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Free-Lagrange Simulations of Shock-Bubble

Interaction in Extracorpore‘al Shock Wave Lithotripsy

by Ahmad Riza Jamaluddin

Evidence have shown that significant amounts of violent cavitation activity are present
during Extracorporeal Shock Wave Lithotripsy (ESWL). This cavitation has been pos-
tulated to play a significant role in kidney stone disintegration during treatment. In this
study, a swirl-free Free-Lagrange hydrocode is used to simulate the axisymmetric jetting
collapse of initially stable air bubbles in water as a result of interaction with a planar
lithotripter shock wave. Various cases were carried out in order to investigate the effect
of bubble size. the presence of a rigid boundary at various stand-off distances as well as
cases nvolving arrays of bubbles.

The Free-Langrange method is highly suitable for the simulation of highly deforming
flows. The teclmique also retains sharply resolved gas/liquid interfaces regardless of the
degree of geometric deformation, and reveals details of the dyvnamics of bubble collapse.
This also helps in reducing the degree of nunierical diffusion. The numerical code employvs
sccond order space and first order time accurate Godunov-type solvers. For validation
purposes two different cases were carried out - simulations of the axisvmmetric collapse
of a hubble by a planar step shock wave of various strengths and two dimensional planar
shock /water column interactions.

In addition to the above, two separate numerical acoustic codes have heen developed
using the Kirchhoff s method and the Ffowes William-Hawkings formulation. When cou-
pled to the Free-Lagrange code, cach can be used to obtain the far-field pressure signatures
of cavitation events. Both numerical codes have been validated against analvtical results
in predicting the far-field pressure signature emitted from an oscillating solid sphere. The
relative merits of each method are given along with a few analyses of the far-field pressure
signature predicted from the lithotripter shock wave/bubble interaction problems.

The code has been used to simulate the collapse of single cavitation bubbles in free-field
and near a planar rigid boundary for various stand-off distance. Simulation of an array of
bubbles are also presented. The results elearly capture the phenonena of bubble collapse
that are believed to assist kidney stone fragimentation during lithotripsy treatment. i.e.
high speed Liquid jet impact and blast wave emission. The far-ficld pressure signature
shows the expansion wave originating fromr the shock-bubble nteraction and the high

amplitude blast wave.
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Chapter 1
Introduction

Owing to its destructive nature, the dynamics of cavitation bubble collapse have been
studied for many years. It is understood that when single bubbles or clusters of bubbles
collapse, two distinctive phenomena take place, 1.e. emission of shock waves and formation
of a high speed liquid microjet which pierces through the bubble interior (Fig. 1.1). The
latter only occurs when asymmetry of the flow around the bubble is induced, either by
the close proximity of a boundary or by a pressure pulse such as a shock wave. Several
cveles of collapse and rebound may occur, resulting in several emissions of shock waves

and high speed microjets.

Figure 1.1: Jet formation during the collapse of an oscillating bubble at low pressure
(0.04 = 0.05bar) in a 60 — Hz sound ficld. The bubble size is ca. 0.2e¢m. Photograph
taken by Prof. LA Crum, University of Mississippt [28].

Extracorporeal Shock Wave Lithotripsy (ESWL) ix technique for shattering stones
sich as kidney stones or gallstones with shock wave produced outside thie body. Ever
sinee it was frst introduced i Germany in the 1980°s. millions of kidney stone patients
around thie world have heen suceesstully treated with lithotripsy. The popularity of the
procedure has inereased imenscly. The perception that ESWL treatment does not cause

any harm or any scvere acute or lasting side effects. and as such 1s safe. has heen the
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rcason for its acceptance by patients and adoption by many health institution. However,
it is now realised that, although ESWL appears to be an effective treatment for a wide
variety of urinary tract calculi, this important technique is decidedly not problem-free.

Studies of ESWL have showed that cavitation bubbles are induced in vivo near the
lithotripter focus by the tensile stress of lithotripter shock wave pulses [26]. The mechan-
ical stresses generated by the shock-bubble interaction and subsequent jet impact on the
kidney stone have been identified as a possible mechanism of stone fragmentation during
lithotripsy. In addition, the direct impact of the incident lithotripter shock wave may
also assists in the fragmentation of the kiduey stone.

Although the stones can be visualised at any time during the treatinent on X-ray or ul-
trasound, it is difficult or nnpossible for the operator to judge the degree of fragmentation
from viewing the image. As a result, the number of shocks generated during treatment
is largely empirical. It is normal practice to give a pre-set number of shocks. typically
1000 to 4000 in one treatment (spaced 1 second apart): the exact number depends on
the stone and the type of lithotripter. This is generally unsatisfactory. If too few shocks
arc given, the patient needs repeat treatment, resulting in an increase in waiting lists.
costs. managenient, and a decrease in health and morale. If more shocks than required
to fragment the stone are given, the consequences can be worse. Firstly because each
acoustic shock causes some collateral damage to soft tissues. Secondly. each shock source
costs several thousand pounds and has a lifetime which is determined by the number of
times it is fired. Thirdly, the longer the treatment, the fewer patients can be processed
cacl day-.

Despite these findings. current commniercial lithotripters are not equipped with any
means to determine whether sufficient shocks have been given to cause the necessary
degree of fragnientation or even to assess qualitatively the cavitation activity in patients
during clinical lithotripsy. Oue means of detecting the presence of cavitation bubhles is
to nicasure their acoustic emissions [26]. In an attempt to understand the correlation
hetween the acoustic emission and bubble dvnamics, Zhong et al. [107] studied the dy-
nawnics of in vitro cavitation using high-speed photography and measured the associated
acoustic clission in water emanating from the focus of an electrohvdraulic shock wave
lithotripter. Simultancous high-speed photography and acoustic emission measurenients
were used to characterise the inertial cavitation and associated emission i vitro induced
by lithotripsy shock waves. In doing this, a clear correlation between the dvnamics of
lithotripsv-induced cavitation bubbles and the resultant acoustic emission was identified.

Although cavitation bubbles mainly occur in clusters, most studies concentrate on
the collapse of single bubbles. This is because it reduces the complexity of the problem.

Furthermore, if the dyvnaniies of a siugle bubble and the basic mechanisms of hubble
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collapse are understood, it is easier to predict and analyse the behaviour of cavitation
clouds. Nevertheless, when doing so, it is imperative that a number of assumptions are
addressed accordingly. In most cases, single bubbles are generated by using an electric
spark discharge or intense laser beam. By employing these methods, the size and position
of the bubbles can be controlled, cither by inducing the cavitation near boundaries or in
the free-field. In ovder to observe the dynaiics and evolution of the bubbles, high-speed
photograply is ciployed. However, understanding of the fluid mechanics involved is
incomplete owing to the limited temporal and spatial resolution of available experimental
diagnostics.

Theretore, numerical simulations have become attractive since they have potential to
show i detail the process of bubble collapse. The most widely used numerical approach
in the simulation of bubble collapse is the Boundary Integral Method (BIN) [12. 10,
91, 105, 104]. Results obtained using this method have been shown to agree well with
those acquired experimentally. The formation of a liquid jet when the collapse takes
place near a solid houndary is well captured. However, the assumption that the fluid
is incowmpressible, irrotational aud that the gas scalar properties are spatially uniform
makes it over-restrictive in its applications. Thercfore, it is not suited to model flows
which involve pressure discontinuities such as shocks.

The phenomenon of bubble collapse is a multi-phase problem which involves liquid,
gas and boundaries which could either be rigid, frec surface or elastic-plastic material.
Furthermore, the fact that the plhienomena of bubble collapse is a highly deforming fluid
problemn makes the study a very challenging task. It is important that the exact location
of the interfaces that separate each phase or material at any time is tracked accurately.
Most conventional computational fluid dvnamic (CFD) codes however are limited in their
ability to capture sharp material interfaces. A number of numerical interface tracking
methods have been developed over the past vears and these include moving-grid meth-
ods, volume-tracking methods. surface-tracking methods and gradient methods. Further
discussion that covers the theoretical analvsis. numerical simulations and experimental
work on bubble dyvnamics is presented in detail in the next chapter.

The Free-Lagrange method is highly suitable for simulating the collapse of single
bubbles. The wethod provides a distinetive advantage in multi-material flow probleins.
In this method, the problem is greatly simiplified in that the type of fluid in each mesh
cell 18 assigued front the start of the simulation and never changes. There are no mixed
cells aidd henee the material interfaces always coincide with niesh cell boundaries. and
are sharply resolved. The Free-Lagrange niethod also avoids problems of mesh distortion
and cutanglement because niesh connectivity is allowed to evolve naturally.

A novel Free-Lagrange computational code, Vucalm, has been developed by Ball [3]

Almad R Jamaluddin 3



Free-Lagrange Simulations of Shock-Bubble Interaction in ESWL

and used to simulate various multi-material flow problems [4, 6]. The code solves the
unsteady, inviscid and compressible Euler equations on an unstructured Lagrangian ref-

crence frame using Godunov-type solvers.

1.1 Research Objectives

The current research work of the author is part of a larger research programme involv-
ing a team of researchers from the University of Southampton and the Medical Physics
Department at St Thomas™ Hospital, London. The aim of this research is to assist in
the design of a sensor which will use the acoustic emissions generated by reflection and
reverberation of the ineident lithotripter pulse from the stone and tissue, as well as emis-
sions from cavitation activity, in order to diagnose whether the lithotripter focus is still
on-target, the degree to which cavitation is occurring, and the degree to which the stone
lias beconte fragmented. The interpretation of the emissions will be based on data to
be obtained from in-vitro and in-vivo experiments carried out in the Nedical Physics
Departiment at St Thomas' Hospital, London, and from the numerical simulations. The

instrument will he developed in view of the following facts,

e The magnitude of the primary pulse! reflection will confirm and monitor the accu-

racy of lithotripter alignnmient during treatment.

e Any abrupt changes in the spectral content of the primary reflection will warn of

stone shattering, so that treatment is not unnecessarily prolonged.

e The cavitation signature will warn of excessive cavitation remote from the stone

and assoclated collateral tissue damage.

The role of the author's PhD research is. in part, to provide the numerical simulation
component of this project. Although comparisons of in vivo data could have been made
with predictions of the far-field pressure made by the Gilmore theoretical model (explained
i the next chapter), the assumptions inherent in this model are of doubtful validity in
relation to lithotripsy. The model ignores any interactions with solids. obviously crucial
for stone fragimentation. Furthermore, it also assumes that the bubbles remain spherical
at all times, and the gas homogeneous, witl the result that the presence of gas shocks and
liquid microjets, which are extremely important for stone fragmentation. are not included.
Sinmulations whicli account for these features are therefore seen as useful in understanding

the dynamics of cavitation bubbles in ESWL. Thus, a Free-Lagrange computational fluid

'A pulsed pressure wave resulting from the reflection of the incident lithotripter shock wave on the
kidney stone and/or from the initial collapse and rebound of cavitation bubbles.
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dynamics code (Vucalm) is used to model the production of jets in bubbles which are
subjected to lithotripter pulses near stones.

