5 Bubble collapse

Cavitation bubble collapse is a substantial and important topic in its own right. The collapse of a vapour-
filled bubble in a fluid is often violent and causes much damage to the surrounding material. High velocities,
pressures and temperatures are often present in this event. [25]

Collapsing bubbles do not remain spherical. However, spherical analysis is often useful to gauge the maxi-
mum possible values of fluid properties such as pressure and temperature that could be attained in such an
event. The collapse of a real non-uniformly shaped cavity will create pressures and temperatures of lesser
magnitudes than the spherical bubble case because the point of the collapse is dispersed as opposed to being
focused at the bubble centre. Factors such as the diffusion of gas from the liquid into the bubble or vice versa,
as well as liquid compressibility, reduce the magnitudes of properties experienced during bubble collapse.
Compressibility itself has a tendency to reduce the velocity of collapse by a significant margin. [25]

Another factor that complicates collapse is the presence of non-condensable gas or thermal effects. This is
because the pressure within the bubble can no longer be treated as constant. While there exists some gas
that will decelerate the collapse of a bubble, fluid compressibility does not have a major role in the bubble
dynamics. It does however have a significant effect on the formation of shock waves formed when the bubble
rebounds after collapse. This is because of the propagation of a pressure pulse directed away from the bubble
after it has reached its minimum size. Lastly, it has been noted that surface tension and viscosity do not have
a major effect in bubble collapse. [25]

There are three main stages to bubble collapse in a stationary fluid: [25]

1. The initial inward acceleration of the bubble due pressure difference between the bubble and the sur-
rounding fluid.

2. A stage of greatly increasing inwards acceleration, which occurs prior to the period of significant com-
pression within the bubble, due to external pressures and surface tension effects

3. The rebound stage, where the acceleration is very large in the outwards direction

All vapour bubbles that collapse to a size several orders of magnitude less than their maximum size produce
a cloud of smaller bubbles upon collapse. This phenomenon occurs over an extremely small time-scale.
Furthermore, it is important to note that fluid flow effects cause the bubbles to deform and will significantly
alter the effect experienced during bubble collapse. [25]

3.5.1 Thermal effects

It is important to note that the collapsing bubbles can experience thermal effects early in the collapse in a
similar manner to that experienced in bubble growth. Even though these effects may be negligible for most
of the phase of collapse, they do have a significant effect during the final stage of collapse when the contents
of the bubbles become highly compressed due to the inertia of the surrounding fluid. This implies that the
bubble can be treated as an isothermal entity for the initial stages of collapse, and adiabatic for the very high
velocity period of collapse. Both pressures and temperatures predicted during a spherical bubble collapse
are very high. [25]
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The non-condensable gas in the bubbles is assumed to behave adiabatically because of the very short time
that elapses during collapse. It has been shown that heat transfer between the gas and the liquid is important
because of the very small distances and large temperature gradients involved. [25]
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4. Computational Modelling

The following chapter outlines the Mathematical and Physics principals that are involved in computational
modelling. The fundamental equations defining fluid motion, along with multiphase fluid and turbulence
models, are discussed. The method involved in solving the fluids equations is outlined, and the conditions
defining the boundaries of model geometry are presented.

FLUENT® employs the finite volume method for domain discretisation and equation solving. It is a nu-
merical algorithm that involves the integration of governing equations over all control volumes in a domain,
the conversion of integral equations into a set of algebraic equations using finite-difference approximations
and the solution of equations by an iterative method. This method allows all quantities to be conserved on a
per-cell basis. The following equation describes the conservation of a quantity ¢ in a cell [53]:

[ Rate of change of ¢ in the ] _ [ Net flux of ¢ due to ]

control volume with respect to time convection into the control volume

inside the control volume

Net flux of ¢ due to Net rate of creation of ¢
diffusion into the control volume

41 The mixture model

Multiphase flow is, as the name suggests, characterised by the interaction of two or more fluids. In the context
of the cavitation problem, it can be described as a bubbly gas-liquid flow where discrete gas bubbles move
in a continuous fluid. The mixture model employs a single-fluid approach, where the different phases are
consider to be interpenetrating continua. This implies that the bulk flow is modelled considering a single-
fluid. For cells that are occupied by more than one fluid, the quantities of each fluid in the cell is expressed
using a volume fraction. The total volume fraction of all the phases occupying a particular cell sums to 1.
Conservation equations are expressed in terms of the constitutive fluid’s volume fractions, and are closed
using empirical relations between variable quantities. [4]

The mixture model was is a simplified multiphase model developed to model flow containing at least one
fluid. It solves the mixture momentum equations and can account for relative velocities between each phase.
The magnitude of the Stokes number calculation is used to determine whether the slip velocity between
phases is an important factor. [4]

This section presents the fundamental equations that define the motion of fluid as well as various other fluid
properties. Each equation is defined in terms of a Cartesian coordinate system.
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4.1.1 The continuity equation
The continuity equation for the fluid mixture is [4]

2 (o) + V- (pmiim) =0 1)

where ¥, is the mass-averaged velocity
Pm is mixture density

and are defined by the following equations:

n
Z Pk Uk
- k=1
Uy = — 4.2a
Pm ( )
pm = Ckpk (4.2b)
k=1

where ay is the volume fraction of phase k.

Equation 4.1 is valid for both compressible and incompressible flows. For an incompressible fluid, the density

i)
of the fluid remains constant and the time derivative ap is zero.

412 The momentum equation

The conservation of momentum equation for the mixture is obtained by summing the individual momentum,
or Navier-Stokes, equations for all phases. It is expressed as [4]

8, . Lo . . - = I
ot (pmUm) + V- (pmUmim) = =Vp+ V- [IJ‘m (V'Um + (va)'l‘)] +pmg+F+V- (Z akpkvdr,k'vdr,k) 4.3)
k=1

where n is the number of phases
F  is abody force
Um is the viscosity of the mixture

Uar,k 1s the drift velocity for the second phase k

The first two terms on the left hand side of Equation 4.3 describe the local and convective acceleration, while
the terms on the right hand side of the equation describe acceleration due to a pressure gradient, viscous
effects and external forces.

The mixture viscosity and the second phase drift velocity are defined by [4]:

n
Pm = Zakuk (442)
k=1
Tark = Tk ~ T (4.4b)
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4.1.3 The energy equation

The energy equation takes the following form in the mixture model [4]:

0 < L
Fn > (oxprEx) + V - (okk (oxEx + ) = V - (kessVT) + Sg (4.5)
k=1

where E; is equal to the sensible enthalpy, Ay, for incompressible phases
kess is the effective conductivity defined by sum of the laminar and turbulent thermal conductivity
for each phase, 3" ay (kx + k)
Sg includes volumetric source terms

4.1.4 Cavitation model

A cavitation model is incorporated into the mixture model to account for the mass-transfer effects between
a single liquid and its vapour experienced during cavitation. The model used is the “full cavitation model”,
developed by Singhal et al. [24]. The model accounts for all first-order effects, namely phase change, bubble
dynamics (formation and collapse of bubbles), turbulent pressure fluctuations and non-condensable gases.
Furthermore, it has been modified to include the effects of multiphase-species transport, slip-velocities be-
tween phases, as well as thermal and compressibility effects of the liquid and gas phases. It has been used
successfully in modelling cavitation in diesel fuel injectors, and correlates well to Nurick’s work. [24]

The formulation of the model employed a homogeneous flow approach to the relationship between the den-
sity of fluids and their associated volume fractions. This simplification is considered valid because the veloc-
ity slip between liquid and vapour phases is generally small, and the generated vapour consists mainly of
small bubbles. [24]

Extension of the original work of Singhal et al. [24] has been completed in order to account for the limitations
of the initial work. The cavitation model supplied in FLUENT® 6.2.16 accounts for multiphase flows with
multiphase species transport, the effects of slip velocities between liquid and gas phases, and the thermal
and compressibility effects of liquid and gas phases. A limitation that remains is that the non-condensable
gas mass fraction is considered to be constant throughout the flow field. [4]

Vapour transport
Equation 4.6 is a vapour transport equation that governs the vapour mass fraction, denoted by f [24]):

2 (m) +V (o) =V (91) + Re — Re 9)

where p,, is the density of the mixture, taking into account the effect of non-condensable gases
¥y is the velocity vector of the vapour phase
v is the effective exchange coefficient
R, is the vapour generation term
R, is the vapour condensation term

The density of the mixture is calculated as [24]

Pm = Qupy + agpg + (1 —ay — ag) ot (4.7)
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The density of the non-condensable gases, p,, is defined by the ideal gas equation: [24]

wp
Pg = RT 438)
Phase change rates
The vapour generation and condensation terms, or phase change rates, are derived from the Rayleigh-Plesset
equations, described in Chapter 3. These terms take bubble size into account by limiting the size of the bubble
based on the surface area per unit volume.

The rates are defined in Equations 4.9 and 4.10 for an instantaneous, local static pressure p. The two equations
described take into account the effects of turbulence-induced pressure fluctuations and non-condensable
gases.

When p < p, [24]

Ver 2(po—-p
Re=C 2 pp |28 =B g, ) 9)
, and when p > p,, [24]
_oYer, [2(p=Pv)
R, = Cc p PPt 3Pl fv (410)

where p, is the actual vapour phase of the liquid at a given temperature
V. is a characteristic velocity approximated by the local turbulence intensity, V., = vk
o is the surface tension coefficient of the liquid
C. is an empirical constant, equal to 0.02
C. is an empirical constant, equal to 0.01

The pressure change due to turbulence-induced pressure fluctuations is described in Equation 4.11a [24]:

1
Dy = '2' (paat +pturb) (4113)

Prurp = 0.39pk (4.11b)

where p,q: is the saturation vapour phase of the liquid
Dturd 18 the turbulence-induced pressure fluctuation
k  is the local turbulence kinetic energy

42 Turbulence modelling

A turbulence model is introduced in order to provide “closure” to the Navier-Stokes equations. They provide
efficient means to resolve the fluctuating components of velocity in order to reduce computational expense. In
order to achieve this goal, the exact governing equations can be time-averaged to remove the small fluctuating
components, but this introduces additional variables into the equations. Turbulence models provide a means
of computing the newly introduced variables. Turbulence models are chosen based on the characteristics
of the flow-field. The underlying assumptions and approximations made in the formulation of each model
limits their capabilities. [4]
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Two methods have been devised in order to alleviate the necessity to resolve small time-scale turbulent
fluctuations, namely Reynolds-averaging and filtering. Reynold’s averaged Navier-Stokes (RANS) govern
the transport of average flow quantities and models the entire range of turbulence scales. This way, they
greatly reduce the computational resources required to resolve a flow-field. This method is used in many
engineering applications, and is the method adopted for use in this dissertation. [4]

421 Reynolds-Averaged Navier-Stokes

In Reynolds-averaging, the exact solution of the Navier-Stokes equations are decomposed into the mean and
fluctuating components. Equation 4.12 describes the decomposition for velocity and other scalar components,
such as pressure and energy [4]:

up = U + U} : (4.12a)

p=0¢+¢ (4.12b)

where @; are the mean components of velocity

are the fluctuating components of velocity
¢ are the mean scalar values

¢’ are the fluctuating scalar values

By substituting this form of the flow variables into the instantaneous continuity and momentum equations
and taking a time-average, they can be expressed in Cartesian tensor notation as [4]:

8p 0 _

5 + 5;: (pus) =0 (4.13a)
O (ous) + 2 (o) =~ 4 O [ (Ou 0w 25 Oun\] | O\ o
E (pu') + a.'l:j (pu,u,) - 8.’1:,' + a.'l:j |:/"' (8:51 + 8:5,- 36"7 sz)] + a.'l:j ( pu,uj) (4‘13b)

The equations expressed above are called the Reynolds-averaged Navier-Stokes equations. They are ex-
pressed in a similar form to the general Navier-Stokes equations, but now represent the time-averaged val-
ues. The terms that appear on the far right of Equation 4.13b, known as the Reynold’s stresses, represent the
effect of turbulence. It is these Reynold’s stresses that need to be modelled in order for the RANS equations
to be “closed”.

4.2.2 k-¢ turbulence model

The standard k-¢ model, proposed by Launder and Spalding in 1974, is the most robust and widely-used
turbulence two-equation model. It is robust, computationally economical, and provides reasonable accuracy,
allowing it to be used in many applications in industry. [4]

It is a semi-empirical model; the derivation of the model equations relies on phenomenological considerations
and empiricism. Two separate transport equations are solved and allows the turbulence length and velocity
scales to be independently determined. This turbulence model is only valid in regions where the cell y*
value is greater than 11.225. [4]
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Boussinesq approach

Like many other turbulence models, the k-¢ turbulence models make use of the Boussinesq hypothesis to
relate the Reynold’s stresses to the mean velocity gradients [4]:

6‘!14' 6uj) _

— 2 6u,- ]
— PUU; = it (% + Bz, 3 (Pk + “ta_x.-) d; 419

where p; is the turbulent viscosity

The use of this hypothesis greatly reduces the computational expense of computing the turbulent viscosity.

Model transport equations

Two additional transport equations for turbulent kinetic energy, k, and turbulence dissipation rate, ¢, are
solved and turbulent viscosity is solved as a function of these terms. The standard k-¢ model was developed
under the assumption that flow is fully turbulent, and is thus valid only for fully turbulent flow.

The turbulence kinetic energy and turbulence dissipation rate are calculated from the following transport
equations [4]:

0 0 _ 0 ut\ Ok
5% (ok) + Er (pkus) = % [(p. + O'k) 6:1:,»] +Gr+Gp—pe—Yp + Sk (4.15a)

0 0 _ 9 we\ O € €2
E (pe) + Bz, (peu,) = . (/l. + —) a] + Cle'E (G + C3.Gs) Czepf + S, (4.15b)

where Gy is the generation of k£ due to mean velocity gradients
o is the turbulent Prandl number for k&
oe is the turbulent Prandl number for ¢
Sy is a source term '
S. isasource term

The turbulent viscosity is determined by Equation 4.16 below [4]:
k2
w=pCy = (4.16)
Equations 4.15 and 4.16 contain several constants. The standard model constants, derived experimentally,
are listed in Table 4.1.