A necessary prerequisite is to simulate the interaction of an air bubble with a lithotripter
shock wave using Vucalm. The computational code was originally developed for simulat-
ing fluid problemns in the two dimensional planar co-ordinate system. In order to simulate
the interaction of single cavitation bubbles with a shock wave it is necessary to extend
the code Into axisymunetric geometry to model a bubble which is spherical in shape. This
preliminary task had been achieved [94], though further work was necessary within this
PhD project to improve and further validate the code. The impetus of this study is also
to gain a better understanding of the dynamics of cavitation bubbles, the collapse due
to Interaction with a shock, particularly the phenomena which are responsible for hoth
cavitation crosion and stoue fragmentation.

The theoretical study is also carried out to model what far field acoustic emissions
might be produced from the various processes we wish to diagnose. In order to com-
pare the acoustic signature obtained experimentally in-vitro and in-vivo with that ob-
tained numerically, two acoustic codes were developed using the Kirchhoff's and Ffowcs
Williams-Hawkings methods. The Vucalm code provide predictions of pressure signatures
in the near-ficld which are then projected to the far-field using the acoustic codes. The
two nuwerical acoustic codes are validated and comparisons are given to show the relative
nierit of each methods.

The objectives of the current research work can then be summarised as follows, i.e.

to
e develop and validate the axisymmetric version of the Free-Lagrange code.

e simulate the interaction of a lithotripter shock wave with an air bubble in water in

free-field and near a plane rigid boundary for various stand-oft distance.

e investigate the dependency of the collapse on the shock strength and bubble initial
radius. the formation of the high-speed liquid jet, shock wave emission, and the

shape of the bubble during the collapse and rebound.

e develop a code to predict the far-field acoustic signature arising from the cavitation
events using the Kirchhoff's (KCHF) and the Ffowes Williams-Hawkings (FWH)

niethods.

e oxtend the acoustic code to problems comprising more than one bubble in order to
predict the acoustic signature arising from the interaction of a lithotripter shock

wave witl a low density bubble cloud.

o2
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e provide information to assist in the development of a measuring instrument which
can detect the various acoustic emissions arising from the interaction of lithotripsy

pulses with the patient’s tissues.

1.2 Thesis Outline

This thesis consists of ten chapters. The first chapter gives a general overview of the
rescarch work and the outline of the thesis. In Chapter 2, a review of the research in
bubble dynamics including those in lithotripsy is presented. Here, an explanation of
the dynamics of a collapsing bubble is given. This is followed by a brief description of
Extracorporeal Shock Wave Lithotripsy (ESWL). This chapter also includes safety issues
of the treatinent. experimental and theoretical work carried out over the past vears, and
its relation to cavitation. Following this, a review of the relevant numerical methods for
cavitation bubble simulation as well as a brief review of the KCHFE and the FWH methods
arc given in Chapter 3.

Chapter 4 gives an overview of the Vucalm code and the derivation of governing
cquations of the axisymmetric version of the code. A more detailed derivation is given
i Appendix A. A discussion on the Kirchhoff and FWH method algorithm and how
the Viuealm near-field solution is used in cach aeroacoustic codes to obtain the far-field
solution is given in Chapter 5.

The following chapter presents the validation of the Free-Lagrange and the two aeroa-
coustic codes. Validation of the former is made by commparing the results with a published
article by Ding and Gracewski [35] and also by Igra and Takayama [52]. The aeroacoustic
codes. on the other hand. are validated against analytical results in predicting the far-field
pressure sigiature cuiitted from an oscillating solid sphere. The case studies for the val-
idation of the axisynunetric Free-Lagrange code involve the simulation of shock/bubble
interaction for various bubble initial sizes and shock strengths. The results are compared
with theoretical analysis and numerical simulations using another metliod. A second vali-
dation is a numerical simulation of shock wave interaction with a water cohun in air and
comparisons are made munerically as well as experiimentally usiug interferonieter iiages.
This allow the code to be validated against experinlental work. as well as examining the
code’s capability to simulate two phase flow probleins of air and water. including a strong
planar shock wave.

In Chiapter 7, a systematic methodology is established for the simulation of the inter-
action of a single stable cavitation bubble with a lithotripter shock wave. This includes
a paranictric study of niesh convergenee and of the material interface smoothing routiue.

Based on the results, the munerical simulations of the interaction of single cavitation
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bubbles in free-field with lithotripter shock waves are carried out. The far-field pressure
wave time history of each cases are also presented and discussed. Comparisons between
the results obtained using the Kirchhoff method and FHW method are presented.

In Chapter 8, the simulations of single bubble interaction with a lithotripter shock
wave for various distances from a planc rigid boundary, including attached hubbles, using
the Free-Lagrange method are given. As in previous chapter, the far-field pressure wave
tinie history of cach cases are also presented and discussed.

In Chapter 9, simulations of the interaction of a shock wave with an array of bubbles
of various sceparation distances were also conducted and the results are presented in this
chapter. The analysis was carried out to determine the degree of influence and interaction
of the neighbouring bubbles. This was doue by methodically increasing the separation
between the two bubbles, and analysing and comparing the bubble wall position time
history as well as the predicted far-field pressure signature with that of a single bubble.
The data collected were then used in the next study which involve extending the single
bubble problemn to a low density bubble cloud. Far-field pressure time histories emitted
from cavitation activity from varying bubble distributions and density are presented.

Finally, a conclusion and suggestious for future works are presented in the final chapter.

Ahmad R Jamaluddin
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Chapter 2

Introduction to Bubble Dynamics

2.1 Introduction

It is believed that the cause of cavitation erosion is due to the high-speed liquid jet impact
and shock wave emission as a result of the collapse and rebound of the cavitation bubbles.
However, the mechanisims and impetus behind the collapse are not clearly understood.
It is therefore the preliminary task of the research conducted here to review the state
of current knowledge ou the dynamics of bubble collapse. The review is presented in
this chapter and it is divided into two parts. The first includes details of the tvpes of
bubble collapse and the physical aspects regarding the research development in bubble
dynaniics - experimental and theoretical works. The second part gives a brief insight
into Extracorporeal Shock Wave Lithotripsy (ESWL). A few aspects of the treatment are
discussed, such as the various type of lithotripters, its history, the advantages as well as

disadvantages of the treatment, and its relation to cavitation bubbles.

2.2 Physical Aspects - Bubble Dynamics

2.2.1 Types of collapse

The interest in cavitation bubble dynamics can partly be attributed to its destructive
action not only ou solid surfaces in hyvdraulic machinery, but also its role in fragmentation
of kidneyv stones in clinical lithotripsy. Much work has also been carried out on the role
of cavitation collapse on the initiation of explosives [14].

Cavitation occurs when a new surface or bounded volume is created within the body
of a liquid. The bounded volmue, or cavity, can either be empty or contains gas or
vapour [62]. This is a gencral definition ranging from phenomena such as underwater

explosions and effervescence to the boiling of a liquid. The formation of the cavity can
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be stimulated by a Aow, decomnpression, sudden deposition of electromagnetic or ionising
radiation, or heat and acoustic waves. The latter is often referred to acoustic cavitation.
In most practical circuinstances, the cavity is not formmed from the bulk of the liquid,
but is seeded from a pre-existing gas pocket or nuclei in the liquid. The interaction with
acoustic waves will cause the bubbles to undergo both expansion and contraction phases.

Generally, the collapse of cavitation bubbles can be classified into two categories, sym-
metric and asymmetric collapse. Symmetric collapse takes place in an infinite isotropic
liquid, far from the presence of a boundary. In this type of collapse, the bubble wall
moves in the radial direction, oscillating about its mean radius. Asyminetric collapse, on
the other hand, occurs near a boundary, or when the collapse is induced by a shock wave.
However, the above descriptions are only the general scenarios.

A detailed description of the mechanism of both tvpes of collapse is given in the
following subsection. In real life, the asymmetric collapse is the more common type of
cavitation collapse and is also the main objective and study of the current research carried

out by the author. This type of cavitation collapse is therefore given greater attention.
2.2.2 Symmetric Collapse

Focusing lens .
e Spherical shock wave

Opn'cal breakdown —
Laser
beam
1*! maximum ! minimum 2% maximum
Growth phase Collapse phase Growth phase
=peep e e R

Figure 2.1: Laser-induced vapour bubble in water. Schematic diagram of svinmetric
collapse.

The sequence of the growth and collapse of a single bubble in an infinite liquid is shown
i1 Fig. 2.1. Good examples of symunetric collapse are the forceed oscillation of a cavitation
bubble m an ultrasound feld, and also spark-generated bubble in infinite Huid. Another
exaple is laser-induced bubble where a cavitation bubble is induced optically using a
high-cnergy laser beam focused into the water. The evele starts with the inception of the
bubble (Fig. 2.1). The initial pressure difference between the bubble and the surrounding
Auid will cause it to expand. Thie expansion leads to the formation of a shock wave that

radiates outward. This wave dissipates part of the cuergy contained in the bubble from
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inception.

When the bubble expands, the concentration of the gas decreases, and gas diffuses
into the bubble from the surrounding fluid. Furthermore, the inertia of the water causes
the bubble to over-expand. The bubble surface will reach its maximum size and comes to
rest and a steep pressure gradient is developed across the surface of the bubble as shown
in the third picture of Fig. 2.1. By this time the growth phase is completed.

As a result of the pressure gradient across the bubble interface, the collapse phase
begins and the bubble surface starts to contract spherically. The velocity of the collapsing
bubble interface increases gradually. Towards the end of this phase, the contraction of
the bubble surface is so rapid that the gas or vapour inside the bubble becomes highly
compressed. The compression ultimately arrests the inward motion and causes the cavity
to rebound, resulting in the emission of a spherical shock wave into the surrounding fluid
where the pressure was measured at 1 GPa [62]. This clearly has damage potential if
the collapse occurs in the proximity of a solid surface. But with spherical spreading,
this shock wave does not retain its strength very far from the bubble. The amplitude of
the radiated pressure wave dinninishes with relative radial distance. The emission of the
shock wave is the most distinetive phenomenon of syminetric bubble collapse and marks
the end of the first cycle.

As depicted in Fig. 2.1 a similar mechanism of bubble expansion aud collapse takes
place i subsequent cyeles. Multiple bubble cycles are common for svmmetric bubble
collapse. The oscillatory behaviour of the bubble arises because gas bubbles in liquids
possess the two clements kev to all oscillators, stiffness and inertia. The stiffness is
provided by tlie gas where potential energy is stored in the gas as the volume of the
bhubble changes. This acts like a spring and causes the bubble to rebound when highly
compressed. The inertia is associated with tlie motion of the surrounding fluid. Further
rebound shocks are emitted on cacli eyele. Following the cvelic beliaviour. thie bubble
nmayv disappear as the content of the bubble diffuses into the water. or it mayv beconie a
stable bubble when its pressure is in equilibriuin witl that of the surrounding water.