Cle C2e Cu Ok g€
1441192009 ]1.0| 13

Table 4.1: Standard k — ¢ model constants [4]
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4.2.3 Enhanced Wall Treatment

Erhanced Wall Treatment (EWT) is a muodedling technigue that combines a two-layer turbulence model with
enhanced wall functions. [t makes allowance for the use of a standard turbulence model with a fine grid that
wiould otherwise invalidate the use of that model, This allows the computational grid to be fine in areas of
interest, and coarser where possible. Such instances of the invalidation of a wall-function appreach inciude
situations where severe pressure gradients are the cause of boundary layer separation. [4]

FUTY
u! = 5 {417}

where ¥ is the distance of the cell centre away from the adjacent wall

The definition of the wall ¥t value is stated 1n Equation 4,17 above. Where the mesh is fine encugh te resolve
the laminar sublayer {y* = 1}, the model will only employ the two-layer zonal model. When the mesh
is sufficiently course (3! = 11.225), the standard turbulence maodel functiuns fur fully hubualent flow will
become solely applicable. In-between these two y+ values, neither formuiation is valid. The EWT supplies
a mechanism to apply the necessary near-wall treatment to the flow demain according to the wall y+ value,
even for intermediate meshes, [4]

turbulent core

buffer and - | e
sublayer I Mg

Wall function approach Near-Walt model approach
Figure 4.1: Description of near-wall treatment methods [4]

Briefly described, the two-layer zonal model employed for low pt valoes reselves the viscosity-affected near-
whall region all the way tu the viscous sublayer. It specifies values for « and g, in the near-wall cells according
to their cell Reynolds number, fie,. When #e,, > 200, the flow in the cell i fully wrbutent and the k-- model
will be employed. [n the laminar and transition regions, Wolfstein's ohe-equation moded is used, along with
a blending function, to determine the turbulence length scale and viscosity; [4]

Enhanced wall functions blend the laminar law-of-the-wall function with a turbulent law-of-the-wall formu-
lation. This allows the feature to be valid for the entire near-wall region, from the laminar sublayer, through
the buffer regiom and inte the fully turbulent cuter region. It provides a reasonable representation of the
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near-wall velocity profile for 3 < y* < 10. It also has the ability to account for pressure gradient effects near
the boundary layer. [4]

However, were it important, in order to correctly resolve the laminar sublayer the y* value of the cell adjacent
to the wall should be approximately 1, with a maximum of 4 or 5. At least 10 cells spanning away from the
wall should have a Re, < 200. [4]

4.3 The numerical solver

FLUENT® uses numerical methods to solve the governing integral equations described in Section 4.1 as well
as turbulence and other equations. The computational domain is divided up into control volumes using a
computational grid. [4]

Integration of the governing equation for each quantity occurs over each control volume. This produces a
set of algebraic equations for each variable, which are then linearised. The set of linearised equations are
subsequently solved and the values for the dependent variables are yielded. [4]

43.1 The segregated solver

The segregated solver employs an algorithm that sequentially solves the governing equations. Since these
equations are both non-linear and coupled, several iterations of the solution method must be performed in
order for a converged solution to be achieved. [4]

Pressure Interpolation '

The standard calculation scheme used in FLUENT® interpolates the pressure values at the cell faces using
momentum equation coefficients. Large pressure gradients in the momentum source terms result in a high
pressure gradient at each cell face. This makes the scheme unusable, especially for course grids. It is possible
to use a second-order scheme to increase accuracy of the cell wall pressure calculations. It does, however,
require a good quality mesh to be used. [4]

4.3.2 Discretisation

FLUENT® makes use of a control-volume-based technique in order to convert the governing equations to al-
gebraic equations that can be solved numerically. This method involves integrating the governing equations
over each control volume. This in turn results in discrete equations that will conserve each quantity over the
control-volume. [4]

Numerical diffusion and discretisation schemes

Numerical diffusion is the result of inaccuracy in the numerical discretisation scheme. Errors in the discreti-
sation of the governing equations over a control-volume occur when the flow through the cell is not aligned
with the cell faces. In order to reduce numerical diffusion, higher order discretisation schemes may be used.
The use of such schemes depends on the computational grid used, and the flow pattern through the grid. [4]
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For highly convective flows, upwind numerical schemes should be used. These use face values derived from
cells that are upwind relative to the direction of fluid motion. First-order schemes assume that the cell-centre
of any quantity represents the average value throughout the cell. [4]

When flow is not aligned well with the cells, a second-order scheme is preferred over a first-order scheme. A
Taylor series expansion about the cell centroid is used to provide a relationship between the properties of the
cell and the position within the cell. However, this method sacrifices speed for accuracy. [4]

The QUICK scheme can also be used for rotating flow on a hexahedral grid, as it provides even greater accu-
racy than the second-order scheme. This scheme employs a weighted average of second-order and central-
differencing interpolations for a variable at a cell face. [4]

The discretisation of time is necessary for transient models. This is because each governing equation is inte-
grated over every time step. First-order temporal discretisation is employed; this uses the values calculated
at the current and next time-step to determine conditions present at the next time-step.

Under-Relaxation

The magnitude by which a variable is changed between computational iterations must be limited by means
of an under-relaxation factor. This change limiting is necessary due to the non-linearity of the governing
equations, and ensures computational stability in the solution algorithm. [4]

4.3.3 Pressure-velocity coupling

The segregated solver uses a pressure-velocity coupling algorithm to relate the velocity components to the
pressure-field. In general, a pressure-field is guessed, which allows for the resulting velocity-field to be de-
termined. Several iterations of this guess-and-correct procedure are necessary to obtain an accurate quantity-
field.

PISO

The PISO algorithm, formulated by Issa (1986), is an extension of the SIMPLE algorithm. It makes use of a
pressure predictor step and two velocity correction steps. This has found to be an efficient and fast computa-
tional method, albeit computationally expensive. [53]

The PISO algorithm is recommended for transient flow calculations. It is able to maintain a stable calculation
for a larger time-step and higher under-relaxation values in comparison to other algorithms. [4]

43.4 Solution convergence

A converged solution can be monitored by checking the values of residuals, statistics, property co-efficients
and the like. The solution residual is the sum of the residuals for all conserved variables calculated in the
flow-field. Convergence is hindered by complex flow conditions, small under-relaxation values and a large
number of computational cells. [4]

A decrease in variable residuals three orders of magnitude is a basic expectation of a converged solution.
This is not always the case, as factors such as the application of a turbulence model and a poor initial solution
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guess may hinder the former occurring. The best method of judging convergence is a check whether the
solution residuals stay more or less constant over a number of iterations, and whether the solution field looks
correct. [4]

4.4 Boundary conditions

The following paragraphs describe the conditions present- and calculation procedure followed at model
boundaries.

4.4.1 Pressure inlet

The pressure inlet condition can be used to describe compressible and incompressible fluid properties at a
flow inlet. It is most useful for a condition where the inlet pressure is known but the velocity of the fluid
is undetermined. The pressure inlet boundary imposes conditions for both total and static pressure. The
total temperature, as well as flow direction, fluid mixture fractions and turbulence parameters are also spec-
ified. [4]

For incompressible fluids, the total pressure is the sum of the static and dynamic pressures [4]:

1
Po =Dps+ §pl?l2 (418)

For incompressible flows, the total temperature is equal to the static temperature. Furthermore, the density
of the fluid at the inlet is either constant or determined as a function of temperature. [4]

4.4.2 Pressure outlet

The pressure outlet boundary condition is used to specify the static pressure at the outlet boundary. Were the
fluid to be at supersonic velocities as it crosses the boundary, the pressure is extrapolated from the pressure
from the adjacent cells as opposed to using the specified condition. All other flow quantities are extrapo-
lated from interior cells. The total mass flow of the fluid crossing the boundary can be specified in certain
circumstances. [4]

Conditions describing flow entering through a pressure outlet boundary can be set. These conditions include
the direction, temperature, turbulence parameters as well as the volume fraction of the entering fluid. The
specified pressure will be used as the total pressure of fluid that enters the domain through the pressure
outlet boundary. [4]

443 Wall

Wall boundaries are used to specify interfaces between fluids and solids regions. These solid regions can be
stationary or undergo a specified radial or translational motion. [4]
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A no-slip condition is imposed for viscous flows against wall regions. It is, however, possible to specify a
tangential velocity at a wall boundary in order to model slip. Alternativly, a shear stress can be specified at
the wall. [4]

Conditions that are specified at a wall include the wall motion, thermal properties, shear conditions and
surface roughness. These take into account heat transfer, movement of the wall and the turbulence of flow
near the wall. [4]

444 Axis

The centreline for an axisymmetric model is specified as an axis boundary. It can be described as an axis of
revolution, which allows certain three-dimensional geometries that involve 360° symmetry to be modelled
as a two-dimensional problem. 4]

No boundary conditions are specified at this boundary. The value of quantities of the cells adjacent to the
axis are used to describe conditions along the axis. Property gradients in the angular direction are considered
constant. [4]
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5. Analytical Modelling

The following chapter presenis the model used to approximate the conditions prevailing during the collapre
of an idealized cavitation vapour void space.

51 Context and purpose of the modei

A basic madel was developed to provide insight inlo the collapse of a cavitation vapour void space. 1t rep-
resents an model constructed to determine whether the temperatures involved in the collapse of the vapour
space may be high enough lo promote pyrolysis and thermal cracking,.

Generally, cavitation bubble modelling considers the collapse of individual cavitation bubbles as they flow
down the nozzle or are advected into regions of high pressure. The individual cavities that make up the
vapour space are treated as spherical bubbles composed of vapour and air and surrounded by vapour what
vndergoes pressure fluctuations. These bubbles may collapse during or after the injection process, depending
on local conditions.

Taking a slightly more macroscopic viewpoint, this model considers the collapse of a portion of the vapour
space. This model may not be enlirely representative of the collapse of the void space described by an ax-
symmetric nozzle, since for (his case the advected vapour takes the form of an anmilus around the liquid
flow stream [see Chapter 6 for greater detail). However, this model may reasonably describe the conditions
present in the collapse of the void created in a fully three-dimensional nezzle, An example of the conditions
deseribed before collapse are present in Figure 2.2, where there is a liquid-vapour interface on four of five of
the Cartesian sides of the void. The assumed condilions are depicted in Figure 5.1.

L I

| Callapsing vapour space
E \\3\?\' JLL“_\AL
& @
\SSNA SN R AN

Figure 5.1: Assumed bubble conditions
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The vapour space contains a mixture of both contaminant gases and fuel vapour. When injection ceases, the
high-velocity flow moving around the nozzle inlet edge will stop and the driver for cavitation is no longer
be present. The vapour that remains in the nozzle is subject to the compressive influence of the high static
pressure liquid core at the nozzle inlet.

The extreme pressure difference between the vapour, which is at vapour pressure, and the liquid, which
is at pressures several orders of magnitude greater than the vapour, causes the vapour space to undergo
drastic inward acceleration. Because the chemistry of the liquid and fuel vapour are identical, the vapour
can readily diffuse out of the void space when compressed. However, the contaminant gases that remain are
unable to diffuse and are compressed to high pressures and temperatures. During the compression stage, it
is reasonable to assume that the cavities, composed only of the contaminant gases, may conglomerate into a
single mass of gas.

It is the high thermal kinetic energy of the contaminant gases that is of interest. If the temperature of the
contaminant gas bubble exceeds 800°K to 1000°K, the impact of the gas with fuel molecules at the liquid-
gas interface at the bubble surface is considered to be great enough to break the long-chain hydrocarbons
that comprise the fuel. Furthermore, the temperature at the bubble surface may be high enough to promote

pyrolysis.
The void space is loosely referred to, both in this chapter and Chapter 7, as a bubble.

5.2 Governing equations

The dimensions of a spherical bubble under the influence of an external pressure is determined by the solu-
tion of Rayleigh-Plesset equation [25]:

3k 2
BV =pen , pon (Bo\* _ pR , 8 (4R\®  dup dR | 25
P +pL(R) =R t3\&) toura TR 1)

where R(t) is the time-dependant radius of the bubble
pv is the pressure within the bubble, equal to the fluid vapour pressure which is dependant
on the temperature of the free-stream
Poo is the time-dependant far-field / hydrostatic pressure -
pr  is the liquid density
PGo is the partial pressure of the contaminant gas
R, isa reference radius for pg, for the contaminant gas
k  is a constant defining the polytropic behaviour of the contaminant gas
pr  is the liquid dynamic viscosity
S is the bubble surface tension

The Rayleigh-Plesset equation in discussed further in Chapter A.1.
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GOVERNING EQUATIONS

The temperature of the bubble is governed by the First Law of Thermodynamics:

AU =AW + AQ

where AU is the change in internal energy of the bubble
AW is the work done on the bubble
AQ is the energy transferred to the bubble

The terms described in Equation 5.2 are defined as

AU=mCy AT

AW=PAV

AQ=-MuAt—AmL

where m is the mass of the bubble
is the specific heat capacity of air for a closed system
is the change in temperature the bubble
is the average pressure inside the bubble between time-steps
is the average area of the bubble between time-steps
is the average radius of the bubble between time-steps
is the time-step size
Am is the mass of vapour that has diffused out of the bubble
L is the latent heat of condensation

E“' blhﬂlzg}

(5.2)

(5.3a)

(5.3b)

(5.3¢)

This derivation of the above equation introduces several limitations to the model, namely that [25]

1. liquid compressibility is not taken into account
2. the contents of the bubble are considered homogeneous
3. the temperature and pressure within the bubble are uniform

4. the fluids involved have a Newtonian nature

5. no mass transport of vapour or contaminant gases occurs across the bubble boundary

Brennen [25] indicates that, although the mass conservation condition is applied at the boundary, the resul-
tant description of the kinematic condition is a good approximation of the forces present even when evapo-

ration or condensation is occurring at the liquid-vapour interface.
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5.3 Assumptions and simplifications

The following list of assumptions pertains to the analytical bubble collapse model.

1. Liquid
(a) Liquid and vapour are both identical composition diesel, and can be approximated as the hydro-
carbon compound C;6Hag

(b) Liquid characteristics remain constant with time
2. Gases
(a) The contaminant gas in the liquid is air
(b) The air can be treated as ideal gases
(c) Initial air mass fraction is known
(d) Specific heat of air remains constant
3. Conditions
(a) The initial diameter of bubble is considered to be the height of the annular void space taken from
CFD models (refer to page 38)
(b) The bubble has zero initial radial velocity

(c) Initial pressure inside bubble is the same as the vapour pressure of the liquid at the liquid temper-
ature

(d) The far-field pressure, equal to the combustion chamber pressure, is constant in time

(e) During the initial collapse, the vapour leaves bubble (by diffusion) as wall collapses until the
bubble contains only air

(f) During the initial collapse, diffusing vapour condenses at bubble wall interface

(g) The pressure of bubble remains constant at vapour pressure while diesel vapour diffuses out,
thereafter gas compression is governed by the ideal gas law

4. General

(a) Linear function behaviour for very small time steps
(b) The bubble remains spherical during collapse

5.4 Physical considerations

The following physical effects have been accounted for in this model:

1. Significant first order thermal effects (pressure work, conduction)
2. Viscous and surface tension effects

3. Temperature dependency of the conduction coefficient of air
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4. Diffusion of vapour out of the bubble during initial stages of collapse

5. The latent energy required to condense vapour into liquid at the wall interface

It is appreciated that the predicted temperatures represent possibly the maximum possible due to the as-
sumed physical setting. Upon collapse, energy would be lost due to deformation of bubble surface, resulting
in decreased temperatures. Furthermore, the collapse would not be concentrated on one point at the bubble
centre, also resulting in a dispersion of energy.

5.5 Solution algorithm

A backwards differencing method was used to determine the evolution of the problem. Figure 5.2 illustrates
the algorithm used to solve the equation governing bubble collapse. Accompanying the figure is a detailed
discussion of the method, outlined in the paragraphs below.

The differential equation represents an initial value problem, since the initial boundary conditions are known.
The following basic steps were implemented to estimate the solution to the Rayleigh-Plesset equation:

1. Initial conditions
(a) It is necessary to know the following initial conditions: Bubble radius, velocity, acceleration, tem-

perature, pressure and mass. It is possible to refine the guess for acceleration based on the result
attained for the second time-step.

2. Bubble dimensions

(a) A time-step was chosen based on the estimated temperature. This provided excellent stability due
to good control of the time-step size when the property gradients during the collapse and rebound
phases were great.

(b) Backwards differencing of acceleration and previous velocity resulted in the current velocity

(c) The bubble radius was determined from the time-step, and from the current and previous veloci-
ties. The initial velocity of the collapsing pure contaminant gas bubble is an extremely important
condition in the accurate prediction of the minimum collapse radius and maximum bubble tem-
perature.

(d) A restrictive condition was applied to the bubble wall velocity and acceleration if the predicted
velocity is above the sonic velocity of the surrounding liquid. The current velocity and acceleration
are set at the liquid sonic velocity and zero respectively.

3. Bubble properties

(a) The temperature of the bubble contents was estimated.

(b) The pressure within the bubble was determined using the ideal gas equation, relating the current
pressure to the previous step pressure, temperature and volume and the current temperature and
volume.
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5. ANALYTICAL MODELLING 5.5. SOLUTION ALGORITHM

(c) The mass of the bubble was calculated. If the bubble was in the stage where vapour is still con-
tained within the bubble, then the difference between the current and the previous step mass of
the bubble will be related to the change in volume of the bubble and the ideal gas density of the
vapour at the current temperature. Otherwise, the mass of the bubble remains constant, since it
was assumed that no contaminant gas diffused out of the bubble.

(d) The contaminant gas polytropic constant, related to the current and previous bubble temperature
and volume, was determined.
4. Energy equation
(a) The approximate work done on the bubble was related to the average pressure exerted on the
bubble between time-step and the change in volume between time-steps.

(b) The loss of energy from the bubble was determined from the conductive heat loss from the bubble
centre.

(c) Should vapour mass be diffusing from the bubble, energy was lost due to condensation of the
vapour at the bubble interface. This energy is related to the mass lost from the bubble and the
latent heat of condensation of the vapour.

(d) The change in total internal energy of the system was calculated from the change in temperature
of the bubble between the current and previous time-steps, the mass of the bubble and the specific
heat at constant volume (closed system) of the contaminant gas.

5. Reduction of solution residual

(a) The temperature approximated in Step 3a is refined until the error in the energy equation is re-
duced to a satisfactory level.
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6. FACTORS AFFECTING NOZZLE CAVITATION

6. Factors affecting nozzle cavitation

The main purpose of this thesis is to determine the effect that altering the major physical properties of diesel
fuel has on the formation of cavitation in a nozzle. To this end, it was considered useful to concentrate
on an axisymmetric nozzle, with a nozzle of similar dimensions to that seen in a real fuel injector (refer to
Appendix C for details) and a sharp inlet edge. The pressure difference applied between the nozzle ends
would be similar to that experienced in a modern vehicle, and in particular to that used for the injector
modelled. The realistic dimensions ensured that the scale of the cavitation phenomena observed would
correlate with any experimental data. The sharp inlet edge promotes cavitation in the nozzle.

As described in the paragraphs below, various observations regarding the effect of fuel properties have been
made. The effect of variation in fuel density, viscosity, surface tension and non-condensable gas fraction is
determined, as well as the effect of rounding the inlet edge of the nozzle. Finally, an approximation of the
temperature field that exists in the nozzle is discussed.

In the course of simulations, various other observations and conclusions about fuel injection have been drawn
from the results. The conclusions drawn from the observations are described in Chapter 8.

6.1 General flow field

It is conjectured that real injector nozzles would be filled with liquid diesel before and after the needle has
seated. This is a fair assumption, since there will be liquid present in the nozzle when the needle seats after
an injection.

Upon the application of the pressure differential to the nozzle boundaries, the fluid inside the nozzle accel-
erates from zero velocity to over 500 m/s in a matter of microseconds. In this period several phenomena,
including the formation of turbulent vortices, cavitation inception and vapour transport occur. It is clear that
the properties of the flow field vary substantially with time. Since the problem posed is heavily transient, it
is felt useful that a description of the flow field is presented.

Figure 6.1 is presented as an aid to the description of the flow-field, and is implicitly referred to in the follow-
ing paragraphs. The figure presents the normalised mass-flow rate, coefficient of contraction and coefficient
of discharge for the nozzle as the time from the application of the pressure difference increases. The mass-
flow rate has been normalised for the purposes of presenting a general result. The latter plots are linked to
the mass flow rates by Equations 3.2 and 3.4a.

The large pressure difference between the inlet and outlet boundaries (1450 bar) causes the stationary liquid
fluid to initially accelerate rapidly. This translates to a rapid increase in mass flow-rate over the first 3.5 us.
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Due fo the assumphion of incompressible flow, the prossure feld in the domain is fixed almost immmedistely.
This field changes with time duc to various phenomena that are described below.

The increase in velocty of the fuid resulls in the formalion of a vena contricia at the nozzle entrance, This
ucenrs as the high-velodity fluid moving radially into the nozele is unable to negotiate the sharp inlet comar.
At this puint in tirme, no cavitation is present within the rurzele, since the pressure loss at the entrance is not
great enough, The pressure loss across the nozele entrance increases o a poinl where the rate of accelerabion
declines. However, the coefficent of discharge continues 1o rise as the momentum of the fluid in the nozzle
INCTEASES,

As the velocity of the fluid moving past the separated region downstream of the nozzle entrance increases,
a recirculating vortex forms. At the centre of this recirculating zone is a low-pressure core. The effect of the
lowe-pressure core, superimposed on the pressure loss across the nowzle throal is that the pressure in that area
decreases to that of the vapour pressure, This phenomenon is observed aller approximately 4.5 js,

The process of vapour generation, vortex dissipalion and the start of vapour advection is shown in Figure
6.2, At this point in fime, vapour is generated near the nozzle throat, The point of generalion colncides with
the location of high turbulent kinetic energy, seen in Figure 6.3, The vapour formed af the core of the vortex is
transported upstream to the corner of the inlet, and a distinct vapour bubble is present. This bubble remains
stalicnary in 1his area with no entrainment into the free-stream, because it remains trapped in the region of
recirculation.

As more vapour is generated and the vapotr concentration within the recirculating mone increases, it eventu-
ally expands bevond the recirculaling region. This causes the vortex to dissipate as the cavitalion formalion
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fi. FACTORS AFTECTING NOZZLE CAVITATION 6.1. GEMERAL FLOW FIELD
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Figure 6.3 Turbulent kinetic energy at t = 6.34 ps [Caloured by turbulent kinetic energy magnitude {m? /5]

overcomes the effect of the pressure loss. The generation location shifts from the vortex core to the boundary
wall. Assuming that the liquid-vapour interface ¢ocurs where the volume fraction of vapoeur is 0.5, the maxi-
mum height of the vapour region that is transported against the wall of the nozede is approximately 15.3% of
the nozzle radius, This equates to a coetficient of contraction of 717, The advection of the vapour down the
length of the noezle is shown in Figure 6.4,

Tnitiatly the rate of vapour formation is low, bit as more gas is advected away from the cavitating region,
the rate of vapour formation increases, This must cocur sech that the rate at which vapour is transported
away from the nozele entrance is matched by the vapour generation rate. The mass flow-rate of the vapour
down the nozzle inereases as the veloeity of the liquid continues to increase. As the low-pressure bubble
adwveets downstream, the absclute pressure at the nozzle wall decreases from a high pressure down to vapour
pressure,

Vapour mixing into the liquid is noficeable at the downstream edge of the vapour bubble. Ttis also interesting
tor moote that as the flow-time increases, vapoor diffusion occors increasingly at the liquid-vapour interface
parallel the axis of the nozzle. This implies that the quality of the bulk Hquid exiting the nozzle decreases
with time. However, this could be the effect of numerical diffusion as opposed to a physical diffusion process.
The latter may be more likely since the pressure in the liquid is stll very high, and the time over which the
diffusion process may eccur is very small.

When the vapour stream reaches the nowele exit, the coefficient of discharge reduces dramatically. When this
event ccewrs, “hydraulic flip” is deemed te have ceeurred. One-dimensional theory predicts that the dis-
charge coefficient drops from 0.761 to 0.637. This is associated with the reduced cross-sectional area through
which high density liquid fuel is efected, and potentially allows for vapour present in the combustion cham-
ber to enter the nozzle. The predicted discharge coefficient value of 0,637 correlates well when compared to
the theory and experimental work, previously shown in Figore 3.2(b}. However, the measured coefficient of
discharge varies slightly from this resuit: for a coefficient of velocity typically between 0.95 and 0.98 for a
sharp edged orifice [54], the coefficient of discharge is worst 0,681, This deviation of 6.%% from the theory
predicted value does hewever seem to lie within the resonable range of experimental scatter shown in Figure
3.2{b). The difference in results is most likely attribirted to the interpenetrating fluids assumgrtion of the
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6. FACTORS AFFECTING NOZZLE CAVITATION 6.1. GENERAL FLOW FIELD

mixture multiphase model, since the liquid-vapour interface is not well defined. However, the selection of
iurbulence model and discretisabion scheme can also affect (this resalt [32].

A plot af the axial velority of How exiting the noezle is shown in Figure 6.5 at various tdmes, The velocity
profile of this exhibited in this graph is clearly that of a fully-turbulent nozzle, H is chserved from the plot
that the boundary layer thickens as the mass flow rate and average exit velocity increases.

Bxial velocity at noezle exit
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Figure #.5: Axial velucity alung the nozzle

For this axisymmetric case, the vapour essentially forms an annulus through which the liquid is discharged.
The effect of this is not seen sooner in Figure 6.1, since the quality of the fuel that is discharged befure the
vapour teaches the exit is maintained. This implies that high-velodly liquid that was present in the nosele
before the formation of the cavitation bubble discharges through the entire cross-sectional area of the nozzle
up to approximtately 13.5 us.

Furthermore, there is a slight perturbatiom in the exiting flow, where some flow reversal s predicted, This
may be a functon of the cversimplification of the nozzle geomelry, since no outlet chamber is modelled,
but is possible due to the occurrence of # hyvdraulic fip”, Onee the vapour has been transported to the end
of the nowzle, the flow field takes on 2 steady nature. There are no further changes in the Aow field, and
a equilibrium between vapour generation and transport is maintained as long as the pressure difference
berween inlet and outlet remains comstant,

[n summary, five distinct Aow conditions are present in this geometry. These are when

1. flow is initiated and acceleration of the fluid cormmences
2. fluid separates locally from the nozzle wall and a veta covtiracta forms

3. cavilation incegption commences due to the low-pressure core of the separation vortex
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6. FACTORS AFFECTING MOZZLE CAVITATION

6.2 . EFFECT OF FUEL DENSITY

4. vapour is genetated at the nozzle wall and is subsequently transported towards the nozzle exit

5. the advected vapour reaches the nozzle exit and an equilibrium between vapour generation and trans-

port is achieved.

6.2 Effect of fuel density

The effect of changing the density of the {uel present in- and flowing through- the nozzle is shown in Figure
ff: amed Fipure 6.6, Table 6.7 lists the Reynolds head for each simulation, as well as the final mass flow rate and

volume flow rate through the nozzle exit for each case. The data extracted from each simudation is compared

tor that predicted by one-dimensional theory and Nurick’s Wozzle theory, described in Section 3.1 and Section

3.2 respectively.
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i Simalation data Cine-dimensional theory Nurick's theory
Density Rey Final MFR | Final VFR Ce | ¥ C. v, C‘.: ¥
kg/m* kgfs cm /308 - mfs mis mis
B 21762 | 2520003 20700 0717 | 51346 0.6358 612.37 O.A11 | 6390
814 21898 | B.hEhdeli3 2571 07 | 51081 0638 60857 | 0.6l1 | 63509 |
B20 22032 | 558503 204.34 0717 | 50725 {.637 B04.85 0611 | &3084
230 22166 | 565G 0297 0717 | 504,52 0637 alrl.19 ell | 62661 |
B45 22366 | 566503 201-11 0717 | 49091 0537 HU5.B5 nell | 620.86 |

Table 6.1 Kesults - Variation of density
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B. FACTORS AFFFRCTING WOZZLE CAVITATION h.2 . EFFRCT OF FURL DENSITY
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Figure 6.7: Yolume flow rate vs, Time for varyving density

The results clearly mdicate that an increase in fuel density results in an increased mmass flow rate, but a
teduced volume flow rate for the nozzle, This is due to momentom effects and the mass of the stationary
fluid in the nozze, It is interesting o note that there is such a clear distinction between results even though
the difference belween fhe most and least dense fuels tested was only 6%,

Tt takes lomger for the greater mass of fluid to accelerate to a given velocity than the less dense fluid. Atany
given time between the start of injection and the full development of cavitation, it was observed that the more
dense fluid had a lesser exit velocity than the less dense fluid; a confirmation of the effect of momentom on
development, However, the increase in density compensated for the reduced exit velocities and resulted in
an vverall increased mass flow rate at any given time.

It was observed in Figures 6.6, 6.7 that the advection of vapour formed by cavitation mechanisms is more
rapid in lower density fluids than in high density fluids. To reiterate, vapour formation occurs after 4.5 us Tt
takes a further 9.0 s for the vapour to reach the exit and the flow to attain a steady state when the fluid has
a density of 800 kg/m?, as oppaosed to 9.5 ps for the 845 kg/m” flnd. The time at which cavitation initiation
pecurs is toughly the same in both cases. This implies that the vapour accelerates down the nozzle quicker
for lower density fuels. This can he explained by the zero drift velocity approximation between the vapour
and Hquid, and the greater acceleration of lower density fluad through the nozzle.

£.2.7  Discussion ol simulation and Lheorelical resulls

It is observed that the mass weighted average axial velocity determined in FLUENT® is always less than
thiat predicted by the one-dimensional theory and Nunck’s theory. This is because the contraction coethcient
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6. FACTORS AFFECTING NOZZLE CAVITATION 6.3 . EFFECT OF FUEL VISCOSITY

seen in the simulations is significantly greater than the theoretical or experimental predictions. A reason for
this is occurring may be because of the interpenetrating fluid assumption of the mixture model. No definitive
vapour-liquid interface is present, which makes accurate determination of the contraction coefficient directly
from simulation results difficult. This lack of a clear interface also allowed the liquid mass to be spread over
a greater radius at the exit, resulting in lower average exit velocities than that predicted by one-dimensional
theory or Nurick’s theory.

Both of these theories assume the liquid to exit as a jet core with a clear distinction between fluid phases.
The difference in liquid jet diameters between the simulation and one-dimensional theory are 6.1%, while
Nurick’s theory predicts a jet that is 8.3% smaller in diameter than the simulation result. Similar differences
occur for all simulations discussed in this chapter, and is not necessarity highlighted or elaborated on in later
text.

6.3 Effect of fuel viscosity

Figure 6.8 shows the mass flow rate through the nozzle exit for fuels of varying viscosity. A detailed view of
the mass flow rate for the last 2 us of each simulation is also shown. Table 6.2 presents the simulation output
data and corresponding predictions.