Tlie cavitation bubble might also experience a steady increase in its equilibrium radius.
Tlis is due to a plienomena kinown as “rectified diffusion”™ in which gas. that is initially
dissolved in the water, diffuses into the bubble. As a result of diffusion. its final stable size
is larger than the initial nndisturbed cavity size. Leigliton [62] identified two contributory
clements to a full desceription of the processes, an ‘area effect” and a “shell effect’. The
latter is related to the difference in the concentration gradieut of dissolved gas in the
water cnveloping tlie bubble during the expansion and collapse phases. The forwer is
related to the swrtace area of the hubble. Since the diffusion rate of gas is proportional to

the surface area of thie bubble, more gas will enter during the expanded phase than will
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leave during the compressed phase of the bubble motion. Over a period of time, there
will be a net influx of gas to the bubble interior. The growing bubble will eventually

reach a stable size at which it is in equilibrium with the surrounding fluid.

2.2.3 Asymmetric Collapse

Solid wall Solid wall Solid wall Solid wall Solid wall Solid wall
4 Near Y Far Liquid jet Liquid jet
Shock wave Side X Side
Rinay 2
=~ | & < |
Inception Expansion Maximum Elongation Liquid jet formed Jet impact

Figure 2.2: Schematic diagram of asymmetric collapse.

The asymmetric collapse of a cavitation bubble can occur not only through an induced
pressure gradient across the cavity by a boundary, but also by a transient pressure pulse
engendered by a shock wave. The early stages of the bubble dynamics are similar to the
svinetric case. The sequence of the events that take place in this tvpe of collapse is
illustrated in Fig. 2.2.

A plane solid boundary is placed on the left hand side of the bubble at distance d.
The nearest and farthest bubble interface to the wall are define in this report as ‘near’
and ‘far’ bubble surface/wall respectively as shown in the third frame of Fig. 2.2. Using
this convention, sequences in the collapse process are explained as follows.

In a manner similar to the svmmetric collapse, the bubble undergoes an expansion
due to its having a higher initial pressure than that of the surrounding water. A spherical
shiock wave is emitted due to the expansion, attenuating approximately in proportion to
1/r through the water. This initial shock wave is reflected back into the surrounding
water by the boundary.

A large pressure gradient across the bubble surface is induced as the bubble over-
expands. At this mowment, the pressure within the bubble is much lower than the hvdro-
static pressure of the water. The bubble would have reached its maximum size, R,q,. and
the shape that it acquires depends on the initial distance, d, of the inception point from
the boundary. If the inception takes place close to the wall, the shape of the expanding
bubble will deviate from being spherical. On the other hand. for large distance d. the

bubble is likely to retain its spherical shape as the effect of flow retardation is ninimal.

Almniad R Jawmaluddin 11



Free-Lagrange Simulations of Shock-Bubble Interaction in ESWL

When the bubble collapses, the fluid flow near the wall is retarded by the presence of
the boundary and consequently causes different contraction rates at different locations on
the bubble surface. The collapse of the bubble surface on the near side is prevented by
the boundary and the water appears to stagnate. On the other hand, on the far side, the
bubble surface has the contraction rate similar to that of the symmetric collapse because
the fluid flow is not affected by the boundary. Consequently, there cxists a pressure
gradient across the bubble where the pressure of the liquid between the near bubble
surface and the solid boundary is lower than that of the far bubble wall.

The steep pressure gradient build up also causes the bubble to elongate as its centre
moves towards the solid surface. Towards the end of the collapse, the right bubble surface
involutes and a high-velocity liquid jet is formed which penetrates the bubble as shown
in Fig. 2.2. The liquid jet accelerates towards the solid boundary and eventually impacts
on the near bubble wall. Owing to its high momentumn, the impact generates an intense
blast wave in the surrounding fluid. Following liquid jet impact, the bubble acquires a
toroidal shape. Subsequently, the flow around the bubble turns into a ring vortex which
draws the bubble closer to the boundary. The velocity of the liquid jet decreases as it
is slowed down by the water layver between the solid boundary and the bubble. Besides
the formation of liquid jets, shock waves are also emitted each time the bubble achieves
niinimum volume. In most cases, the asymmetric collapse of a bubble is violent and
often leads to bubble fragmentation. This has been observed experimentally and will be
reviewed later in this chapter.

The high-speed liquid jet formation, as well as the emission of the shock wave. are
dependent on a dimensionless parameter known as the stand-off parameter. or stand-off
distance i some texts, ¢, which is defined as the ratio of initial distance of bubble centre
from the boundary, d, to the maximum bubble radius, Rz, .. ¢ = d/Rmar. It has
been found that the behaviour of cavitation bubbles, during expansion and collapse. is
strongly dependent on the stand-off parameter and that the influence of a boundary on
a cavitation bubble decreases as the stand-off paraniecter gets larger [61].

Investigations of asyvinetry in collapsing bubbles have concentrated upon the pres-
ence of adjacent boundaries. but a second nmportant mechanism is thie acceleration of the
upstreamn wall by a shock pulse. The nanie convention to describe the collapse process is
depicted in Fig. 2.3. The major effect of the shock is to accelerate tlie upstreain bubble
wall so that it travels towards the downstream one. When the shock wave reaches the
bubble, a relatively weak shock is transmitted into the air cavity, aud a strong expansion
wave is produced in the water. The resulting niomentun transfer accelerates the bubble
wall and starts the collapse from this side. As the shock moves on. the whole bubble is

enclosed by a higher pressure and collapses from all sides. vet asvinmetricallv due to the
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Shock Wave
f—
—
'&{
Upstream Downstrcam
wall wall
—
—

Figure 2.3: Name convention and schematic diagram of asyminetric collapse by a shock
wave,

Figure 2.4: Schlieren images of a two dimensional cavity of diameter 3 mm. collapsed by
a shock wave travelling from left to right. The upstream surface involutes to produce a
jet J. Taken from reference [30].

unequal momentum transfer at different parts of the bubble wall. This leads to the for-
mation of a liquid jet in the direction perpendicular to the shock front as shown in Fig. 2.4
which shows the collapse of a two-dimensional cavity. The details of the collapse (e.g. the
jet velocity) are dependent on the shock wave amplitude and its temporal profile (Phillip
et al. [72]). The liquid jet will impact the downstream wall, generating a blast wave into
the surrounding water. After jet impact, two lobes of compressed gas are trapped in the
closure and, as the jet penetrates the downstream wall, a pair of linear vortices subse-
quently form and travel downstreamn in the flow. The bubble would reach its minimum

volume, and thus completes its primary collapse. On most occasions (involving strong
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shocks), the jet velocities produced by shock interactions are much higher than those
caused by the asyminetric collapse near a boundary. Such jet impacts are likely to be a
major source of damage on surfaces that are in the proximity of the collapsing bubbles.

Furthermore, these events are so violent that they often lead to bubble fragmentation.

2.3 Studies of Bubble Collapse

2.3.1 Experimental Studies

Kornfeld & Suvarov [59] were the first to suggest the formation of liquid jets as early as
1944. Since then much work has been carried out which proved the existence of a jet in
a cavity collapsing asymmetrically. The observation of a liquid jet in collapsing bubbles
contrasts with most earlier analyses of the problem, which described the collapse as
splierical. It was not until 1961 that the existence of a liquid jet in cavities was proven by
Naude & Ellis [69] using a high speed photography technique. The bubbles were generated
in water by clectric sparks between electrodes placed at various distances from a solid
wall. This was followed by the experimental work of Benjamin & Ellis [7] who examined
this phenomenon further. Their work provided an impetus for theoretical discussion of
asymmetric collapse.  Over the past few years, other experimental investigations have
been carried out to prove the existence of a liquid jet as a result of the interaction of the
bubble with an incident shock wave [14, 15, 30, 31]. The bubbles collapse by involution of
the upstream wall to form a jet which crossed the bubble and impact on the downstream
wall. These two mechanisinis have been discussed in subsection 2.2.3. Other researchers
have also provided photographic evidence of jet formation during asvmmnietric bubble
collapse [55. 61, 72, 78].

In the carlier experiments, bubbles were produced in the laboratory by using the
spark discharge method in water [69, 82, 55, 19, 80]. The problem with this method
is controlling the initial size of the bubble, and the unavoidable mechanical disturbance
produced by the clectrodes. Nevertheless, using high-speed photography. the migration
of cavitation bubbles toward a nearby solid boundary was clearly captured. as well as the
formation of a high-speed liquid jet, and the damage cause by the impact of the jet on
soft. aluminium and indium specimens.

It was not until the 1970°s that a wmore accurate method was developed by Lauter-
born [61]. He showed that intense laser is an effective tool for investigating cavitation
bubble dynamics. This breakthrough opened a new avenue for the studies of optic cav-
itation. Since then, the laser light focusing technique has been emploved in various

works [61, 87, 81, 18, 88, 78, 90, 97, 72|. The method has the advantage that the size
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of the bubble can be controlled and can be produced at any desired location within the
fluid and at any time. In addition, the cavitation hubble can be introduced without
causing any disturbance in the liquid, and the dimension, location as well as quantity
of the hubbles can be conveniently controlled. Observations of the bubble behaviour are
then made using high-speed pliotograpliy, where the dynamics of the bubble are studied
frame by frame. Using this technique, Lauterborn & Bolle [61] showed good agreement
between experimental work and theory obtained by Plesset & Chapman [73] who numeri-
cally investigated the collapse of a bubble in the neighbourhood of a solid boundary. The
behaviour of the bubble clearly shows the involution of the bubble wall and jet formation
towards the boundary. They also measured a maximum jet velocity of 120 ms™! for a
framing rate of 250000 frames/s and ¢ = 3.08. However, they implied that the jet velocity
is much higher than the calculated value as the accuracy of the measured tip velocities is
dependent on the framing rate used. The experimental study by Vogel and co-worker [97]
was on much the same line. By using high-speed photography with up to 1 million frames
per second, they observed the formation of a torus, caused by the jet flow through the
bubble centre and radially along the solid boundary.

Experimental works on shock wave-induced collapse were reported by Dear et al. [31]
who studied the properties and behaviour of 2D gas-filled cavities "air discs” when col-
lapsed by shock waves. The cavities were formed in a gelatine layer which was placed
between two thick glass blocks. A striker was projected to impact on the gel block and
high speed photography was used to record the behaviour of the cavities and jet formation
under such impact. The major advantage of using this method is that the cavity size.
shape, munber and relative position can be controlled. Dear employed the method to look
at a few siniple cavity collapse coufigurations. In the study, a 3mm diameter cavity is
collapsed by a shock wave of strength 0.26 GPa that results in the formation of a microjet
with an average velocity of 400 ms™! (Fig. 2.4). An intense blast wave is generated as this
ligh-speed liquid jet impacts on the downstream wall. The advantage of studving bubble
collapse two-dimensionally is that details of the process occurring within the cavity can
he followed without the refraction problems associated with viewing through a curved
wall.

A similar method of geuerating 2D disc cavities was also used by Bourne and Field [14.
15, 16]. Experiments on the interaction of an array of cavities with a shock wave were
carried out which involved large shock strengths producing violent bubble collapse. with.

in sonte circumstances, sonoluminescence!. Shock strengths in the range of 0.26 - 3.5 GPa

!Light ciission associated with a particular form of collapse, occurring as a result of high temperatures
generated within the collapsing bubble. The mechanism of this phenomena is still debatable although
the few mechanisims proposed so far can be categorised into three - thermal, mechanochemical and
clectrical [62].
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were used, generated using an impacting flyer-plate or from an explosive lens. They ob-
served a jet in the direction of wave propagation after the shock wave-bubble interaction.
It was found that if the incident shock was strong enough, the jet velocity can exceed
the shock velocity in the surrounding fluid. The collapse of a 3 mm cavity under a shock

I and under a shock strength

strength of 0.26 GPa resulted in a jet velocity of 300 ms™
of 1.9 GPa, the jet velocity reached a value of up to 5000 ms—* for a 6 mm bubble. The
nmpact of the jet isolates two lobes of highly compressed air, where considerable heating
occurs. If one assumes that sonoluminescence is localised to regions of high temperatures,
then from their results it can also be inferred that the highest temperature are created
inside the cavity at the final moments of collapse and are associated with the impact of
the jet and the later compression of an isolated pair of gas pockets.

Other workers include Tomita et al. [89] who examined in detail the interaction of a
spark-induced shock wave with an air bubble and the induced collapse and jet formation.
They found that the shock driven-collapse of an air bubble can induce a more intensive
impact wall pressure than one generated by the same shock wave impinging directly
onto the wall. The velocity of the jet, and consequently the iimpulsive pressure on the
wall, are dependent on the size of the bubble, the incident shock wave strength and
the stand-off distance. This obscrvation, backed by other similar works. has led many
to believe cavitation is the mechanisin for stone comminution in clinical lithotripsy. A
comprehensive description of the medical treatient as well as the role of cavitation are
given later in this chapter.

A number of studies have been carried out to investigate the mechanism of cavitation
damage. The analysis by Kling & Hamnmitt [55], indicated the formation of a liquid
jet during collapse whicli, under certain conditions, impinged upon a solid boundary
with sufficient force and velocity to cause damage. They found damage produced by the
collapsing bubbles on aluminium alloys which appeared similar to damage produced by
botli the impact of a liquid jet and the impingement of a shock wave produced by the
initiation of the spark-induced bubbles. The craters produced by shock wave and the
jet could be differentiated because the bubble growth and collapse occurred at different
locations. However, Shutler & Mesler [82]. who performed an experiment on spark-
induced bubbles, concluded that the cavitation damage is caused by a shock wave resulting
from the collapse of the toroidal bubble, and not the jet. They indicated that the pressure
pulse emitted when the bubble rebonud caused the pit damage and circular patterns on
the solid specimen. Possible discrepancies could be due to the experimental set up. The
electrodes to initiate the spark-induced bubbles in their work could have inhibited the
developnient of the jet as they were positioned in close proximity to the solid wall and

that a lower voltage settings were used to generated the bubbles.
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Tomita & Shima [87] too found a circular pattern, but gave a different explanation
of the generating mechanism. They observed the collapse of bubbles with initial radii
of 3.5mm and 5.1 mm near an indium specimen, and by a 5 M Pa shock wave. Their
observations using high-speed photography showed that the liquid jet penetrates the
bubble, and subsequently impacts the boundary. This causes the flow around the bubble
to turn into a ring vortex. A collision will occur between the radially flowing jet and the
collapsing main bubble wall, resulting in the creation of micro-bubbles. Based on their
analysis of the circular indentation found on the indium caused by spark-induced bubble
collapse, they suggested that the dammage pattern is caused not only by the collapse of the
original bubble, but also the collapse of these tiny bubbles as they were exposed to high
pressure from the jet impact and rebound of the original bubble. In addition. they also
observed damage pits caused by the interaction of an air bubble attached to the indium
speciimen with a shock wave. In this case, the pit formation resulted from the impact of
a liquid jet directly on the indium specimen.

The mean bubble motion (as well as the precise direction taken by the jet and its
velocity history) depends on the impedance of the nearby solid wall material and its
distance from the boundary [36, 72]. There have been studies of the interaction of a
collapsing hubble with various surface wmaterials [36, 91, 81, 87]. According to Shima
¢t al. [81], the migration of the bubble is influenced not only by the properties of the
bhoundary (stiffness and inertia) but also the stand-off distance. (. They also suggested
that for a given stand-off distance, there exists a neutral bubble collapse. where the bubble
centroid remains at its initial position with no migration. Studies have been carried out on
the beliaviour of a bubble near a boundary that behaves elastically. in order to discover a
method of preventing cavitation damage to surfaces [81. 88]. Au interesting observation
was made by Brujan and associates [18]. Theyv found that for sonie range of coating
propertics, no liquid jet is developed during bubble collapse. neither towards nor away
from the boundary. In this case, the bubble collapses from its sides forming an hour-glass
shape which eventually leads to hubble splitting.

In practical cases. where cavitation or two-phase flow occurs. cavitation bubbles sel-
dom exist as a single bubble, and as a result they interact with eacli other. This is
especially so in cases where clouds of bubbles exist [85, 57. 88]. The degree of influence
of a bubble on its ueighbours is dependent on their separation distance [57]. When sev-
eral bubbles move near cach other, very clear interactions are observed. which induce
asymmetry and deformations ou the hubble wall as well as attraction and repulsion ef-
fects [85]. It was found that the attraction is mutual and ideutical when the bubbles
arc of cquivalent size. For bubble of different sizes, it is the smallest which undergo the

greatest influences [88, 85]. However, in the case of very close bubbles. flattening of the
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Figure 2.5: Schilieren images of a rectangular array of nine cavities of diameter 3 mm,
collapsed by a shock wave S. Note the layer-by-layer collapse. Taken from reference [30].

bubble wall occurs which could also lead to their coalescence. However, coalescence only
occurs after simultancous implosion of the bubbles if their sizes are similar, or else after
the collapse of the smallest bubble. The role of the shock waves emitted during collapse
also becomes significant if the collapse and rebound of the bubbles are relatively violent.
The shock waves produced by the collapse of a bubble can travel to adjacent bubbles and
enhance their collapse, intensifying the bubble collapse damage capability.

Experimental studies mentioned above confirmed that the impulsive pressure gener-
ated by a multiple interaction can be much higher than that caused by a single bubble.
Dear and Field [30] studied the collapse of arrays of cavities using high-speed photogra-
phy, where the initial collapse is induced by an incident shock wave. The interaction of the
incident shock with the cavity leads to the formation of a liquid jet. which penetrates the
bubble and impacts on the downstream wall. The impact generates an intense blast wave,
which is strong enough to induce the collapse of neighbouring cavities. It was shown that
a chain reaction of cavity collapse can occur given the right conditions of shock strength,
cavity diameter and cavity spacing. A schlieren image of this chain-reaction is shown in
Fig. 2.5. However, most investigations have looked, in early work at least. at an isolated

single cavity.
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2.4 Theoretical and Numerical Studies

Owing to the limitations in experimental investigations, many researchers have focused
their work on numerical simulations to study the dynamics of cavitation bubbles. The
collapse of a bubble occurs in a very short length of time (the order of microseconds) and
even with the utilisation of a high-speed camera with up to 1 million frames/s [72], the
temporal resolution is low and gives only sketchy results. Cousequently, the shape of the
bubble and the resultant liquid microjet cannot be determined accurately. Large errors
also appear in experimental works in calculating the speed of the jet that is estimated from
photograpls of the collapsing hubble. In addition, experimental results are incapable of
showing the interaction of the surrounding liquid with the cavity at any instant. Hence,
muuncrical simulations offer great possibilities in revealing some important aspects of
bubble collapse.

The first work on cavitation bubbles resulted from observations of the rapid erosion of
steam-ship propellers in the late nineteenth century [8]. A breakthrough in the theoretical
analysis of bubble collapse and its relevance in engineering applications was achieved
through the work of Lord Rayleigh [75]. He was the first to explain that erosion of
ship propellers was due to hydraulic cavitation that occurs as a result of rapid pressure
decrease caused by the high-speed movement of the propeller relative to the body of the
fluid. His analysis of bubble conditions during the collapse phase laid the foundation of
analytical work carried out until the present date. By considering the symmetric collapse
of a spherical cavity, he succeeded in proving that the violent collapse of these bubbles
could generate very high pressures. Rayleigh obtained the following result

3 1 [

RR+-R*=

Pr — ps 2.1
5 ,OOOLP} (2.1)

where R is the bubble radius, po is the liquid density at infinity, FP; is the pressure
in the liquid at the bubble surface and po is the pressure at infinity. The dots denote
a time rate of change. The calculation made by Rayleigh assumed incompressible fluid
and that there is an absolute vacuum within the bubble. It gives the collapse time to
reasonable accuracy, but predicts a collapse velocity of the bubble wall which tends to
infinity as the cavity radius approaches zero. This contradicts the observed fact that the
bubble rebounds when a mininnun volunre is reached. He recognised that a nore realistic
physical model is provided by allowing the cavity to contain a small quantity of insoluble
gas. The compression of the gas would ultimately arrests the inward motion and cause
the cavity to rebound. Furthermore, the model ig limited to spherical collapse in an

infinite liquid, and therefore it cannot describe the behaviour of bubbles that collapse in
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the vicinity of boundaries.

In reality liquids are both compressible and viscous; within the cavities there is a
certain amount of vapour and gas and the change of pressure which causes the collapse
of cavities takes place at some finite speed. These deviations from assumptions of the
theory can ouly decrease the rate of collapse of cavities and, consequently, decrease the
pressure. Thus Rayleigh theory only shows the possibility of great pressures arising but
it fails to give their true values. In addition, any bubble producing a damaging effect
in practice must, throughout its collapse, be so close to the solid boundary that very
large departures from spherical symmetry are inevitable. This class of situation presents
a problem significantly different and much more difficult than the Ravleigh problem.

Improved representations of the effects of gas and vapour contents aund various other
physical factors such as real-fluid effects of temperature, liquid compressibility, viscosity
and surface tension have been included in the theory since Rayleigh's time. Plesset
and Prosperetti [74] take into account the gas within the bubble, but neglect the liquid
compressibilitv. A widely used solution, taking into account compressibility, was produced
by Gilinore in 1952 [42]. Both these formulations also take into account the gas pressure.
surface tenusion and the liquid viscosity, and are therefore mnore realistic than the Rayleigh
formulation. The inclusion for the effect of liquid compressibility in the Gilmore model
cuable shock waves to forin when the bubble rebounds. Nevertheless. the models were
derived under assumptions such as perfect gas inside the bubble and uniform pressure
field in the bubble interior.