Simulation data One-dimensional theory | Nurick’s theory
Viscosity | Rep | Final MFR | Final VFR | C. Ve C. Ve C. Ve
kg/m/s kg/s cm?/30s m/s m/s m/s
0.001666 | 44172 { 5.627e-03 203.37 0.729 | 493.53 0.638 601.20 0.611 | 627.85
0.0020 | 36795 | 5.633e-03 203.60 0.721 | 495.84 0.639 601.20 0.611 | 628.55
0.00225 | 32707 | 5.621e-03 203.17 0.721 | 497.28 0.637 601.24 0.611 | 627.18
0.0025 | 29436 | 5.614e-03 202.93 0.721 | 499.30 0.637 601.19 0.611 | 626.49
0.0030 | 24530 | 5.616e-03 202.99 0.717 | 502.43 0.637 601.19 0.611 | 626.67
0.00332 | 22166 | 5.615e-03 202,97 0.717 | 504.32 0.637 601.19 0.611 | 626.61
0.0035 | 21026 | 5.618e-03 203.06 0.713 | 505.09 0.637 601.19 0.611 | 626.88
0.003735 | 19703 | 5.619e-03 203.08 0.709 | 506.35 0.637 601.19 0611 | 626.97

Table 6.2: Results - Variation of viscosity

Itis clear from the results that altering the viscosity of the liquid fuel results in substantially varying cavitation
characteristics. Less viscous fluid, with a higher Reynolds number, tended to cause a less constricted nozzle,
represented by the increased contraction coefficient. It was observed that by reducing the viscosity from the
base property of 0.00332 kg/m/s, the vapour that formed at the nozzle entrance reached the exit sooner than
the that of the more viscous fluid. When the dynamic viscosity was halved, the time that it took for the nozzle
to reach the “flipped” state was reduced by roughly 1.5 us, which represents nearly 10% of the original flow
time.

Similarly, increasing the viscosity from the base property reduced the time that it took for the advected vapour
to reach the nozzle exit. However, the effect of increasing the viscosity is éubstantially smaller than reducing
it. This could be attributed to the fact that an increase of up to only 12.5% was tested, while viscosities of up
to 50% less were also tested.
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6. FACTORS AFFECTING NOZZLE CAVITATION 6.3 . EFFECT OF FUEL VISCOSITY
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6. FACTORS AFFECTING MOZZLE CAVITATION 8.4 . EFFECT OF VAFOUR SURFACE TENSION

Figure 6.9 is useful in explaining the abovementioned phenomenon. As seen in Equation 4.9, the local rate
of vapour formation has a square root dependence on the local turbulent kinetic enetgy. It is observed in the
figure that the turbulent kinefic energy in the region of vapour formation is substantially higher for the low
viscosity fluid in comparison to fhe standard fluid. Similarly, when the viscosily of the liquid is increased, the
local turbulent kinetic encrgy decreases. A similar trend relating the Reynolds number to turbulent kinetic
criergy has been observed experimentally [10]. The maximum values observed in the at 6.34 ps are 38400
m® /5%, 30600 m* /5% and 31500 m* /5* for the 1.001666 kg /i /s, 0.00332 kg/m/s, and 0.003735 kg /m /= fluds
respectively, At this point in Hme, it is therefore expected that the lower and higher viscosity fluids are
undergoing incteased vapour formation in cornparison to the fluld of standard specifications. The increased
generation of vapour mass explains the decrease in time that it fakes for the “flipped” state to be attained.

At this point, it is worthwhile to note that the standard k-« model tends to over-predict the production of
turbulent kinetic energy, &, when applied to a flow-field with impingement [55, 56], However, since the the
flow entering the nozzle separates as opposed to striking the nozzle wall, results influenced by turbulent
kinetic energy should not be heavily affected by this shortcoming of the furbulence model,

6.4 Effect of vapour surface tension

The result of aliering the surface tension of the liquid was determined for a wide range of surface tensions,
each within a reasonable range of the average diesel property. Figure 6.10 and Table 6.2 show no significant
difference between results.
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Figure 6.10: Mass flow rate va, Time for varying surface tension

Figure /.10 illustrates that the surface tension of the cavitles does not affect the rate of advection of vapour
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6. FACTORS AFFECTING NOZZLE CAVITATION 6.5. EFFECT OF NON-CONDENSABLE GAS FRACTION

Simulation data One-dimensional theory | Nurick’s theory
Surface Tension | Re; | Final MFR | Final VFR C. Ve C. Ve C. Ve

N/m kg/s cm®/30s m/s m/s m/s
0.015 22166 | 5.616e-03 202.98 0.721 | 503.69 0.637 601.19 0.611 | 626.66
0.020 22166 | 5.616e-03 203.00 0.717 | 503.69 0.637 601.19 0.611 | 626.70
0.025 22166 | 5.615e-03 202.97 0.717 | 504.32 0.637 601.19 0.611 | 626.61
0.030 22166 | 5.621e-03 203.16 0.717 | 504.42 0.637 601.19 0611 | 627.21
0.035 22166 | 5.622e-03 203.22 0.713 | 504.62 0.638 601.20 0611 | 627.38

Table 6.3: Results - Variation of surface tension

from the cavitating region. A variation in surface tension has no effect on the mass flow rate through the
nozzle, and the time at which the vapour reaches the nozzle exit remains unchanged.

The simulation results in Table 6.3 indicate that a decrease in surface tension results in an increased contrac-
tion coefficient. This suggests that under these conditions less vapour developed in the nozzle throat. This
result is not repeated in the predictions of one-dimensional theory or Nurick’s theory. This result is explained
by Equation 4.9, which shows that the rate of vapour formation depends on the surface tension. A large
change in surface tension should significantly change the rate of vapour formation, condition depending.

6.5 Effect of non-condensable gas fraction

Figure 6.11 and Table 6.4 outline the results of changing the non-condensable gas fraction of the bulk liquid
injected through the nozzle.

Simulation data One-dimensional theory | Nurick’s theory
NCG | Re; | Final MFR | Final VFR C. Ve C. Ve C. Ve
ppm kg/s cm?/30s m/s m/s m/s
5 22166 | 5.628e-03 203.44 0.717 | 506.38 0.638 601.20 0.611 | 628.06
10 | 22166 | 5.626e-03 203.36 0.717 | 505.63 0.638 601.20 0611 | 627.80
15 | 22166 | 5.615e-03 202.97 0.717 | 504.32 0.637 601.19 0.611 | 626.61
30 | 22166 | 5.592¢-03 202.12 0.717 | 500.19 0.634 601.17 0611 | 624.01

Table 6.4: Results - Variation of non-condensable gas concentration

The results in Table 6.4 indicate no significant difference in cavitation formation in the nozzle. At this con-
centration of non-condensable gas fraction, the addition of more gas does not severely affect cavitation. It is
observed that an increase in the NCG fraction results in a slightly lower mass flow rate, suggesting that the
nozzle becomes slightly more constricted. This is not reflected in the measured coefficient of contraction.

It is known that the presence of contaminant gases in solution in the liquid can cause an increase in cavitation
inception pressure. However, for a high-pressure nozzle, it is seen that the effects of turbulence on inception
pressure are quite substantial. This is clearly a more significant contributor to the increase in inception pres-
sure than the quantity of contaminant gas, particularly in refined diesel fuel which has a very low quantity
of air dissolved in it.

It was observed that there was a significant increase in the rate at which the flow-field developed when the
NCG mass fraction was reduced from 15ppm. When the liquid contained 5ppm of contaminant gas, the
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fi, FACTORY AFFECTING NOZZLE CAVITATION 6.6 . EFFECT OF WOZZLE INLET CURVATURE
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cavitativon vapour was advected to the nuzzle exit in approximatety 0L75 ps less Hme than when 15ppm NCG
WS present,

A limitation of the cavitation model used in FLUENT® is that the non-condensable gas fraction is consid-
ered constant throughout the domain [4]. The contaminant gas, treated as an ideal gas by FLUENT®, adds
an arbificial compressibility to the lquid, The pressure in the domain not only drves the flow, but it also
compresses the bubbles simulated in each control volume,

The compressibility of the contaminant gases explaing the difference in results shown in Figure 6,11, When
very little contaminant gas is dissobved in the liquid, the liquid is more incompressible than when a large
tnass of NCG is present in the fluid. This allows the fow e accelerate more rapidly when a pressure is
appled at the nuzzle inlet, and resulls in decreased flow development Hine,

6.6 Eficct of nozzle inlet curvature

The addition of a fillet radius on the inlet cormer of Lhe nozzle greatly affects the cavitation that occurs within
the nuzzle, The pressure luss acruss the entrance to the nozzle can be substantially reduced if the inlet is
sufficiently rounded. Tt was observed that this can lead to the absence of flow separation and cavitation.
When the inlet is not sufficiently rounded to entirely cease the formation of cavitation, it has the effect of

delaying the onset of vapour {ermation until the fluid speed around the inlet is sufficient to promote flow
separation.

Mut unl}-' does the time to inception increase, buk the amount of vapour presenl in the nozzle decreases as the
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6. FACTORS AFFECUING NOZZLE CAVITATION 6.6, EFFECT UF NOZZLE INLEL CURVALURE

inlct radius increases, The decreased pressure loss allows the vapour to dissolve back into the liquid. This
means that the nozzle doesn’t attain a state of “hydraulic fip”, and thers is no constriction or loss in flw
area at the tozzle exit. For this reasom, a groator mass Aow rate is observed through the nozzle when the inlet
is routled. This is depicted in Figure 6.12. Note that the mass flow rate through the nozzles that bave an
inlet fillet ave, for all intensive purposes, identical,

« 107 Mass Flow Rate vs Time

Y — Mass Flow Rate (kgis)

Inlel radius; Gpm
— |nlet radius: 11 pm
— tnlet radius;: 25 um

—
1

R i Inbel radiug: 63 pm
L 1 1 i 1 ] 1
2 4 5 8 10 12 14

X = Time (s} T

Figure 6.12: Mass flow rate vs. Time for varying inlet radius

The difference in the appearance of the vapour space at the nozzle entrance s shown in Pigure 6,13, These
resulls align wetl with the empircal predictions made by Murick regarding the state of nozzle. [t is clear
that the extent to which the vapour constricts the nozzle and advects downstream decreases as the inlet
fillet increases in radius. Vapour furtnation can cease entively if the edge is sufficiently rounded. The critical
radius for a 150 pm diamcter nozzle and Rep of 22166 is predicted, according to Bquation 3.8, to be 36.9 um.
Equation 3.6 predicts that no fhow separation can occur when the inlet radius is greatet than 21 qon. Hydraulic
thip catmot ocour when the radius is greater than 7.5 pm,

Table 6.5 presents the results of the inclusion of various inlet corner fillets and the predictions made by
MNurick's cmpirical formiutae and one-dimensional theory.

It was determined that Nurick's cquabion describing the coefficient of contrachion, namely Equation 3.6, de-
teriorates in accuracy for this experimental setup, When a s greator than 0,147 is prosont, a cocflicicint of
contraction of greater than 1 1s predicted. This is a physically impossible result, since a C,. of unity represents
an unconstricted fow

For this reason, for the case when a radius of 25 pm was used, a cocfficient of contraction of greater than 1 is
predicted, In this case, the . was considered the same as that for single phasc, although cavitation did occur
ag predicted. This is done because the separation and subsequent throttling effect at nozzle entrance due to
the presence of a tena contracts was observed to be minimal,
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6. FACTORS AFFECTING NOZZLE CAVITATION 6.6 . EFFECT OF NOZZLE INLET CURVATURE

Simulation data One-dimensional theory | Nurick’s theory
Inletradius | Re, | Finai MFR | Final VFR | C. Ve C. Ve C. Ve
pm kg/s cm?/30s m/s m/s m/s
0 22166 | 5.615e-03 20297 0.717 | 504.32 0.637 601.19 0611 | 626.61
11 22166 | 6.706e-03 242.38 0.825 | 471.26 0.760 601.19 0.737 | 586.46
25 22166 | 6.706e-03 242.38 0939 | 481.62 0.760 601.19 1.000 | 457.20
63 22166 | 6.706e-03 242.38 1.000 | 490.79 0.760 601.19 1.000 { 457.20

Table 6.5: Results - Variation of nozzle inlet radius
6.6.1 Discussion of simulation and theoretical results

There is an enormous difference between the simulation results and the contraction coefficients predicted by
theoretical mechanisms. Whereas Nurick’s empirical theory accounts for the rounding of the orifice inlet, the
idealised flow based one-dimensional theory does not.

One-dimensional theory assumes that a vena contracta will form, regardless of the geometry of the nozzle.
No flow separation was present when the inlet radius was set at 63 um. It is this fundamental assumption
that explains the constant coefficient of contraction seen in Table 6.5. Since little or no separation is present
when the inlet radius is increased up to 63 um, the contraction coefficient value predicted by one-dimensional
theory become less accurate.

Nurick’s theory uses empirical data to formulate correlations between the degree of inlet rounding and de-
creased flow separation. For this reason, the results predicted by the theory reflect more realistic predictions
for the contraction coefficient than one-dimensional theory. It was however observed that the empirical con-
stants determined for use in Equation 3.6 did not allow for the maximum ratio of inlet fillet radius to diameter
used in the injector nozzle, and was therefore a cause of erroneous results.
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6. FACTORS AFFECTING NOZZLE CAVITATION 6.7 . TEMPERATURE EFFECTS

6.7 Temperature effects

It is conjectured that thermal cracking is the mechanism for deposit formation in diesel fuel injectors. At
temperatures of over 1000°K, chemical decomposition of long-chain hydrocarbons that make up the fuel is
possible. It is speculated that this phenomenon only occurs upon the collapse of the vapour cavities. The
generation of a thermal profile for the formation of vapour and the vapour cavity before collapse assists in
the prediction of the initial temperature of the vapour bubble upon collapse.

Figure 6.14 shows the temperature distribution within the nozzle after 23 us. Since the vapour was modelled
as an ideal gas, the time taken for vapour generation and advection increased. However, since the vapour
development and time-scale of the flow development is the same as for when temperature effects were not
considered, the result is still considered to be representative and comparable to previous results.

It was observed that a thermal boundary layer exists along the nozzle wall. The temperature of the fluid
increases in this region due to the presence of shear stresses in the boundary layer. Most noticeable however
is the high-temperature region slightly downstream of the region of vapour formation. Again, the presence
of high shear stresses in this gaseous region are the cause of the temperature increase as the vapour is forced
to undergo a direction change and advect downstream. The temperature in this region is close to 500°K, a
considerable increase of 140°K in comparison to the inlet fluid temperature.

Overall, the average total temperature of the fluid exiting the nozzle was 362.1°K. The static temperature was
determined to be 472.9°K, representing an increase of 110.8°K of the inlet fluid. This result correlates fairly
well with MacDonald [21], who recorded a temperature increase of 80°K (with an error margin of +10°K )
of fluid pressurised to 1500 bar flowing through a fuel-injector. The discrepancy in results can be attributed
to the simplification of the geometry and decrease in distance between the inlet and outlet, the reduction in
number of direction changes that the fluid must make, as well as the substantially reduced time-scale over
which the simulation is performed. All of these factors could affect the exit velocity of the fluid, and therefore
the increase in static temperature due to increased kinetic energy.
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7. BUBBLL COLLAPSE

7. Bubble collapse

7.1 Base condifions

A general discussion of the collapse of a vapowr space is given in this section. The Auid properties that
describe the base conditions for testing are given In Appendix F. The temperature of the surrounding liquid
was 07K,

Figure 7.1 shows the radius of the idealised vapour space with respect {0 time. The time duration that elapsed
between the inifiation of compression and when the bubble reached its minimum dimensions was approxi-
mately 00661 5. For most of this time, the bubble was reducing in mass because of the diffusion of vapour
out of the bubble into the surrounding liquid. The actual compression of the non-condensable gases oconrred
on much smaller time scale, the duration of which was only 0.2029 ns. The bubble clearly undergoes rapid
acceleration towards the end of the diffusion process.