The Gilmore equation has been extended by Akulichev to obtain the pressure field
around the bubble and used to predict the far-field acoustic emission resulting from
cavitation. The Gilmore-Akulichev formulation for bubbble dynamics is given by the

following equations,

UndU 3 U\, Uy U Uy _dH
R(i-g)a+50-35)=0+5)+5(-5) "R (2:2)
where,
P = B|(p/po)™ - 1] (2.3)
p(R) g p .
H= /w " (2.4)
C =[C}+ (m—1)H]? (2.5)
P{R)= P, - 20/R — (4u/R)U (2.6)
U = dR/dt (2.7)
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C' is the speed of sound at the bubble wall, P and p are the time-varying pressure and
density of the liquid respectively, H is the enthalpy of the liquid, C} is the infinitesimal
speed of sound in the liquid, P(R) is the pressure at the bubble wall, P, is the pressure
at infinity, P, is the pressure of the gas within the bubble, Fy is the ambient pressure of
the surrounding liquid, o is the swrface tension and p is the coefficient of shear viscosity.
Eqn. 2.3 is known as the Tait Equation, and typically for water m = 7 and B = 3.31 x
10% Pa. The inclusion of compressibility effects makes the Gilmore formulation more
appropriate than earlier models for the study of high amplitude bubble behaviour, such
as rectified diffusion and lithotripter shock wave pulses [22].

However, it should be noted here that the Gilmore model assumes that the bubble
remtains spherical at all time, the gas is homogeneous, and the presence of shock waves
and liquid microjets, (which may be extremely important for stone fragmentation), are
not. included. Furthermore, the model also ignores any interactions with solids. which is
obviously crucial for stone fragmentation. In addition, fragmentation of the bubble is also
likely to occur as it approaches a minimum volume, seeding the liquid with more nuclei for
subsequent driving pulses. Nevertheless, the Gilmore-Akulichev model is still employed
i many acoustic cavitation analysis, because it readily predicts the far field acoustic
clission resulting from cavitation that can be exploited for remote characterisation of
cavitation.

Theoretical studies of bubble dynamics have mainly concentrated on spherical col-
lapse, and therefore have limitations in the study of cavitation erosion. Such studies
lave evolved to include asymnietrical collapse, including those induced by nearby bound-
arics and shock waves. The experimental work by Benjamin and Ellis [7] was confirmed
theoretically by Plesset and Chapman [73] who used a finite-difference solution of the
equations of motion.

[ more recent vears, the Boundary Integral Method (BIM) has become a popular
and useful technique to model nonspherical cavitation bubbles i liquids [10. 13, 104
105, 91, 12]. Sato and coworkers [77] mumerically investigated the behaviour of a gas
bubble near a rigid boundary i an oscillatory pressure field. The BIM is employed to
simulate the variation of the bubble profile with tinle, and image theory is applied for
solving the differential equations describing the nonlinear oscillations and migrations of
the splierical gas bubble. Their results showed the jet formation during collapse and also
in the rebound stage, as well as the migratory behaviour of the bubble towards and away
from the boundary, depending on the frequency of the oscillating pressure field in the
siwrrounding water.

In 1986, Blake et al. [13] modelled, via BIM, the growth and collapse of transient cav-

ities near a rigid boundary in the presence of buoyancy forees and an incident staguation-
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point flow. Their results showed the formation of the high-speed liquid jet when the
hubble is collapsing. In another work, Zhang and associates [105] developed a three-
dimensional BIM to simulate the collapse of single and multi-bubbles near a free surface.
They developed a numerical code which uses a method called ‘a nine-noded Lagrangian
interpolation’ to determine the surface characteristics and material velocity. They showed
that their results agree relatively well with that from the one-dimensional Rayleigh-Plesset
cquation and an axisymmetric model. The temperature fields inside asymmetric bubbles
in the final stage of collapse have also been numerically simulated using a combined BIM
and finite volume method on unstructured adaptive grids [102]. The heat transfer of the
internal gas is taken into account and the asymimetric collapse of the bubble is induced
by the preseuce of a solid wall.

Numerical simulations using the BIM have been shown to agree well with experimental
results.  However, in the formulation of the BIM, the fluid dynamics is modelled by
assuming the fluid to be incompressible, inviscid and irrotational and that the gas scalar
properties arc spatially uniform [104, 105, 10, 13]. Since surface tension forces are less
hmportant at the final stages of collapse, their effect is also neglected. Nevertheless, the
effect may be nnportant during bubble growth just after inception and also at the jet tip
in the later stages of collapse [13]. Although it can be argued that compressibility effects
arc generally uniniportant during primary expansion and collapse as the velocities are
tvpically significantly less than the speed of sound in either the gas or the liquid. these
asswnptions restrict the computation to the first collapse only.

[n earlier BIM, the computation had to be stopped before the rebound phase of the
bubble and at the poiut of jet iimpact due to an inherent mathematical degeneracy of the
conventional boundary integral equation (CBIE). The method fails when the liquid jet
approaches the opposite surface of the bubble in the final stage of collapse. This is due to
the use of a governing equation that ouly represents a singly connected surface [106]. The
BIM mecthod using the CBIE is therefore incapable of simulating the bubble dyvnamics
beyoud the first collapse [104, 11] and is also over restrictive for general application due
to the assumptions made. Zhang et al. [104] succeeded in simulating the final stages of
the collapse of a cavitation bubble near a rigid boundary including the jet iimpact and
penctration processes, which is an advancenent from earlier BIM. In their work based on
the algoritlm formulated by Best [9], the CBIE is modified to account for the common
surtace or point upon jet impact and the equation is replaced by a hypersingular boundary
integral equation (HBIE) which forms a closed equation svstem where the old one failed.
The technique introduces a ‘cut surtace’, which allows the jet to penetrate the bubble and
subsequently fori a toroidal cavity. Howcever, the incompressibility assmption made

means the method is incapable of modelling blast wave emission from the jet impact

S
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and shock wave emission into the surrounding fluid when the bubble rebounds. Hence,
although the BIM can resolve the formation of the high speed liquid jet and the subsequent
rebound of the toroidal bubble, the method is still limited for general applications of
bhubble collapse due to its assumptions, especially incompressibility.

It was shiown by Howle et al. [50] that liguid compressibility effects play an impor-
tant role in the collapse of cavitation bubbles. Using the compressible Euler equations,
they analysed the respouse of a 3 uwm bubble to a lithotripter pressure pulse where the
peak comnpressive pressure is 100 A Pa. They found that the collapse velocities are vastly
greater than the speed of sound in liquids. In his studies on the effects of compressibility,
comparison was made between the compressible Gilmore model and the incompressible
Rayleigh-Plesset equation. The response of the bubble to the pressure pulse was plotted
and they discovered that the compressible and incompressible theories agree well before
collapse but differ greatly during and after collapse. In the compressible case. the min-
imumn volunie achicved upon collapse is larger than in the compressible case. Another
apparent difference is that the oscillations following collapse are heavily damped in the for-
uier, whereas the oscillations continue indefinitely in the latter. This finding emphasizes
the importance of compressibility effects in numerical simulations of cavitation events.
Anothier method known as the Volume of Fluid Method (VOF) was recently employed in
modelling multiple three-dimmensional gas bubbles rising in a quiescent liquid [41]. The
wethod assunles inconmpressible and immiscible fluids but takes into account the effects
of surface tension. The motion and pulsation of a single bubble under the action of a
buoyaney forces was clearly captured and they also extended the computation to five gas
hubbles.

Ball ef al. [6] used the Free-Lagrange numerical method in their simulation of a two-
dimensional cyvlindrical air cavity in water collapsed by a 1.9 GPa incident shock. The
computational code *Vucalm’, solves the two-dimensional unsteady compressible Euler
equations using a sccond order extension of the Godunov method. The method is suited
tor the bubble collapse problem as it allows the air-water interface to be resolved at all
tintes. The results show the involution of the bubble surface to form a high-speed liquid

L which penetrates the bubble. The impact of its

jet, with velocity of about 2600m s~
tip onto the opposite side of the bubble surface produces an intense blast wave with an
witial peak overpresswre of more than 4.7GPa. Although the results over-predict the
temperature of the air inside the bubble due the absence of heat transfer and real gas
effects, it dentonstrates that severe heating of the gas does occur during the collapse. The
results that were obtained also agree well with the experiments of Bourne and Field [13].

It is clear that acoustic cavitation is an enormously broad arca of study of relevance in

a wide variety of practical processes. The author will concentrate his study on cavitation
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collapse in the application of Extracorporeal Shock Wave Lithotripsy. The relation of
cavitation bubbles with ESWL, and the dynamics of a bubble from the interaction with

a lithotripter shock wave, are explained in the next section.

2.5 Extracorporeal Shock Wave Lithotripsy
(ESWL)

Lithotripsy is a modern alternative to surgery for the treatment of kidney stones and for
relief from kiduey stone pain. It is a non-invasive technology which disintegrates stones
into small particles. This is achieved by using intense shock waves generated outside
(extracorporeal) the body so that the pulverised stone can be passed out naturally via

the ureter. The device which performs the lithotripsy is called a lithotripter.

2.5.1 Types of Lithotripters

Shock waves arc generated by different types of generators. Commercially available gen-

crators are

1. Electrohydraulic (EH) - Shock wave is generated using a spark gap and then focused

onto the stone via an ellipsoidal reflector.

2. Electromagnetic (EM) - Planar shock wave is generated electromagnetically. The

plane waves is focused by a convex acoustical lens.

3. Piezoelectric (PE) - A spherical dish made up of piezoelectric elements is used to

generate shock wave pulses.

Schematics of the electrohydraulic and electromagnetic types of shock generator used
in lithotripters appear in Fig. 2.6 and Fig. 2.7 respectively. In Fig. 2.6, the view is towards
the top of the paticnt’s head as the patient lays face up on a table.

The clectrohydraulic-shock generated lithotripter (Fig. 2.6) uses a half-ellipsoidal re-
flecting chamber to focus shock waves, which are created whien a powerful spark vaporises
water at one focus of the ellipsoid. Part of cachh wave never hits the reflector. and this
part (light blue) spreads out and weakens. However, the part of the wave which hits the
reflector (dark Dlue) converges on the other focus and becomes very intense, causing the
stone to erimble. The clectrolivdraulic will generate mwore than owne shock from a single
discharge, resulting from oscillation of the bubble generated at the first focus.

I comparison, thie EM shock generator works on a siinilar principal to a loud spealker.