Buoble radms va T e Dissololon angd Colapse

5.5 . — : | )
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Time (18}

Figure 7.1: Base results: Radins vs Time

The time-scales involved in the collapse of the vopour space are very small. This is mainly due to the
large pressure ditference between the vapour and its sumounding liquid, Figure 7.2 demonstrates that, even
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7. BUBBLE COLLAFPSEC

7. 1. BASE CONDITIONS

though the liquid pressure is vory large, the bubble expands after it collapses to its minimum radius. This is
because the compression of the bubble causcs the gas in the bubble to be compressed to up to 25K} bar. The
rebound process occurs over a substantially larger Eme interval than the collapse stage. This is because the

liquid resists the expansion of the bubble. The bubble eventually attains an equilibrivm radius of approxi-
mately 14 nm.
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Figore 7.2: Base results; Radius vs Time during collapse and rebound stages

The temperature of the bubble during the collapse and rebound phases is shown in Figure 7.3. The very
sharp temperature rise of the bubble indicates that the bubble undergocs vory rapid compression. This slow
rebound process allows for rapid conling of the gases, as the conduction distance is small and the termperature
difference between the bubble and the surrounding liquid is high, The bubble temperature also decreases due

to thi cxpansion of the gascs as the bubble radius increases. Owverall, it is predicted that the bubble attains a
temnperatitre of over 107K for over 0.1 ns and exceeds 300K for 007 ns.

Figure 7.4 describes how the pressure of the bubble increases and decreascs in comparison to the temperature
of the bubble. Ttis clear that the tomperature vise duning the collapse phases is substantially more mpid than
the temperature fall during the rebound phase, The line describing the adiabatic compression process from
the initial temperature to the maximum temperature attained is also shown on the diagram. Comparing
the gradicnts of the lines representing bubble collapse and the adiabatic curve, it is observed that as the
temperature of the bubble increases, the thermodynamic statc of the bubble changes from isothcrmal {o

adiabatic. This illustrates cractly how rapid the compression process is, that the bubble collapse occurs so
gquickly that nearly no emergy [s lost to the surrounding liquid.

The velocity of the collapse is plotted against the temperature of the bubble in Figure 7.5. The process is

represenied in an anticlockwise motion om the graph, stariing with a bubble wall velocity of zero and the

temperature equal to HKFK. Initially, the bubble loses energy to the surrounding environmeni due ter con-
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duction and the diffusion of vapour into the surrounding liquid. The temperature drops fairly rapidly close
to the liquid temperature becausc the bubble radius is large. The temprerature then increases slightly as the
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7+ BUBHLY COLLAPSE 7.2. EFFECT OF INITIAL CONLHITIONS

velocity of the bubble wall increases and the work done on the bubble increases 1o a magnilude grealer than
the total energy lost,
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Figurc 7.5: Basc results: Temperature vs Velocity

The velocity of collapse increases rapidly until the bubble wall altains a velucity cqual to that of the sonic
velocity of the liquid. No further acceleration can occur, and the conduction of cncrgy away from the bubble
hecomes dominant until all the vapour is diffused out of the bubble. The momentum of collapse is very
high, causing the remaining air in the bubble to undergo rapid compression and the bubble termperature to
quickly increascs. The compression also increases the pressure in the bubble and the bubble wall undergoes
a positive acceleration,

The maximum temperature 15 attained before the ond of the process of collapse has beon reached. At this
paint, conduction becomes dominant even though the bubble is still decreasing insize, Thisis due to the very
small conduction distance and the large conduction cocfficicnt of air al high lemperature. The temperature
decreases during expansion duc ko conduction and negative work taking place on the bubble.

7.2 Effect of initial conditions

A study was performed to check the sensitivity of the results attained to the change inilial condikions.
Tables 7.1 to 7.8 present the results of the studv. Arrows indicate temperature direchionality and sensitiv-
ity to parameter changes; a red arrow indicates a strong link bebween the parameter and the maximum
temperature of collapse, and a bluc arrow indicates a weak corretation. The following parageaph claborates
the descripbon of the headings used in the resulis tables,

Initial terperabure describos the temporature of the bubhle at the end of the dissolulion stage and the slarl of
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T. BLUBBLE COLLAFSE 7.2, EFFECT OF [KITIAL CONDITIONS

cullapse, Maximpmi fenperatire is the maxipum temperature attained during the entire collapse stage. Tine of
coffapse is the total lime between the start of the collapse and the time at maximum temperature. The average
tempotal temperature gradient is stated. This describes the rate of increase of temperature, and is used to
better gauge which parameters have the greatest effect on the temperature increase of the bubble.

The initial conditions changed are quite self explanatory, in that each individual condition that may be altered
during an experimental procedure s changed while other conditions are kept constant. One possibly obscure
condition altered was the surface area coefficient, the results of which are showmn in Table 7.8, This parameter
represents a simple attempt to account for bubble warping and distortion of the bubble surface, which may
lead to an ingrease in surface area over which greater conduction may occur. An increase in the suriace area
nrultiplier from 1 to 2 describes a situation where the effechive bubble surface area is double that of a sphere

uof the given radius,
Bubble Temperature | [nitial Temperatore | Max Temperatore | Time of collapse | dT/dt
K K K ns Kins
3a0 829 44375 020 199414
401 3487 71484 20249 234820
430 3835 k6.4 0.2027 279475
480 : k34 a2 4 020126 HFA2
Table 7.1: Variation of void inifial lemperature
Pressure | Thitial Temperature | Max TE‘I;'IPEI‘&[I!I‘E : Time of collapse | dTidt
bar K K k- Kins
40 3836 51344 0.2054 233548.1
50 3837 51484 0.2029 23EX0
75 3840 5183.5 12017 2381
1K 3A4.2 52199 112004 241254
Table 7.2: Variation of liquid pressure
Denslty | Initial Temperature | Max Temperature | Time of collapse | dT/dt
kgfm® K K na Kins
A B4 R145.5 . 1992 2530030
B3 LR 51471 L2071 236007
A30 3T 514k.4 0.2025 234521
H45 3835 Bl | 02T 233775
Table 7.3: Vartation of liquid density
Viscosily : Initial Temperature | Max Temperature | Time of cellapse | dT/dt
kgfmfs K K Lt Kfns
(100 Afe g7 BT 6 02000 280925
0.00235 3#3F 57084 02030 285280
0.0 387 R337 4 0,200 po AR
00332 3H3.7 5i484 .22y 23482.0
0.4KEE735 3637 A91.3 0.2029 221572

Table 7.4: Variation of liquid viscosity
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7. BUBBLE COLLAPSE T2, LFFECT OFINITIAL CONDITIONS

Surface tension | Initial Temperature | Max Temperature | Time of collapse dFrdt |
[ Nim K K ns Kins
0015 i g 51455 02029 23464.5
0025 387 51484 02009 234820
0,035 3837 51501 % | 0209 234958

Table 7.5: Variation of liquid surface tension

NCG | Initial Temperature | Max Temperature | Time of collapse | dF/dt

ppm K K ns K/ns
5 376.2 36649 01407 23375.7
15 3837 B148.4 l 0.2025 234520
30 4052 5!’:25.2 {1.25548 204121

Table 7.6: Variation of non-condensable gas (INCG) mass fraction

Inital radins | Initial Tempetrature Max Tempetrature Time of collapse dTrdt |
ut K K ns Kfns
1 3a5.1 5008 00345 B5d6.1
25 3708 21041 0.0920 138421
5.3 3837 51454 0.2020 234820
8 3557 Hdhh.d 0124951 05683

Table 7.7: Varatiom of inital bubble radius

Surface nrea mulfiplier | Initial Temperature | Max Temperature | Time of collapse | dT/dt
K K ns K/ns

1 37 51484 G029 234820

25 39,2 ' 54000 02028 | 252620

5 ' 47 56069 0.2027 25856.0

Table 7.58: Variation of bubble surface area

1t has been observed that the variables that have the most profound effect on the maximum temperature
attained for the collapse of a spherical vapour space are the initial bubble temperature, liquid viscosity, the
non-condensable gas mass fraction and the initial bubble radius.

The initial temperature difference between bubble and liguid had a great effect on the temperature increase of
the bubble, The time of collapse decreased as the initial femperature increased. The maximum lemperature
of collapse increased accordingly. This factor is, however, difficult to control as it is a Aimction of the flow in
the nozzle and not a physical parameter that can be altered,

Feducing the viscosity of the liquid can result in a significant increase in the collapse temperature. The
viscosity has a profound effect on the acceleration of the bubble wall: a reduced viscosity liquid will cause
less develeration of the wall and result in a smaller bubble upin collapse. This alse influences the rate of
temperature increase by a considerable margin. The rate of temperature rise for a bubble immersed in a
Tow viscosity liquid is significantly higher than that collapsing in a viscous Huid, Conversely, increasing the
viscosity will result in a reduction the maximum temperature of collapse because the minirmam radius of the
bubble cellapse is increased.

The initial mass of contaminant gases remains the same throwghout the collapse process, When the volume
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7+ BUBBLI COLLAPSE 7.2 . EFFECT OF INITIAL CONDITIONS

of the gascs decreases, the pressure expenenced by bubble upon collapse decreases. The result is a decrease
in temperature. The time of collapse also decreases significantly, because the pressure of the bubble does not
resist the influence of the liquid. When the mass {and volume} of non-condensable gases was increased, the
maximum temperature and rate of lemperature rise increased.

The inutial radius of the collapsing bubble has a significant effect on the maximum temperature achieved.
Two factors are influencing this result, namely the volume of contaminant gases trapped in the bubble and
the momentum of the collapse. Overall, the larger the bubble, the larger the volume of contaminant gases
present after the vapour condenses out of the void. Furthermore, since there is more air present at the start of
collapse, the momentum of the collapsing gas is greater, resulting in a greater compression of the gases. This
culminates in a comsiderable increase in rate of temperature increase as well as the maximum temperature
of collapse. 1t was observed that, m bubbles that were small enough, very low temperatures of the order of
500°K, that is below that of the thermal cracking margin, were attained.

Variation in liquid pressure, liquid density, surface tension and bubble surface area all showed marginal
differences in results. Liquid pressures were altered to simulate the effect of increased combustion cylinder
pressure due to turbacharging. The limits of fucl specifications for density and surface tension were tested.
An increase in pressuee, density, surface tension as well as surface area all showed directional increases in
the maximum ternperature of collapse.

The result of altering the bubble surface area is quite counter-intuitive. [t appears that the temperature history
of the bubble has plays a major role in the maximum collapse temperakure.
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Figure 7.6: Temperature history for various surface area multipliers (5.A.M.)

A bubble with a larger surface area has a lesser temperature upon the initiation of the collapse stage, since

it loses more energy by conduction; conversely, the smaller arca bubble retains more energy since it is more
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Figete 7.7 Temperature history for various surface area multipliers (5. A M.} (enlarged)

insulated. Upan he commencemenl of collapse, the temyperature of the bigger bubble increases almast im-
mediately, sinee it iz is near the liquid emperature. The small area bubble still has a relatively large negative
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8. OVERVIEW OF RESULTS

8. Overview of Results

The following are the conclusions can be drawn from the simulations of cavitation of diesel fuel in axisym-
metric nozzles and the subsequent collapse of idealised spherical vapour spaces.

8.1 Prediction of cavitation in nozzles

Cavitation was present in all conditions predicted by both one-dimensional theory and Nurick’s nozzle the-
ory. Simulations predict discharge coefficients in the region of 0.68. This result correlates fairly well with
experimental work and computational simulations.

Although it produced unrealistic results for certain ratios of inlet radius to nozzle diameter, Nurick’s theory
provided good forecast of the coefficient of contraction and exit velocity for nozzles with filleting on the
inlet corner. However, the predicted results for sharp inlet nozzles did not correlate well to the simulation
results. This is because the estimated coefficient of contraction for this condition is always set equal to the
theoretical minimum of 0.611. One-dimensional theory, based on ideal conditions using Bernoulli’s theorem,
produced more representative trends than Nurick’s theorem. Although the predicted figures did not match
those produced in the simulations, the directional trends of the exit velocity of the fluid and the coefficient of
contraction were similar. When applied to predict cavitation in nozzles with rounded edges, one-dimensional
theory predicted cavitation that, in reality, was not present. This is because the basic assumptions include
one describing a choked nozzle.

Overall, it is concluded that Nurick’s theory best represents flow in nozzies that have inlet curvature, while
one-dimensional theory is best applied to predict sharp-orifice flows.

8.2 Fuel parameters affecting cavitation formation

The physical description of the cavitation area, described by the coefficient of contraction, does not depend
greatly on the fluid properties. Cavitation occurs in the nozzle for all range of fuel properties and the overall
severity of it remains relativity constant for each property difference. This confirms the observation that
cavitation is a pressure-driven phenomenon.

A degree of control over the amount of vapour present in the nozzle is possible by altering the viscosity and
the fluid surface tension. By decreasing the magnitude of both these properties, it is predicted that the cross-
sectional area of the liquid flowing through the nozzle will increase slightly, and the volume of vapour in the
nozzle correspondingly will decrease.
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Therefore, for the entire spectrum of fuel properties allowed according to the EN590 specification for diesel
fuel, cavitation will occur for this geometry under the given conditions of high pressure, low temperature
flow.

8.3 Physical parameters affecting cavitation formation

The pressure difference between the fluid upstream and downstream of the nozzle throat is the driving in-
fluence for cavitation in nozzles.

The inlet radius can have a significant effect on the severity of cavitation present in a fuel injector nozzle.
Increasing the inlet radius reduces the pressure loss across the nozzle inlet, resulting reduced cavitation. The
coefficient of contraction is increased and volume of vapour present in the nozzle is significantly reduced.
The “hydraulic flip” can be avoided by introducing a fillet to the entrance of a sharp-orifice nozzle.

8.4 Fuel parameters strongly affecting nozzle flow development

It was observed that the fuel density and viscosity affect the rate at which flow develops in the nozzle and at
which vapour flows down the nozzle. The fluid surface tension and non-condensable gas fraction have no
effect.

It is possible to make a sharp-edged nozzle reach a “steady-state” condition more rapidly through the use of
a low density, low viscosity fuel. The nozzle precipitation and advection of cavitation vapour is accelerated.

8.5 Accuracy of measurement devices

Fuel injectors are approximated as constant volume-flow-rate devices. The simulation results reveal the
second-order variations that are present.

When the working fluid is a low density fuel, there is an increase in the volume flow rate and a decrease in
the mass flow rate of the liquid at the exit during steady-state conditions. Conversely, when a high density
fuel is used, the exiting fluid has a decreased volume flow rate and an increased mass flow rate at steady-state
conditions. This phenomenon is attributed to the momentum of the fluid, the greater mass of fluid requiring
more time to accelerate to a certain velocity than the less dense and smaller mass of fluid.