The shock wave is produced electromagnetically by nieans of a high voltage pulsed through

Ahmad R Jamaluddin 2.4



Free-Lagrange Simulations of Shock-Bubble Interaction in ESWL

kidney stone at focal point F,

ellipsoidal
reflector

™ water cushion

“—— spark gap electrode
at focal point F,

Figure 2.6: Electrohvdraulic Lithotriptor (EH).
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Figure 2.7: Electromagnetic Lithotriptor (EH).

a coil in the base of the shock-head. This produces a magnetic field which repels an
adjacent metal membrane, thus initiating a high-pressure wave. This high pressure wave
is transformed into a shock wave as it travels through de-gassed water. This plane wave
is focused by a convex acoustical lens, creating a high-intensity focal zone for the effective
destruetion of renal stones.

Although different techniques have been used for shock wave generation and focusing,
the pressure waveforms produced by most existing clinical lithotripters are similar [25].
However, Chuong et al. [21] found that the size and shape of the focus of the shock waves

are different for all three lithotripters, resulting in varying extent of damage on a standard
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stone phantoms?.

2.5.2 Advantages of Lithotripsy

ESWL has become the treatment of choice for the mmajority of renal calculi because of
its advantages over surgery. The main advantage of lithotripsy is that it is non-invasive.
In contrast, other methods of stone removal require open surgery, extraction of the stone
through a puncture in the side of the patient, or the insertion of an ureteroscope via
the urethra with subsequent stone fragimentation and removal by mechanical ineans. All
these invasive procedures carry a higher risk of infection complications than non-invasive
procedures such as lithotripsy. With lithotripsy, patients generally experience extreme
reduction in complication and pain. The total traunia is also less than that of surgery.
Furthermore, post-treatinent complications are minimised and so too is the recuperation
time. The lithotripsy procedure itself takes about an hour, with a recovery period of only
a few days compared to weeks with surgery. In the event of disease recurrence. additional
therapy can safely be administered ahsent of the risks encountered with repeat surgical
procedures. The treatment to a patient, however, can not he repeated within a short
period of time to avoid any long tern injuries.

However, not all patients with kidney stones problem can be treated with lithotripsy.
Surgery is reserved as an option for cases where other approaches have failed or should
not be tried. The most common reasons for electing an open operation are unsuccess-
ful endoscopic stone manipulation, presence of anatomical obstruction in the intrarenal

collecting systemn of the ureter, obesity, underlying medical problems and large stones [2].

2.6 Acoustic Cavitation

2.6.1 ESWL-induced Cavitation Bubbles

The tensile strength of a liquid is the tension that exists in the liquid which prevent it
from rupturing to form cavitation. One method to measure the tensile strength of water
is through dynamic stressing by an acoustic field. At sufficiently high negative pressure
amplitude, tlie liquid fails and cavitation will occur. The thresholds for bubble inception
can be much less negative. when there are pre-existing nuclei or solid impurities in the
Huid. The latter serve as nucleation sites and contain cracks and crevices in which gas
pockets may stabilise against dissolution [1, 62].

The acoustic wave at the lithotripter focus in water has a form which is expected to

) . g . . . . . - .
<A stone that is fabricated to mimic the mechanical strength and acoustic himpedance of renal calculi.
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Figure 2.8: Modelled form of ESWL pressure waveform.

produce significant amounts of cavitation [26, 22, 71, 65, 86]. It consists of a leading
shiock front (compressive wave) with peak positive pressure up to 100 Af Pa, followed by a
diffraction-induced tensile wave with a peak negative pressure down to —10 A/ Pa. and a
total pulse duration of 3 —7 us [25]. An idealised profile of the lithotripter pulse is shown
in Fig 2.8. Studies of ESWL have showed that cavitation bubbles are induced in vivo
near the lithotripter focus by the tensile stress of lithotripter shock wave pulses [22. 26].
Similar cavitation phenomena were observed by Tomita et al. [86] from their in vitro
experiments. Coleman et al. [26] showed that cavitation bubbles could be formed after
administration of a single shock.

A number of researchers have concentrated their work on providing evidence of lithotripter
induced cavitation bubbles. Kuwahara et al. [60] showed that the presence of micro-
bubbles correlates with evidence of injury to dog kidueys during experimental lithotripsy.
Cavitation bubbles has also been found in liver parenchyvma of patients undergoing gall-
stone lithotripsy by Zeman and associates [103]. They observed cavitation activity near
the focal point of the lithotripter at every 0.83 s interval, the same time interval at which
shock waves were admninistered. Out of a total of 50 lithotripsy treatments. thev found
that microbubble formation within the gallbladder was identified in 31 of the 34 success-
ful treatments. They were mable to detect any bubbles in 11 out of the 16 unsuccesstul
treatments.  Although the presence of bubbles does not predict that stones will break.
successtul disintegration is far less likely in cases where intense microbubbles do not form

at relatively low lithotripter power. Based on this, they suggested that the presence or

[N}
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absence of microbubbles in bile during lithotripsy may be used as an important marker
that can be predictive of fragmentation.

2.6.2 Dynamics of Cavitation Bubbles and Acoustic Emission

Bubble wall radius vs. time
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Figure 2.9: Calculated response of a bubble to a typical lithotripter shock wave. The
figure shows the effect of rectified diffusion on the final bubble size.
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Figure 2.10: Corresponding acoustic cmissions resulting from the bubble response in
Fig. 2.9, recorded at 1.5 mm from the bubble centre.
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Church [22] employed the Gilmore-Akulichev model (Section 2.4) to examine the in-
teraction between cavitation nuclei of about 1 — 10mm in radius and a lithotripter shock
wave. He showed that the nuclei will be initially compressed by the leading shock front,
and then expanded by the ensuing tensile wave into a bubble of 1 — 3mm in diameter
in a few hundred microseconds. The variation of the bubble wall radius with time, for
the interaction of a bubble (Ry = 10 um) with a lithotripter shock wave, PT = 60 M Pa
and P~ = 10 M Pa, is shown in Fig. 2.9. As explained earlier in Section 2.4, the Gilmore
model incorporates the compressibility of the liquid, and therefore allows the prediction
of the pressure pulses cmitted by the bubble on rebound. It is these pulses that form
the basis of non-invasive detection of cavitation in-vivo and n-vitro. The correspouding
pressure emission time history at 1.5mm fromn the bubble centre is given in Fig. 2.10
(Section 2.2.2). The two plots were generated from a Matlab code developed by Cun-
ningham [29], who was involved in the research project.

The lithotripter shock reaches the bubble at time £ = 0s. The interaction of the shock
wave with the bubble will cause it to collapse, defined here as the primary collapse of
the bubble. After this, the negative tail of the driving waveform initiates an expansion
phase of the bubble, as shown in Fig. 2.9. The bubble expands greatly and keeps the
expanded radius long after the driving pressure has returned to atmospheric pressure.
The length of this period depends on the initial bubble radius and the amplitude of
the driving shock wave. Following the long expansion phase, the overgrown bubble will
undergo a violent secondarv collapse. Fluid momentuin during this ensuing collapse phase
causes the bubble to compress to much less than its initial volume. This will generate a
very high temperature and pressure inside the collapsed bubble and causes the bubble to
rebound. As the bubble rebound, a spherically diverging shock wave is emitted into the
swrounding fluid. The bubble will then go into a collapse aud rebound cvele before it
eventually reaclies a new equilibrivun size. On each rebound, a shock wave is emitted into
the surrounding fluid as showu in Fig. 2.10. Owing to rectified diffusion. the theoretical
stable size of the bubble in vivo is estimated to be about 40 pom [22] (Fig. 2.9). A detailed
description of the dynamics of the cavitation bubble undergoing a sequence of collapse
and rebound has been given in Section 2.2.2. The final stable bubble size of 10 pm has also
heen estimated from experimental data by Cunningha and associates [29]. Their value
was cstinlated not only from the theoretical analysis of the Gilmore-Akulichev model
as Church hiad doue, but also from the time of the detected acoustic eniissions in vivo
approxiniated using time-frequency analysis.

The ability to detect and quantify cavitation activity near the focus of lithotripter
using high-speed photography and also acoustic emissiol measurewtents may lielp i un-

derstanding of the effectiveness and safety of the treatinent. The majority of experiunlental
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works are in vitro, where the ultrasound is measured from within a water tank. In wvivo
acoustic field measurements on the other hand are not as straightforward. A few consid-
crations have to be taken into account and one particular is the design of the hydrophone
probe. The probe has to be small enough to be inserted inside the body without causing
any changes in the structure of the surrounding tissue, and also be insulated from the
internal fluids. The hydrophone also needs to be able to mneasure and withstand the large
pressure amplitudes. It is also a major concerns that no bubbles are introduced when
inserting the probe which may contribute to the measured acoustic signature. Most im-
portant of all is the fact that most hydrophones are highly directional, and it is therefore
nuperative that the sound field impinges the hydrophones at normal incidence.

With the right experimental set up, cavitation activity in vivo can he monitored and
recorded using a passive, focused hiydrophone, from which valuable information can be
extracted [24, 107]. It is comprehensible that the response of the single bubble modeled by
tlie Gihinore-Akulichiev model is likely to differ from that of a bubble cloud in the in vitro
experiments. This may result from the variation in bubble radii as well as the mutual
interaction between bubbles. Coleman and co-workers [24] presented an assessment of the
level of quantitative agreement between the Gilmore- Akulichev model and measurements
of the acoustic emission from cavitation collapse in water driven by high amplitude pulsed
ultrasound from an electrolivdraulic lithotripter. Their results were encouraging and
substantiated that uscful quantitative information, such as the bubble radius. can be
obtained. Certain features of the model may apply for a bubble cloud. It was found that
the “quiet” period due to the long expansion phase of the bubble after primary collapse in
tlie Giliore-Akulicliev model correlates with the measured separation of the peaks in the
acoustic signal associated with the collapse of the cavitation bubbles. This finding was
exploited by Cunningham and co-workers [29] to determine the radius of the cavitation
bubbles.

The works of Zhong and co-workers [107] and Coleman et al. [26] suggest that cavita-
tion activity during ESWL can be assessed using acoustic nieasurement teclimiques. The
acoustic emission from both studies revealed two distinctive bursts. The primary and
sccondary acoustic emission sigiials were found to comprise an initial and delaved burst
of pressure spikes, corresponding to the initial expansion of shock wave-induced cavita-
tion bubbles and their sccondary collapses. Intermediate bursts were also observed which
correlate with the collapse of small bubbles. Additional pressure spikes of reduced ampli-
tudes were observed in both the primary and secondary acoustic emission signals. whicl
were likely to be generated by the rebounds of cavitation bubbles after their primary
collapse [24, 107].

In another study, Delius et al. [33] measured shock waves in vivo using PV'DF mem-
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brane sensors implanted in the lung wall of dogs. Ensuring that the hydrophones are
correctly aligned (because of the directional nature of their sensitivity), they found that
at the focus, the in vivo waveforms were similar in shape to what was measured in vitro,
but the shock amplitude was reduced by about 20%. These findings were also confirmed
by Cleveland et al who carried out similar tests on pigs. However, the peak positive
pressure was about 50% of the in wvitro waveform. Also, the shock rise time measured
in vivo was also greater compared to in vitro. Both of these findings are consistent with
the higher absorption in tissue compared to that in water. The similarity in shape of the
waveform measured in vitro and in vivo suggested that the inhomogeneities in tissues do
not alter the shock front significantly. The difference in rise time however has no effect on
the dynawics of the bubble. According to Church [22], the bubble response is insensitive
to the rise time of the compressive part of the lithotripter shock wave. The 30% reduction
difference in recorded pressure amplitude between in vitro and in vivo measurements by
Delius and Cleveland suggest the difference in attenuation between animal models. The
thick layer of fat in the pig may have contributed in higher ultrasound wave absorption.
Tle results by Cleveland et al. [23] indicate that in vitro experiments used to evaluate
lithotripsy performance are directly relevant to n wvivo conditions [23] - an important

finding in the studies of ESWL.

2.6.3 Mechanisms for Stones Fragmentation and Tissue Injury

It has been recognised that the forced collapse of acoustically induced stable bubbles
with subsequent shock wave pulses can significantly increase the damage to a nearby
solid surface or even to the surrounding tissue [71, 87]. It is important to note the role of
preceding lithotripter shocks in populating or seeding the body fluid with relatively large
stable bubbles. The interaction of preceding shocks with cavitation nuclel in the fluid
will cause it to undergo expaunsion and collapse oscillation phases until a stable condition
is achieved as described earlier in the chiapter.

The mechanical stresses generated by the shock-bubble interaction. aud the subse-
quent jet impact on the kidney stone, have been identified as possible mechanisins of
stoue fragmentation during lithotripsy [28]. However, it should be understood that liquid
jets are not proposed liere to play a solitary or even dowminant role in stone fragmen-
tation. Recent studies have showed that stress waves induced by the lithotripter shock
waves and by cavitation work synergistically, rather then independently. to produce ef-
fective and successtul disintegration of renal caleuli nn ESWL [110]. It is postulated that
the cavitation microjets induce diserete fissures on the order of microns, which will then

propagate throughout the bulk of the stone upon repeated stresses from the shock wave
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itsclf [76].

In addition to destroying stones, it has also been found that clinical doses of shock
waves induce renal injury in a majority of treated kidneys [32]. Blood stained urine is
common during treatment. This finding contradicts earlier report [20] that the treatment
was safe and not associated with renal damage. However, the long-term effects of ESWL
on renal tissue and function are still yet to be completely determined [38]. A number
of in vivo experimental works have been carried out in order to correlate structural and
functional changes in kidney following shock wave treatiment. Evan and co-workers [38]
carried out a study to investigate the effect of ESWL on renal bioeffects by using minipig
as animal model. Minipig is ideal as its kidney mimic that of human’s in terms of size,
renal anatomy and function. The changes in the tissue structure and injury to the kidneys
were found to be similar with those noted on lithotripsy patients. Massive bleedings which
are also called hematomas® was consistently noted. Evidence has shown that the severity
of injury may be related to treatment variables such as the number, energv output and
frequency of the shock waves. Delius and associates et al. [33] observed that the extremity
of renal injury induced hy ESWL increases with the number of shocks as well as the rate
of shock administration. Similar findings were made by Willis and co-workers [99]. who
also showed that an increase in the frequency and energy density of the lithotripter
shock waves intensify the damage, causing functional impairment of the kidneys and
reduction in blood flow in humans, canines and pigs. Severity of injury also increased
wlen the lithotripter shock waves are administered in pairs. Conversely. a recent paper
by Sokolov [84] and co-workers suggested that a dual pulse lithotripter increases stone
comminution at the focus by as much as 10 times in comparison to a conventional single
pulse lithotripter. However, the study was carried out in-vivo and the iinplementation of
the method in clinical lithotripsy was not addressed by the author.

Besides in vivo, in vitro experiments using high-speed photographyv have also been
used to illustrate the destructive behaviour of collapsing cavitation bubbles. Phillip ef
al. [71] studied the interaction of a lithotripter shock wave with an artificiallv produced
stable air bubble. Tt was shiown that bubbles within a certain size collapse asvinietrically.
leading to the formation of microjets along the wave propagation direction. Besides this.
they found that the jet velocity is dependent on bubble size and there exists a maximum
value at a certain bubble radius. For bubbles with initial radii in the range of 0.1—0.9 mm.
maximal jet velocities of 400 — 800 ms~! were measured. Moreover, the collapse time of
the bubble was about 2 pus which means that the complete collapse phase has already

ended when the tensile part of the lithotripter shock wave reaches the bubble. If the

3Blood blisters within the organ. a space completely filled with blood, and even disrupted the normal
kidney architecture [32].
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ncgative pressure were to interact with the collapsing bubble, the rate of collapse and
corresponding jet velocity is expected to be reduced, and the collapse occurs less violently.
This could also prevent the impact of the liquid jet on the downstream bubble wall from
occurring, as the tensile part of the shock wave induces the expansion of the bubble.

In the study by Philip et ol [71], he used a thick and strong foil to hold the bubble in
place, wlich caused the bubble to collapse asymmetrically and forin a high-speed jet. The
jet damaged the foil but did not always puncture it. The experimental results obtained by
Phillip et al. [71] also agree well with numerical results obtained using the Gilmore model.
The destructive effects of cavitation produced by shock waves generated by a Dornier HM3
lithotripter have also been denmonstrated on x-ray film, thin aluminium sheets, and thick
wetal plates (0.2 — 1.0mm) placed at the focal point of the converging shocks [26]. Deep
depressions in the nietal foil were found which were believed to be caused by the impacts
of high-speed liquid jet developed in the collapsing cavitation bubbles. In many cases.
the jet impacts were so violent that a hole was punched completely through the foil.

Howard and Sturtevant [47] carried out experiments in “non-cavitating” fluids like
castor oil. They found that stresses induced by the ESWL shock waves in uniform media
(no shock scattering) did not cause any dainage to thin membranes, but damage occurred
when the membranes were iminersed in heterogeneous media. According to then, there
arc two physical mechanisins, direct and indirect, which contribute to tissue injuries.
The direct mechanism is attributed to scattering of the shocks from small-scale tissue
inhomogeneities, whilst the indirect effect is pressurisation caused by cavitation bubble
collapse. Microjets from collapsing bubbles were observed by Kodoma and Takayvama [56]
wlo made a detailed experimental investigations on the interaction of shock waves with
bubbles attached to a gelatine surface, rat livers or rat abdominal aortas in order to
explain the mechanism of tissue damage by cavitation bubbles during ESWL. Similar
experiments were carried out by Lush et al. [65]. who observed the formation of microjets
agailst a gelatine surface when bubbles were collapsed by lithotripter shock pulses. The
collapse of these shock-induced bubbles also resulted in the formation of many microscopic
shock waves.

It is clear that despite the apparent advantages of lithotripsy, recent discoveries on
tissue injuries following clinical treatiment have undermined its reputation as being a safe
and efficient method for kidney stoue treatnient. Clearly, in order to minimise collateral
damage, it is desirable to limit the inteusity and duration of ESWL treatment to the
minhnum necessary for adequate stone fragmentation, and also to minimise the volume
of soft tissuc exposed to the focal point of the lithotripter pulse. This can be achieved
if the focal point is accurately placed ou the stone. Unfortunately, erroneous targeting

arises from slight movements of the patients. Furthermore, the targeting relv on approx-
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lnate corrections for refraction of the lithotripter shocks by the patient’s tissue. Most
important of all, neither method provides a means to indicate when stone fragmentation
lias occurred. This would enable a timely cessation of treatment, minimising exposure
to the shock waves, or would conversely warn if insufficient treatment had been given
to achicve shattering. Consequently, a large number of ESWL patients currently require

re-treatient because initial ESWL therapy was ineffective.

2.7 Improvement of Stone Fragmentation and
Lithotripsy Safety

A key issue in the success of the treatment is the ability to focus the shock waves so
that they ideally dammage only the stone and not the body. Most attempts at improving
lithotripsy and its safety have concentrated on increasing the accuracy of shock focusing
and kidney stoune tracking during clinical treatment. Others have carried out research
to enhance stoue fragmentation, which would reduce the duration of the treatment and
thereby minimise the volume of tissue exposed to the shock waves. In order to min-
lmise reual tissue injury, precise stone localisation with no erroneous shots to the renal
parenchyina is essential.

In current lithotripters. the targeting of the focal point on the stone is carried out after
thie stone has been identified by an expert before treatment. Once positioned. the shock
waves are always adininistered to the same place until repositioning is necessary due to
the moveiment of the stone or the patient. However, the precise targeting of the kidney
stone throughout the treatment is difficult, mainly because the kidney moves during
breathing. Kuwahara et al. [60] developed an anti-miss-shot device (ANCD) to prevent
crroneously focused shock waves on healthy kidney tissues during ESWL. Experiments
were conducted on dogs to evaluate its effectiveness. The mechanisin is similar to that
of a radar system. but rather than measuring the Doppler shift as well as the time taken
for ultrasound to be transniitted and echoed back, ANCD analyses the intensity of the
reflected ultrasound waves. A high level of reflected waves indicates accurate targeting,
while a low level will indicate that the lithotripter is incorrectly aligned. Consequently.
shock waves are not generated until re-alignent is made. In the test cases that were
carried out with and without AMCD, fragmentation of the stone was obscerved in both
cases. However, microscopic examination revealed injuries to the kidneyvs hoth with and
without AMCD, thougl the severity of the Dleeding was lower in the former. Moreover.
the method would reduce the number of shocks but not the treatment tine.

Orkisz et al. [70] on the other hand, developed a software called “Echotrack™ which
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performs a real-time tracking of the stone in ultrasound images and automatically adjusts
the focal point of the shock waves. Their idea was to exploit the imaging system of the
lithotripter and to apply an image-based target tracking algorithm to determine the
current location of the stone in real time. The displacements of the stone may occur
following breathing and movement of the patient. The lithotripter generator would then
be aligned automatically to the position of the stone. Validation of the system could not
be precisely quantified using in vivo tests alone. This is because the use of ultrasound
imaging alone does not provide means of determining the precise moment when the stone
is completely fragmented. Hence, in vitro tests were also necessary. Initial pointing by a
plysician is still required, because only a human expert is able to distinguished a stone
from other patterns present in the ultrasound image. The Echotrack is able to track the
stone as long as it is visible in the ultrasound images. Thus, the method fails when the
stone is not visible in the ultrasound images. They conclude that in comparison with
current generator, the integration of the system reduces the number of shocks almost by
lalf and ensures 80% of the shocks reach their target.