The fluid momentum effect has important implications for injection events that occur for very short dura-
tions. An example of such a situation is a pilot injection, which typically lasts for durations of 0.2 ms. For
this short interval, it is possible that the total mass of a lower density fuel injected may be equal to that of a
higher density fuel.

Lowering the fuel viscosity greatly accelerates the advection of vapour down length of the nozzle, resulting
in a greater volume of fuel being discharged from the nozzle in the first 14.5 us of simulated injection.
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8.6 Parameters affecting cavitation bubble collapse

According to the idealised collapse model, the fuel parameters that have the greatest influence on the collapse
of the vapour space present in the nozzle are the liquid viscosity and the volume of contaminant gas present
in the liquid. Decreasing the viscosity of the fuel or increasing the volume of non-condensable gas will result
in elevated temperatures when collapse occurs. The former will cause a more rapid rate of temperature
increase, while the latter results in a more gradual increase in temperature.

The initial temperature and radius of the bubble also greatly affect the maximum temperature experienced
during collapse. An average initial temperature elevated above the temperature of the surrounding liquid
can result in greatly increased temperatures of collapse, due to an increase in the rate of collapse. The initial
radius of the bubble has a significant effect on the maximum collapse temperature due to its effect on the
volume of NCG present in the bubble and the momentum of the collapsing bubble. Increasing the initial
radius results in greatly increased collapse temperatures.

8.7 Probability of deposition due to thermal cracking

According to the hypothesis presented in this dissertation, two criteria need to be satisfied for thermal crack-
ing to occur in diesel fuel injectors, namely

1. cavitation must occur, and

2. the collapse of the resultant void space must cause temperatures the bubble to exceed approximately
1000°K.

The literature has suggested that cavitation may occur on the upper or lower surface of the nozzle. The fillet
radius at and between these positions varies between 63 ym and approximately 0 zm. It has been shown that
varying degrees of cavitation occur between these extremes and it is likely that cavitation does occur during
the injection process.

Simulations suggest that a localised temperature of up to 500°K may be present in vapour that forms near

 the wall of the injector nozzle during the injection process. Dependant on the severity of the cavitation and
the position of the gas, this local temperature may drop to between 360°K and 400°K. It is apparent that local
temperatures in the nozzle due to flow phenomena such as viscous heating are not high enough to promote
thermal cracking.

An idealised collapse model predicts that temperatures in excess of 1000°K are easily attained for durations
in excess of 0.1ns for fuel with conservative physical properties. Were the fuel to be of extremely low viscosity
or to have a large quantity of contaminant gas dissolved in it, this effect would be greatly exacerbated.

It was observed that the temperature of a collapsing void space can easily exceed that required for thermal
cracking to occur. The time scale of the collapse is very small, but since the cracking mechanism is chemically
simple (it occurs in one step), the decomposition of long-chain hydrocarbons that make up fuel is quite
probable. Additionally, the number of injection events per second is large which may resultin the production
of many smaller, more reactive polymer chains. These could attach to the walls of the injector and promote
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further deposition; a similar process is described in the literature [18]. It is this mechanism of continuous
deposition that results in the deposits seen in Figure 1.1.
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9. Recommendations

Based on the conclusions drawn in the previous chapters and the literature, the author suggests further op-
portunities for worthwhile research around this topic that were outside the scope of research for this project.

9.1 Obtain experimental data

Experimentally determine the extent of deposition and the influence of fuel properties. The effect of the alter-
ation of critical fuel parameters on injector fouling should be determined. It should be ascertained whether
any fuel additives that may effectively reduce nozzle deposition exist.

9.2 Refine computation model

It is seen in the literature that the effect of the grid size, turbulence model and discretisation schemes se-
lected can all have an effect on the predicted discharge coefficient of a three-dimensional injector model.
An investigation into their effect on two-dimensional axisymmetric models should be conducted, and the a
determination of the best selection of parameters should be made.

The current study considers the vapour pressure of diesel to be constant. This has been described previously
in the literature to give representative results, although it is not entirely accurate as a substantial temper-
ature variation can exist within the nozzle. It may be worthwhile exploring the inclusion of the effect of
temperature dependency on the fluid vapour pressure.

9.3 Investigate injector needle effects

The literature suggests that the reseating of the injector needle may have an effect on cavitation in the injector
nozzle. Ideally, the effect of the needle lifting and reseating in the injector on cavitation formation in the
nozzle should be determined. This investigation should include

1. thejetting effect that the needle may produce on the flow as the needle is about to reseat, and

2. the possibility of rupture of fluid that remains in the nozzle and sac due to the momentum of the fluid
leaving the nozzle.
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9.4 Investigate injector geometry

It has been suggested in the literature that nozzle geometry can have a profound effect on cavitation and
bubble collapse. An investigation into the control of cavitation through the use of geometrical parameters
should be conducted. The investigation should include determining the effect of

1. nozzle length
2. inlet curvature

3. orifice taper

These investigations should determine whether fuel parameters change the degree to geometric parameters
affect cavitation. The investigation regarding orifice taper should seek to quantify the degree of nozzle conic-
ity required to prevent the formation of cavitation phenomena.

9.5 Investigate injection parameter control

An investigation should be performed to determine whether the control of the liquid fuel inlet tempera-
ture has any significant effect on cavitation in the injector. It is speculated that the injection pressure has a
great effect on cavitation, but whether any increase in cavitation is present for conditions above the tested
injection pressures currently is unknown. Conclusions will de drawn from performing both computational
simulations and experimental work.

9.6 Produce a more comprehensive model

It would be useful to produce a three-dimensional model approximating the effect of the needle and sac on
the cavitation in the nozzle. This model could be used to determine effect of needle seating and non-uniform
inlet fillet radius on cavitation in the nozzle during the injection event and immediately after the needle has
reseated.

9.7 Experimentally determine the contaminant gas fraction

Whilst conducting this research, it was observed that the volume of non-condensable gases is critical in
the accurate determination of maximum temperatures present during collapse of a vapour void space. The
magnitude of this volume is unknown for local conditions, and should be experimentally determined.
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A . THE CAVITATION PHENOMENON

A. The Cavitation Phenomenon

The following chapter describes, in detail, the causes and factors involved in the cavitation effect. Physi-
cal and experimental observations, as well as the mathematics used to describe the cause for, and factors
involved in, bubble formation, are discussed. This chapter consists mostly of a summary of the text by C.
Brennen [25], and will not be referenced further in this chapter. Summary of other text is, where necessary,
distinguished by reference.

Causes of phase change

There are two main factors that can initiate a phase change in a fluid. These are a sudden decrease in pressure
or an increase in temperature. In both cases, phase change may occur locally and not affect the whole fluid
environment as only regions in the fluid may reach its tensile strength. These phenomena are described
below:

1. Cavitation is the process of rupturing a liquid by a decrease in pressure at a roughly constant liquid
temperature. A liquid at constant temperature could be subjected to an absolute pressure lower than its
saturation vapour pressure. Fluid rupture occurs when the pressure difference between the absolute-
and vapour- pressures is greater than the tensile strength of the fluid at that specific temperature.

2. Boiling is the process of rupturing a liquid by an increase in temperature at a roughly constant pressure.
A liquid at constant pressure can be subjected to a temperature exceeding its saturation temperature.

Nucleation

Nucleation describes the mechanism involved with the inception of cavitation. Two types of nucleation exist,
namely homogeneous and heterogeneous nucleation.

Heterogeneous nucleation describes the case where the point of weakness, and therefore rupture, of a fluid
occurs between a solid surface and the liquid. The described solid may be the surface that contains the liquid,
or particles that are suspended in the liquid. It is this nucleation mechanism best describes that expected in
nozzle flows.

Homogeneous nucleation occurs when thermal motions within the liquid form microscopic voids. These
voids act as points of weakness for the fluid, and can rupture and grow into macroscopic bubbles. Heteroge-
neous nucleation occurs at a boundary interface between the liquid and a solid wall or contaminant particles
suspended within the fluid.
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A . THE CAVITATION PHENOMENON

In fuel, dissolved gases and microscopic particles that pass through fuel-filters will act as nucleation sites [21].
Microscopic surface geometry has a great effect on nucleation, and surface imperfections can act as nucleation
sites. Due to the hydrodynamic flow in a system, some regions in the domain will have the optimum geome-
try to promote bubble growth. As the pressure in the flow regime decreases below the vapour pressure, more
areas become capable of generating and releasing bubbles into the flow.

Residence time effects also play a role in the formation of cavitation bubbles. For the growth of a bubble
nucleus to a reasonable size, it is required that the nucleus experiences the low pressure for a reasonable
length of time. Should the microscopic bubble be swept into a region of higher pressure, it is conceivable that
it may decrease in size and play no further role in cavitation inception.

The effect of contaminant gas

A further cause of nucleation is the presence of contaminant gases that reside within the liquid. These mi-
croscopic bubbles exist in all liquids, as deaeration techniques are not able to remove all gas impurities.
The contaminant gas acts as a point of weakness in the fluid, and increases the likelihood of localised fluid
rupture.

In an ideal flow, the inception of cavitation occurs when the local pressure reaches the vapour pressure of the
liquid. However, in a well degassed liquid, it is possible that cavitation may only occur at pressures below
the vapour pressure. Conversely, in a liquid containing a large quantity of contaminant gas, the pressure at
which a gas bubble grows could be very much higher than the vapour pressure.

The viscous effects on the inception of cavitation

In a viscous flow system, the minimum pressure experienced in the flow domain will depend on the Reynolds
number, which means that the cavitation pressure is also dependant on the Reynolds number. Most flows
are both turbulent and unsteady, so both free- and forced- shedding of vortices occur.

The pressure at the centre of a vortex may reach values well below the mean pressure of the flow. The
implication of this is that cavitation may begin at a transient vortex centre as the pressure there drops below
the vapour pressure.

Conclusion
In summary, the reasons for cavitation inception pressure to be different from vapour pressure are as follows:
1. The existence of a tensile strength (pressure difference) can cause a reduction in cavitation inception
pressure
2. Residence time effects can cause a reduction in cavitation inception pressure
3. The presence of a contaminant gas can cause an increase in cavitation inception pressure

4. Steady viscous effects due to the dependence of vapour pressure on Reynolds number can cause the
cavitation inception pressure to be a function of the Reynolds number
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A . THE CAVITATION PHENOMENON A.1. RAYLEIGH-PLESSET EQUATION FOR SPHERICAL BUBBLES

5. Turbulence effects can cause an increase in cavitation inception pressure

During the conduction of experiments, is is important to maintain the following parameters in order to have
complete control over the cavitation and vapour development in the system:

1. The cavitation number

2. The Reynolds number

3. The bulk liquid temperature

4. The liquid quality, including the number and nature of the free-stream nuclei, the amount of dissolved
gas and the free-stream turbulence

5. The quality of the solid, bounding surfaces, including roughness, and the porosity or pit population

A.1 Rayleigh-Plesset equation for spherical bubbles

The generalised Rayleigh-Plesset equation for bubble dynamics is described as follows:

. |3 . 28 R\ * R
—pLRR= | spLR*+ poo + = | — | Pv + P00 | &= ) —duL5 (A1)
2 -~ R R R
Pvel szt Psur P;“ Pvt‘a

where P, indicates pressure terms due to the bubble wall velocity
P,qs indicates pressure terms due to the gas inside the bubble
P,,; indicates external pressure terms
P,;, indicates pressure terms due to viscosity
P,,, indicates pressure terms due to surface tension

The above equation is derived from the Navier-Stokes equation in spherical coordinates. It takes the conser-
vation of mass into account by relating the volume rate of production of vapour to the rate of increase in the
size of the bubble. A dynamic boundary condition relating the pressure inside the bubble to the bubble sur-
face tension is also considered. Equation A.1 has been described in such a manner as to emphasise pressure
terms that accelerate (Pyei, Pegts Psur) OF decelerate (Pyss, Pyos) the bubble wall [39].

Several assumptions and simplifications are made in the formation of Equation A.1. Firstly, it is assumed that
the far-field temperature is constant. The far-field pressure p.(t) is a known input, as it controls the expan-
sion and collapse of the bubble. Compressibility effects are negated by assuming the density of the liquid p.,
to be constant. The dynamic viscosity is also assumed uniform and constant. The bubble is considered to be
homogeneous in nature, so the temperature and pressure pg(t) inside the bubble are uniform.

Considerations for the contents of the bubble are also made. The presence of contaminant gas is accounted
for in the second term on the left hand side of Equation A.1. It is assumed that no mass transfer of the
contaminant gas from the bubble to the surrounding fluid, and that thermal effects can be ignored. This
implies that bubble formation is due to pressure and viscous effects, rather than due to temperature effects.
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The gas in the bubble is also considered to be polytropic in nature; k¥ = 1 describes an isothermal bubble,
while k = v describes adiabatic behaviour.

It is interesting to note that the only viscous contribution to the Rayleigh-Plesset equation is due to the bound-
ary condition at the surface of the bubble.

A.2 Bubble growth

Bubble growth can be due to mass diffusion, thermal, non-equilibrium, convective and surface-roughening
effects.

Diffusion of gases between the liquid and the bubble are a primary cause of change in mass of the bubble.
Diffusion of vapour and contaminant gases may occur, although the diffusion of contaminant gases occurs
only in minute quantities, which may be significant over very small time intervals. This diffusion is impor-
tant, as each microbubble acts as a nucleation site for cavitation inception. Another mass diffusion effect is
the change in ambient pressure. This can lead to bubble growth even in a non-saturated liquid.

An “inertially controlled” bubble is one that experiences a change in form in the absence of any significant
thermal effects. Thermal effects become significant over longer time intervals, as opposed to the mass dif-
fusion effects which are important at the inception of cavitation. This is because in an inertially controlled
bubble, the thermal boundary layer thickness is assumed to be very small. Over long time intervals, the ther-
mal terms in the Rayleigh-Plesset equation exceed those of the inertial, gaseous, viscous and surface tension
terms.

The rate of bubble growth is affected heavily by the thermodynamic properties of the fluid. The rate of bubble
growth is influenced heavily by the thermodynamic properties of the fluid; therefore, as the temperature of
the working fluid changes, one can expect the rate at which cavitation occurs to change. This is because a
change in temperature affects not only the physical properties of the fluid, but also the pressure at which
cavitation inception occurs.

Non-equilibrium effects exist when the liquid at the bubble interface is not in thermal equilibrium with the
vapour contained within the bubble. This effect is significant when there is a large discontinuity at the
interface. Such may occur near the end of a bubble collapse.

Convective effects describe the heat transfer due to the relative motion between the bubble and the sur-
rounding liquid. If the pressure difference between the vapour pressure of the fluid and the free-stream is
significantly greater than the multiple of the volume fraction of the liquid and the liquid density, then the
convective heat transfer effects will delay the onset of thermal growth.

Surface roughening effects describe the heat transfer at the bubble surface due to the formation of an insta-
bility at the surface. This occurs when the surface becomes rough and turbulent, which increases the surface
area of the bubble and increases heat transfer across the surface interface.
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A.3 Bubble collapse

Cavitation bubble collapse is a significant topic of discussion. The collapse of a vapour-filled bubble in a
fluid is often violent and causes much damage to the surrounding material. High velocities, pressures and
temperatures are often present in this event.

Collapsing bubbles do not remain spherical. However, spherical analysis is often useful to gauge the max-
imum possible values of fluid properties such as pressure and temperature that could be attained in such
an event. The cause of the actual event experiencing lower temperatures and pressures than the spherical
bubble case is that the point of the collapse is dispersed as opposed to being focused. Factors such as the
diffusion of gas from the liquid into the bubble or vice versa, as well as liquid compressibility, reduce the
magnitudes of properties experienced during bubble collapse. Compressibility itself has a tendency greatly
to reduce the velocity of collapse.

The difference between idealised calculations and a real condition is described in the following example:
According to the ideal spherical bubble calculations, the collapse of a bubble of size 100 times that of its
nucleation size and with a nucleation partial pressure of 1 bar would result in a maximum collapse pressure
of 1x10%® bar and a maximum temperature 4x10* times greater than the ambient temperature. Clearly, this
would not occur in a real, physical case.

Another factor that complicates collapse is the presence of non-condensable gas or thermal effects. This is
because the pressure within the bubble can no longer be treated as constant. While there exists some gas
that will decelerate the collapse of a bubble, fluid compressibility does not have a major role in the bubble
dynamics. It does however have a significant effect on the formation of shock waves formed when the bubble
rebounds after collapse. This is because of the propagation of a pressure pulse directed away from the bubble
after it has reached its minimum size. Lastly, it has also been noted that surface tension and viscosity do not
have a major effect in bubble collapse.

A.3.1 Thermal effects

It is important to note that the collapsing bubbles can experience thermal effects early in the collapse in a
similar manner to that experienced in bubble growth. Even though these effects may be negligible for most
of the phase of collapse, they do have a significant effect during the final stage of collapse, At this point,
the contents of the bubbles become highly compressed due to the inertia of the surrounding fluid. Both the
pressures and temperatures predicted during a spherical bubble collapse are very high.

The non-condensable gas in the bubbles is assumed to behave adiabatically because of the very short time
that elapses during collapse. It has been shown that heat transfer between the gas and the liquid is important
because of the very small distances and large temperature gradients involved.

In an experiment, the details of which are unknown, it has been predicted that a bubble centre of a spherical
bubbles may reach temperatures as high as 8800°K during the phase of collapse. Other predictions describe
temperatures of 6700°K and pressures of 848bar. The interface temperature between the bubble and sur-
rounding fluid has been estimated to be at 3400°K for the latter case.

Other effects of importance include the inter-diffusion of gas and vapour within the bubble, which may
cause a build-up of non-condensable gas at the interface. This means that the vapour must diffuse through
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the non-condensable gas in order to condense on the interface.

A.3.2 Chemical effects

Energy transfer present during cavitation bubble collapse breaks down long-chain hydrocarbon molocules
into short-chain hydrocarbons, such as methane, and hydrogen. This assists in reducing combustion time,
but also results in decreased combustion temperatures and reduced nitrous oxide production. Hydroxyl
radicals, responsible for the decomposition of carbon double-bonds, are also released. [21]

These effects are most readily observed when cavitation is induced inside fuel droplets. This can be achieved
by forcing the droplets to exit the nozzle orifice at supersonic speeds. [21]

A.3.3 Bubble shape
There are three main stages to bubble collapse in a stationary fluid:

1. Theinitial inward acceleration of the bubble due to the difference between the bubble surrounding fluid
(P > Pv).

2. A stage of greatly increasing inwards acceleration, which occurs prior to the period of significant com-
pression within the bubble, due to external pressures and surface tension effects

3. The rebound stage, where the acceleration is very large in the outwards direction

All vapour bubbles that collapse to a size several orders of magnitude less than their maximum size produce
a cloud of smaller bubbles upon collapse. This phenomenon occurs over an extremely small time-scale. Fur-
thermore, it is important to note that fluid flow effects will cause the bubbles to deform and will significantly
alter the effect experienced during bubble collapse.

A.34 Cavitation damage

It is widely recognised that cavitation bubble collapse near a solid surface is a major cause of damage to solid
materials. During the collapse stage, both highly localised, large amplitude shock waves and micro-jets are
generated within the bubble.

When this collapse occurs near a surface, very highly localised and transient stresses are generated within the
material. Repetition of this loading causes material fatigue, leading to surface failure. The result of cavitation
is the surface material flaking off the wall. Soft materials have a tendency to form a pitted surface when
cavitation wear takes place.
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B. INITIAL CALCULATIONS

B. Initial Calculations

B.1 Treatment of fluid phases

Consideration of fluid compressibility is paramount for flow involving high velocities. However, information
outlining the sonic velocity for very high-pressure diesel fuel is scarce.

B.1.1 Liquid

The speed of sound for fluid in a liquid phase can be determined by its bulk modulus and density:

s = \/E ®.1)

The bulk modulus of diesel liquid increases considerably as the liquid pressure increases. A linear increase
in bulk modulus from 1400 MPa to 1750MPa is observed as pressure increases from 0 MPa to 30 MPa [57]. At
the outlet, a bulk modulus of approximately 1475 MPa is expected, which equates to a sonic velocity of 1333
m/s for diesel assuming a constant specific gravity of 0.830.

Additionally, diesel fluid at 60°C compressed to 2 MPa and 10 MPa have speed of sound values of approx-
imately 1210 m/s and 1250 m/s respectively [11]. The pressures involved in nozzle flow are expected to
be around 1500 bar at the inlet and 50 bar at the outlet, with an average of roughly 750 bar. Using linear
interpolation estimates of the sonic velocity at these pressures are 1950 m/s, 1490 m/s and 1575 m/s. These
values may be underestimates, since the trend is that at higher pressures the difference between the value of
the sonic velocity increased as the pressure increased at a constant rate [11]. They do however correlate well
with that determined by Equation B.1.

Using Bernoulli’s equation for inviscid, incompressible, irrotational, laminar flow (Equation B.2), an approx-
imation of the expected outlet velocity can be determined. This can serve as a worst case determination for
the compressibility effects of the fluid, since the expected sonic velocity is lowest for this pressure.

v

2

s

+ — + gz = constant (B.2)

Assuming stagnation conditions at the inlet, the outlet velocity was approximated to be 591m/s, which
equates to a Mach number at the outlet of roughly 0.396 at 60°C using the interpolated empirical data. Since
the Mach number does not look to exceed 0.4 for the fluid, compressibility effects will be neglected for the
liquid phase. The region of separation at the nozzle entrance, where the velocity is expected to be greatest,
will be at a reasonably high pressure, resulting in a lower Mach number than the outlet.
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A first approximation simulation using the incompressible liquid assumption revealed that the maximum
exit velocity was closer to 510 m/s, equating to a Mach number of 0.342 at 50 bar. A higher velocity of 550
m/s is experienced by the liquid at the entrance to the vena contracta, but the pressure in this region is nearly
three times as great as the exit pressure, resulting in a lower Mach number.

B.1.2 Gas

An approximation for the speed of sound in diesel vapour is made by treating the vapour as an ideal gas:

vRT
Cgas = 7 (B.3)
where ~ is the adiabatic index
R is the universal gas constant, 8.3145 J.K~!.mol !

M is the molar mass of the gas, equal to 221.16 for CysHog fuel

The value of v for diesel vapour of the specified properties is uncertain, but a value of 1.04117 is used, as seen
in the literature [12]. Therefore, the approximate value of the speed of sound in diesel vapour is 114.2 m/s at
60°C. It is quite clear that for an accurate solution, vapour density should be taken into account.

In order for the gas to be modelled correctly, the correct equation of state, taking into account both pressure
and temperature effects, needs to be chosen. An ideal gas model will be realistic at high temperatures and
low pressures, both of which may be present in this situation.

Literature suggests that a gamma gas law, which links both pressure to the density and temperature of the
fluid, may be used as an alternative to an ideal gas law [12]:

P= e—uig—ls = oY (B.4a)

Sp = E‘%& (B.4b)
-1

R, = "”+ (B.4c)

= ;’—‘; (B.4d)

B.2 Boundary conditions: Turbulence properties

When using a turbulence model, it is necessary to specify the turbulence conditions experienced at the inlet
and outlet boundaries. For internal flow, it is convenient to express these conditions in terms of the turbulence
intensity and turbulence length scale.

The turbulence intensity is the ratio of the root-mean-square of the velocity fluctuations and the mean flow
velocity. The turbulence intensity at the inlet is dependant on the flow conditions upstream of the flow. A
low turbulence intensity is used for undisturbed and under-developed flow. The turbulence at the centre of
a fully-developed pipe is given by the following empirical formula: [4]
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I=0.16(Rep,)* (B.5)

The turbulence length scale is a quantity that is related to the large eddies that are present in turbulent
flow. In fully developed flow, the size of an eddy is restricted by the size of the pipe, and is approximated
by Equation B.6a. Equation B.6b describes the turbulence length scale as a function of the boundary layer
thickness for flat-plates. It is particularly useful for wall-bounded flows where the inlet involves a turbulent
boundary layer. {4]

£=0.07L (B.6a)
£ =0.4899 = 0.4 (5L\/Re) (B.6b)

where dgg is the boundary layer thickness.

B.3 Fluid vapour pressure

In Section 4.1.4, the effect of turbulence on the vapour pressure is discussed. Equation 4.11a describes this
effect. In order to gauge the effect of the turbulent pressure rise, the local turbulence kinetic energy, given in

Equation B.7, must be determined.

k= g (uaveI)2 (B.7)

It was determined that the turbulence kinetic energy at the entrance to the nozzle is approximately 82.4 m?/s2.
Equation 4.11a was then used to determine the actual vapour pressure of roughly 14300Pa at the nozzle throat
for a vaporisation pressure of 1930 Pa. It is therefore observed that, at the working temperature of the fuel,
the turbulent effects on the vapour pressure of the system far more significant than the STP vaporisation
pressure of the fluid.

B.4 Heat transfer: Brinkman number

Viscous heating describes the creation of thermal energy due to viscous shear in the flow. In order to de-
termine whether the effect of viscous heating is significant in the context of the axisymmetric geometry, it is
necessary to determine the Brinkman number [4]:

Uz
Br= k"A—T (B.8)

where AT is the temperature difference in the system

For an average exit velocity of 350 m/s (based on the mass flow rate of a non-cavitating nozzle) and an
expected temperature difference of 80 °C [21] between the entrance and exit of the nozzle, Br ~ 37.5. This
implies that the viscous dissipation terms are very significant in the transfer of heat in the nozzle.
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C. Computational Geometry

This chapter explains how the geometry of the fuel injector was modelled in FLUENT®.

C.1 Fuel injector

Figure C.1 describes the actual geometry of the fuel injector that was used as a base for the simulated model.
The specified injector is that used on a BMW 320d E46. This injector has a measured volume flow rate of
between 431 cm3/30s and 449 cm3/30s at 100 bar. The maximum injector pressure that can be sustained is
1800 bar.

(a) Transverse section (b) Nozzle orientation

Figure C.1: Diesel fuel injector geometry [5]

C.2 Computational domain

The injector was modelled by two-dimensional, axisymmetric geometry, with the dimensions similar to those
when the nozzle it cut transversely through the diameter of a spray hole. The centreline of the nozzle was
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taken as the axis of symmetry. The nozzle radius and lenglh were sel al 7.5 pm and 1 mim respectively, No
itformation regarding nezzle taper was available,

The inlet boundary was set (1.4 mm away from the centrelitte of the noezle entrance as o allow stagnation
conditions to exist at the boundary: The nezzle inlet corner was created as a sharp edge, in order to promote
cavitation in this region. Where stated, a fillet radius on the mlet cormer was produced. Figure C.2 shows the
boundary conditions subscribed to the general geometry of the problem.

Pressure Inlet

N S P T RN

1
1
1
1
1
|
1
: o Pressure Oullet
1
]
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i
1

Figure C.2: Boundary conditions

C.21 Geometry creation

The entire grid was discretised vsing quadnlateral elements of rectangular shape. This done so that most of
the fow aligned well with the grid, reducing numerical diffusion. A fine mesh was constructed i the inlet
region to accurately capture separation, cavitativn and turbulent effects near the nuzzle entrance. The mesh
was made gradually coarser as it extends toward the nezzle exit, and upwind 1o the inlet.

Phae b the presence of separation and recivoulating, low-velocaty Hlow at the nozzle entrance, a bwo-layer
muedel incorperating enhanced wall functions needed to be employed. This method clearly was not employved
by Smghal et al. [24], who emploved grids consisting of ondy 2800 cells. However, it was felt that since
turbulent vartices and recirculating flow would be present near ihe nozzle entrance, il would be necessary to
accurately capture these effects. The turbulence has a great effect on the cavitation incepbHon pressure, and it
was felt that a signiticant change in the turbulence formmation may be possible throuagh the alteration of fuel
parameters. Furthermore, an accurate determination of the coefficient of contraction was deemed necessary.
This required a fine grid tv reduce the inaccuracy in representativn of the gasecus and liquid regions of the
demain. One disadvantage to this approach is that the effect of surface roughness can not be empirically

accvunted for

The requirernents for the Enhanced Wall Treatment [(EWT) of near wall flow necessitated the grid at the
boundary laver needed to be very fine. Tt was required celts adjacent to the wall had cell centres sufficiently
close o that the wall ¥ ° value was as close to unity as possible. This was not always possible, since as
the pressure profile and velocity changes in the nozzle, the v+ value also changes. Therefore, the grid was
constructed such that as the veloaity prefile in the nozile changed, the v! value was kept near or below 5 for
the cells next to the nuzele wall The grid fur the square inlet noweke is shown in Figure 2.3, The grid consisted
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iof a 384 by 32 cell mesh totalling 12352 cells in the nozzle, while 19520 cells were nsed in the high-pressore
region upwind of the nozzle throal. Tn total, a mesh consisting of 31872 cells was used.
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(b} Dretail of nozele throat
Figure C.3: Computational grid for square-inlet simulations

Oniy the mesh containing a rounded inlet contained distorted elemerds. The mesh was kept structured,
as Lhis allowed for Uhe mesh near the wall in the boundary layer to be tightly controlled. The flow in the
region of distorted mesh 1s uniform and dees not undergo large changes in direclion or have large property
gradients, Numerical inaccuracy in this region was considered to be minimised and necessary to enforce
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good mesh qualily in the boundary layer near the nozzle enlrance, In relrospedt, a seni-unstiuctured grid
could have eon employed to mintmise mesh distortion of the grid near the axis. An examplo of a grid used
for a simulation of 2 noezle with a rounded inket is depicted in Figure (o

{a) Whale grid

) Detail of nozzle theoat

Figure (.4 Computational grid for rounded-inlet simulations
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D. Computational Settings

D.1 Standard fluid properties and specifications

The following Tables D.1 and D.2 describe the properties of liquid and gaseous diesel fuel (gas-oil) that were
used as the working medium in simulations.

Property Units Value
Density @ 15°C kg.m~3 830
Viscosity @ 40°C kgm™1s7! | 0.00332

Specific heat capacity (C,) | Jkg~ K~ | 2050
Droplet surface tension N.m™! 0.025
Vapour pressure @ 360K Pa 1930

Table D.1: Liquid diesel fuel properties [6, 7]

Property Units Value
Density kg.m™3 94
Viscosity @ 40°C kgm~1s71 [ 7x10-6
Specific heat capacity (Cp) | J kg 1.K™! [ 2430

Table D.2: Gaseous diesel fuel properties [6]

It should be noted that the standard values for the liquid fuel density, droplet surface tension and vapour
pressure were taken as the average values of data extracted from the FLUENT® Materials Database [6] and
literature [7].

In South Africa, diesel does not entirely conform to the EN 590:2004 standard, as alterations have been made
to suit local conditions and possibly refinery capabilities. The following relevant criteria exist for this locale
in the year 2006 [58]:

Property Units | Minimum value | Maximum value
Density @ 15°C | kg.m™3 800 845
Viscosity @ 40°C | mm2.s~! 220 5.30

Table D.3: Relevant South African diesel fuel specifications

The specifications for fuel viscosity translates to limits of 0.001666 kg.m~'.s~! and 0.003735 kg.m~ 1.5~ for
fuel of density 830 kg.m~3. These values were taken as guideline limits for alterations that could be made to
the fuel properties. The new Euro 5 specifications lie within the limits specified above.
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D.1.1 Cavitation model

Certain fluid properties are needed to define the effect of cavitation on the fluid. The following settings were
used for the cavitation model used by FLUENT®:

Property Units | Value

Vapour pressure Pa 1930

Surface tension N.m™! | 0.025
Non-condensable gas [ ppm 15

Table D.4: Cavitation model settings

The value used for the non-condensable gas was the standard value provided by FLUENT®, since no data
detailing the concentration of contaminant gas in diesel was available. 15ppm is the saturation concentration
of air in water at atmospheric pressure. Since the fuel would be sloshing and mixing with air in the fuel tank,
it is felt that this value could be attained in a real-world scenario.

D.2 Boundary conditions

The following boundary conditions were applied at the specified locations:

Position | Property Units | Value / Description
INLET | Type Pressure inlet
Gauge total pressure bar 1500
Initial gauge pressure bar 1500
Backflow turbulence intensity 0.0656
Backflow turbulence length scale [ m 0.0707
Volume fraction 7.5x10~4
Bulk fluid temperature K 360
OUTLET | Type Pressure outlet
Gauge Total Pressure bar 50
Backflow turbulence intensity 0.055
Backflow turbulence length scale | m 1.06e-05
Backflow volume fraction 1
Backflow temperature K 440
WALL | Type ' Wall
Wall temperature K 360
AXIS | Type Axis

Table D.5: Boundary conditions

The backflow volume fraction was set to unity (i.e. diesel vapour enters the domain under backflow condi-
tions) since the density of the vapour and that of the gases in the combustion chamber would be of the same
order of magnitude. Turbulence settings were specified normal to the boundary at which they are set.
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D.3 Turbulence model

The standard k — e turbulence model for fully turbulent flow was used to describe the effect of turbulence
in the nozzle. The standard model constants, described in Table 4.1, were retained. The choice of turbulence
model was based on the geometry, the fully turbulent conditions present in the nozzle and the literature. The
cavitation model has been validated using the standard k — ¢ turbulence model [24). Possible inaccuracy of
results due to the choice of turbulence model, as suggested by literature [33], have been noted.

An enhanced-wall treatment was applied, since a low-velocity recirculating region appeared where the fluid
separates from the nozzle wall just downstream of the nozzle throat. It is necessary in order to capture these
low velocities in the boundary layer. Near zero velocities exist in this region for some time, while the flow
near the axis retains its high-velocity. Also, the cavitation effect appears only in small regions adjacent to
the nozzle wall, and a fine grid was required to capture the effects in the nozzle throat. Since the pressure-
gradients between cells in the throat were very large, the option to enhance the capture of “pressure gradient
effects” was also activated.

D.4 Initial conditions

Initial conditions were chosen such that the fluid was stationary and at low pressure. This would simulate
the conditions that are present before the injector needle has begun to rise. Thus, the initial pressure of the
computational domain was set at 50 bar, while the starting velocity of the fluid were set to zero.

D.5 Solver

In order to preserve accuracy, a double-precision solver was used. This preserves accuracy in the resolution
of the pressure gradient in the flow regime. [4]

The PISO pressure-velocity coupling scheme was used for the solution of pressure and velocity fields. This
is the most stable solver available for use on time-dependant problems, as it ensures a momentum balance
after the pressure and velocity fields have been calculated. [4]

D.5.1 Discretisation
Second-order discretisation schemes were used to reduce the amount of numerical diffusion present in the

system. It was considered important to use them because flow moves diagonally across some cells. The
actual settings are described in Table D.6.

D.5.2 Stability

Stability was a major issue that was encountered when cavitating flow was present in the flow field. This is
mainly due to the very high pressure gradients present in the flow field. Certain simulation settings were
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Equation Algorithm

Pressure Second order
Momentum Second order upwind
Vapour QUICK

Turbulence kinetic energy | Second order upwind

Turbulence dissipation rate | Second order upwind

Energy Second order upwind

Table D.6: Discretisation settings

altered in order to achieve good convergence and stability with the cavitation model. These settings that
were used are described below.

AMG multigrid

The following settings in the algebraic multigrid were used, as recommended by the literature for cavitation
problems [59, 60]:

1. For the pressure equation, use V-cycle was used.
The termination criteria was set to 0.001.
A maximum of 100 pressure calculation cycles were allowed.

2. The number of pre-sweeps was set to 1.
3. The number of post-sweeps was set to 3.

The alteration of these settings were performed to add accuracy to the pressure calculations, and stability to
the calculations involved in the entire set of algebraic equations.

Neighbour correction

Where necessary, neighbour correction for the PISO algorithm was implemented. Up to 5 correction iterations
were allowed when good stability was not achieved. This algorithm allows the pressure-correction step in
the pressure-velocity coupling to be performed a number of times before the solver solves the other variables.
In this way stability is enhanced, as the pressure gradients in a cavitating field are large.

D.5.3 Under-relaxation

Modification of the standard under-relaxation values was necessary to stabilise the calculation procedure.
Lower under-relaxation values inhibited fast convergence for larger time-steps, but assisted in maintaining
solution stability.

Table D.7 outlines the value ranges suggested for use with the cavitation model, and those used in the un-
steady, axisymmetric simulations.
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Property Guideline value | Simulation
Pressure 02-07 04-07
Density 03-1.0 05-0.85
Momentum 0.05-0.4 0.25-0.35
Vapourisation mass 01-1.0 0.35-0.45
Vapour N/A 0.45-0.55
Turbulence kinetic energy N/A 0.4-0.6
Turbulence dissipation rate N/A 0.25-0.45
Turbulent viscosity N/A 1

Table D.7: Simulation under-relaxation values [4]
D.54 Time-dependency

Due to the nature of the flow, multiple time-scales were necessary to capture the flow events. Initially, time-
steps in the order of 10 ns were required when flow was initialised and the flow-field is near stationary. This
fairly rapidly reduced to 0.25 ns as the velocity through the nozzle increased. These minute time-steps were
required in order to keep the cell Courant number low and thus maintain the stability and accuracy of the
solution at each time-step. In certain instances, it was necessary to reduce the time-step further to 0.1 ns to
attain convergence and good stability.

D.6 Approximations and simplifications

A brief overview of some approximations of the geometry and modelling technique used in this dissertation
are discussed below.

D.6.1 Geometry

By using the enhanced wall treatment, it is not possible to model the effects of surface roughness, unless
those surface imperfections are manually modelled in the geometry. For this reason, surface roughness is not
taken into account. This may reduce bubbles nucleation due to surface roughness effect.

Axisymmetric nozzle is not entirely indicative of flow in a fuel injector, since the difference in flow from
the sides of the nozzle is not accounted for. The nozzle offset angle with respect to the axis of the injector
is ignored. This may inhibit, should it occur in real nozzles, the effect of vapour detaching from the wall
of the nozzle. However, since a qualitative study of the effect of fuel parameters is to be determined, this
simplification was considered to be justified.

The effect that the injector needle may have on nozzle flow has been neglected. This implies that any effect
that the needle may have due to seating and unseating, as well as jetting has been ignored.
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D.6.2 Materials

The concentration of the non-condensable gases is assumed to be uniform. This is an approximation associ-
ated with the cavitation model. The velocity difference between the two phases was considered so small as
to be negligible.

For most simulations, the effect of temperature on the flow field is neglected. Flow is considered isothermal
and both the liquid and gas are considered the be of constant density. This has been shown to lead to accurate
and representative solutions for sharp-edged orifice geometries [24].

For simulations where temperature effects were to be considered, the liquid was still modelled as incompress-
ible, but an incompressible ideal-gas model was used to describe the diesel gas. An ideal gas assumption is
valid at high temperatures and low pressures, the latter of which describes the pressure of the vapour well.
The vapour pressure was considered to be constant with respect to temperature.
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E. Initial Decisions

The following chapter outlines initial decisions that were made in order to successfully simulate flow through
an axisymmetric nozzle. The purpose of the chapter is to briefly describe the process undertaken to deter-
mine the optimum level of grid refinement and model requirements to use. The outcomes of these initial
investigations were considered in the development of further models.

It should be noted that all of the settings described in Appendices B and D were used to perform the described
simulations. For the most part, the accuracy of simulations was determined according to the visual descrip-
tion of the vapour phase and coefficient of discharge profiles and results. Velocity and pressure distributions
were checked as a matter of course.

Due to the predicted significance of the turbulent effects on cavitation described in Section B.3, it was felt
necessary that a grid that with sufficient resolution to capture these turbulent effects was imperative. Since
it was known that stagnation and recirculation would occur in the orifice throat, it was considered necessary
to produce a grid that used enhanced wall functions that could account for the stagnant flow near the wall.

E.1 Grid dependency

A check was done to determine the effect of grid size on the accuracy of the simulations. Several grids were
checked, each differing fairly substantially in resolution. Steady-state single-phase models were run until
the continuity residual was at 1x10~° and all other residuals were at 1x10~3. The cavitation model was then
implemented until the continuity residual reached 1x10-5.

Table E.1 describes the meshes used to determine the effect of grid dependency. The quality of the mesh was
excellent as a regular grid was used.

Grid description Low resolution | Medium resolution | High resolution
Number of cells 24116 43190 92640
Number of cells in nozzle 8768 15870 37940
Worst wall y* value inside nozzle 5 4.95 21
Worst wall y* value outside nozzle 8 7.1 273
Quality of result Fair Good Good

Table E.1: Description of grid dependency mesh

By this comparison, it was decided that a grid similar to the medium resolution grid would be suitable for
calculation purposes. Refinements were initially made to the existing medium to reduce the wall y* values
below 5 as suggested for use with an Enhanced Wall function turbulence model. The benefits of using as
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coarse a mesh as possible include a reduction in time taken to run simulations, as well as a reduced Courant
number for unsteady simulations.

Unsteady simulations were then run and wall y* were checked at different time intervals. It was observed
that the y* values predicted were often lower than that predicted by steady simulations, especially in the
initial Stages of flow. The mesh was again modified both inside and outside the nozzle until the number of
cells outside the nozzle was minimised and the y* value was near to and below 10. This leaves the y* value at
the maximum value that can be used with Enhanced Wall functions, and allows a minimised computational
and time expense. The wall y* value was highly transient, as the development of flow changed both the
velocity and phase of the fluid adjacent to the wall.

The final grid to be used for unsteady simulations was created with the consideration of the time that each
transient simulation would take to run. The grid had the following properties:

Number of cells 19120
Number of cells in nozzle 7680
Worst wall y* value inside nozzle 63
Worst wall y*+ value outside nozzle | 8.2

Table E.2: Description of final axisymmetric grid

The high wall y* values were present at the nozzle entrance and in regions where high velocity liquid was
adjacent to the wall. The value was lower in regions where the near-wall cells in the nozzle contained either
vapour or had low velocity liquid. In excess of 80% of cells adjacent to the wall had y* values of less than 5
when transient simulations reached a steady-state.

It should be noted that the pressure inlet was set 5 nozzle radii upwind of the centre of the axis of the nozzle
inlet. This was done because, through an iterative process, it was determined that the static pressure and
velocity at this point are sufficiently close to 1500 bar and 0 m/s respectively. It was also determined that the
proximity of the high pressure inlet to the nozzle is sufficiently large so that the pressure inlet does not affect
the pressure distribution at the nozzle entrance.

E.2 Stability and convergence criteria

Convergence criterion in unsteady simulations changed as the flow in the nozzle developed. When single-
phase flow was present, convergence of all properties was rapid and easily attained. For this reason, initial
time-steps were large and high under-relaxation values were set. Residuals were set at or below 1x10~3 for
all properties.

The appearance of vapour due to cavitation caused stability issues. As a result of this, time-steps had to be
significantly reduced to each iteration and under-relaxation factors had to be decreased. It was found that,
even with a fine grid, convergence of the continuity equation to a residual of less than 1x10~3 was difficult.
All other residuals converged to values less than 1x10~* when the time-step was decreased.

Transient simulations were only considered to fully converged when the residual magnitudes described in
the above paragraphs were attained and the flow conditions had stabilised. The mass-flow through the noz-
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zle outlet had to reach a steady value, and the velocity profile at the exit needed to stabilise before transient
simulations were ended.
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F. BUBBLE COLLAPSE: FLUID PROPERTIES

E. Bubble collapse: Fluid properties

E1 Base conditions

Property Units Value
Density kg.m™3 830
Far-field pressure bar 50
Temperature K 360
Viscosity kg.m~1ls~1 | 0.00332
Surface Tension N.m™! 0.025

Table E1: Liquid properties

Property Units Value
Molar mass | kg.mol™! [ 221

Table E2: Vapour properties

Property Units Value
Mass fraction ppm 15
Specific heat capacity (C,) | J.kg=*.K™! | 717.5
Molar mass kg.mol~1 29

Table E3: Air properties

Property Units Value
Temperature K 400
Pressure Pa 1860.6
Radius pm 5.50
Velocity ms~! 0
Acceleration | m.s2 | -6.25x108
Polytropic value 1

Table F.4: Initial bubble properties
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E2 Temperature dependant fluid properties

The specific latent heat of evaporation of diesel is given by [7]:

_251.3 — (0.377 + (T — 273))
P

L

(F.1)

Table F.5 provides the values for the temperature dependant conductivity of air. Conductivity is not greatly

dependant on pressure.
Temperature | Conductivity
K W/m.K
100 0.009246
150 0.013735
200 0.01809
250 0.02227
300 0.02624
350 0.03003
400 0.03365
450 0.03707
500 0.04038
550 0.0436
600 0.04659
650 0.04953
700 0.0523
750 0.05509
800 0.05779
850 0.06028
900 0.06279
950 0.06525
1000 0.06752
1100 0.0732
1200 0.0782
1300 0.0837
1400 0.0891
1500 0.0946
1600 0.1
1700 0.105
1800 0.111
1900 0.117
2000 0.124
2100 0.131
2200 0.139
2300 0.149
2400 0.161
2500 0.175
Table E5: Temperature dependant conductivity of air [8]
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