The feasibility of using controlled, forced collapse of cavitation bubble for improved
stone fragiientation during ESWL using tandem shock wave pulses was demonstrated by
Zhong et al. [108]. This idea is based on the findings that cavitation bubbles play a major
role i stone fragmentation. Siuce the bubbles are formed following the incident shock
wave, but well before the arrival of the next treatment pulse, their collapsed is uncon-
trolled and undirected. * Consequently, only a small portion of their energy contributes
to stoue fragmentation [108], which leads to several thousand high-intensity shock waves
being required to achieve successful treatment. Zhong et al. [108] hypothesize that stone
fragmentation may be enhanced by forcing the collapse of lithotripsy-induced cavitation
bubbles towards the target. This is achieved using a secondary shock wave. which is
delivered to the focal point within 300 — 500 us delay following the primary lithotripter
shock wave. Encouraging results were obtainied where, for the same number of shocks.
stone volue loss is greater if the sccondary shocks are used. However. their validation
test cases were carried out in vitro. In vivo studics are required to coufirm the merits of
this new ESWL method. A similar techinigue of stone fragmentation enliancement has
been proposed by Xi and Zhiong [100] as well as Zlhiong et al. [109]. In the former. the
sceondary shock waves are generated using a piczoclectric annular array (PEAA). while in
the latter, a simiple annular ring reflector is incorporated into the electrohvdraulic shock

wave generator. However, unlike the method discussed earlier [108]. the roles of the sec-

1 Although the collapse of bubbles is influenced by the proximity of the stone, the severityv and instance
of collapse can be greatly effected and controlled by the interaction with shock waves. If a bubble 1s
collapsing owing to the proximity of the stoue, the severity of the collapse is enhanced by the impingement
of the shock wave.

il
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ondary shock wave and the main lithotripter shock wave are reversed. The secondary
shock waves precede the main lithotripter shock wave to induced inertial cavitation bub-
bles, while control and forced collapse of the cavitation bubbles are achieved via the main
shock wave. Both studies showed improvement in stone fragmentation, but as before,
validation tests were only carried out in vitro using stone phantoms.

Despite the encouraging results in all of the above methods, none provide a means of
detecting and characterising the acoustic emissions from cavitation activity in patients
during clinical lithotripsy. Moreover, the methods do not indicate when stone fragmenta-
tion is complete. An efficient and successful technique can be achieved by incorporating
these techniques into a device, but at the expense of duration and complexity of the

treatient.

2.8 Conclusion

Tlie ultimate goal of ESWL is to fragment renal and ureteral calculi as efficiently as
possible while minimising the potential for injury to surrounding tissues. It is hoped
that comparative studies, such as those which measure shock wave, stone fragmentation,
acoustic cavitation emission and bioeffects of high energy shock waves can be combined
to understand further the mechanisms of stone fragmentation and tissue injury induced
by shock wave lithotripsy. The understanding and findings from these studies, experi-
nientally or numerically, can then be used to improve the safety as well as the success of

clinical lithotripsy treatment.
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Chapter 3

Numerical Schemes

3.1 Computational Aspects - Flow Solver

3.1.1 The Solvers - Eulerian and Lagrangian

The most common flow models that have been adopted to solve the equations of com-
pressible and inviscid fluid dynamics are finite difference or finite volume in the Eulerian
and Lagrangian reference frames. The forms of the governing equations vary for each
nicthod. However, their content is the same as they describe the same physical svstem
whichever reference frame or flow model is adopted. However, for certain applications the
use of Lagrangian grid offers significant advantages over the more common Eulerian ap-
proacl. There are somie basic considerations in selecting which reference framme in which
thie flow should be solved. In the Eulerian flow model, the reference frame is fixed and
How convects tlirough the computational cells. A problem arises when representing the
convective motion of multiple-phase flows, where it is inevitable that some nunierical
diffusion will occur owing to the averaging of flux between the dissimilar phases. The dif-
ficulty in capturing contact discontinuities leads to large pressure errors near the contact
discontinnity., whicli are often referced to in literature as “pressure oscillations’. These
pressure errors are proportional to the density ratio of the materials at the interface. and
for large density jumps across an interface, the error may even degenerate into instability.
Fixes for this problem are available, and one such fix is the so-called ghost-fluid method.
analysed by Koren and co-workers [58]. The advantage of the Eulerian model is that it
is capable of modeling flows with large deformations, wliere the existence of a material
iterface can be captured using an interface tracking or interface capturing method. The
former explicitly tracks the interface and treats it like a boundary, while the latter does
uot require the explicit caleulation of the interface.

In contrast, i the conventional Lagrangian method, the grid noves at the local flow
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velocity. Consequently, there is no mass transferred between grid cells. The advantage of
this method is its clean capture of the material interface, which ensures an unambiguous
separation of different phases during calculation. Hence, no material convects through
the cells and so, at least in principle, there is no numerical diffusion’. Therefore, the
Lagrangian scheme can sharply capture contact discontinuities and material interfaces.
It is suitable for simulating multiple-phases or multiple-fluids flows where resolution of
contact surfaces is important. The main problem of this method is with regards to grid
management. If the lows involves significant deformation and shearing between grid cells,
the grid will become increasingly distorted and will eventually leads to large numerical
crrors [3]. Hence, the Lagrangian scheme is limited to flows that involve small material
deformations.

Arbitrary Lagrangian Eulerian (ALE) is a method which has been developed to exploit
the advantages offered by both Lagrangian and Eulerian techniques as discussed above.
The Free-Lagrange (FL) method is an advancement of Lagrangian method, which exploits
the advantages of Lagrangian forinulation. These methods are discussed in the next

subsections.

3.1.2 Arbitrary Lagrangian Eulerian (ALE) Method

The disadvantages of the Lagrangian method can be alleviated by using the ALE (Ar-
bitrary Lagrangian Eulerian) methodology - a combination of Lagrangian and Eulerian
sclienmes. In ALE method, each time step is divided into three distinct stages: an updated
Lagrangian stage, a rezoning stage and a remaping or advection stage.

In the updated Lagrangian stage, a complete Lagrangian solution of the flow problem
is obtained, where the computational mesh is allowed to move with the flow. Following
this stage, the second procedure is carried out in order to form a new mesh that is less
distorted than the initial mesh obtained from the Lagrangian stage. The mesh velocity is
caleulated and from which the new mesh is coustructed. The degree of rezoning depends
on the amount by which the initial computational niesh has been distorted. where the
Eulerian and Lagrangian forms are the limiting cases of the general ALE form. The final
stage is the interpolation of flow variables where the solutions from the initial Lagrangian
stage are trausferred to the new mesh. The rezoning procedure undoubtedly introduces
muerical diffusion in the results.

This ALE scheme has been implemented successfully by Smith [83] who modeled a 1D

splierically syimmetric underwater explosion. He utilised an ALE version of the advective

Al practical numerical schemes for solving Huid flow coutain a finite amount of numerical ditfusion.
This is because numerical diffusion arises from truncation crrors that are a consequence of representing
the Huid How equations in discrete form.
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upstream splitting method (AUSM) shock-capturing scheme. Smith revealed that strong
shock, contact and phase discontinuities were captured accurately using a moving grid
method. Other shock capturing schemes that have been employed for solving compressible
Euler equations in ALE formulations include the Godunov schemes and artificial viscosity
methods [35]. All three shock-capturing schemes have been explored by Luo and co-
workers [64] in modeling a one-dimensional spherically symmetric underwater explosion
problem. It was found that both HLLC and Godunov methods produced identical results,

but the AUSM scheme generated erroncous oscillations near the gas-water interface.

3.1.3 Free-Langrange Method (FL)

In conventional Lagrangian method the computational mesh convects in a strict La-
erangian fashion as the flow geometry evolves. As the meshes move at the local flow
velocity, significant shear strain can exists between neighbouring grids and the mesh will
hecome increasingly distorted. This leads to nunerical errors which typically result in
the failure of the calculation. However, in the FL method, the grid connectivity is allowed
to change freely according to flow deformation and is not restricted by a fixed mesh con-
nectivity, such that each grid point is allowed to change neighbouring nodes via a search
procedure. The ability of this method to re-connect the mesh automatically results in an
unstructured mesh. This fundamental principle of the FL method makes it attractive. as
mesh tangling associated with highly deforming flows is avoided.

Ball has successfully implemented this method in various low modelling applications.
mvolving large deformations of multiple-material fluids [3, 4, 6]. Using appropriate solvers.
nnnerical diffusion at contact discontinuities is mininised and material interfaces. that
always coincide with the cell boundaries, are sharply resolved. The relative merits of ALE
and FL had been compared by Ball and Barlow [95] in sinulating the interaction between
a cylindrical bubble of R22 gas, in air, with a weak shock. Both showed good agreement
with experimental data. However, due to its free grid connectivity. the FL scheme is
better at capturing thin material filunents. It was also found that an ALE/FL hybrid
would significantly reduce computational cost compared to a full FL method. Further
discussion of the FL method is presented in Chapter 4.

In the FL code that will be implemented in the author’s research work, a Godunov
method is incorporated. This method is a renowned shock-capturing methods for com-
putational fluid dynamics (CFD) based on solutions to local Riemann problems. This is

discussed 11 the next section.
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3.2 Godunov’s Schemes

In 1959, Godunov [43] suggested an approach for solving the numerical solution of the
Euler equations. The method was originally designed to deal with gas dynamics equations,
but has spread to other equations that are governed by the hyperbolic conservation laws.
The main advantage of this approach, hased on the solution of local Riemann problems
(see section 3.3), is that it allows for the existence of discontinuous solutions.

The first-order hyperbolic equation can easily be written as follows [53],

wlere the variable ¢ is a function of time ¢ and distance z, i.e. uw = f(z,t¢), and c is the
convective speed, which inust be greater than zero (¢ > 0).

Godunov’s approach to solving the laws of conservation is to initially divide the domain
of interest into discrete cells such that the grid points are cell centered. He postulated that
the flow could then be resolved by piecing together a collection of locally exact solutions of
the Euler equations of local regions. He suggested that over each computational cell, the
flow variables (U') could be assumed piece-wise constant, so that at each cell boundary.,
a discontinuity exists. The discontinuities at each cell houndary collectively form an
array of mini-shock tube problemns which can then be solved by applying the Riemann
probleni. The updated value of each flow variables at the new tiine level is averaged
from the solutions obtained froni each cell boundary which are then assigned to the cell
centred grid points as shown in Fig. 3.1(a). These smaller localised exact solutions are
then picced together to obtain the complete solution. As the Riemann problem itself is
essentially discontinuous, the Godunov method can locate correctly discoutinuities and
deal with shocks. coutact and rarefaction waves, hence getting around the limitations of
classical numerical methods.

The Godunov scheme utilising the piece-wise constant cell approximation is highly
diffusive. In order to overconie this problen:, a piece-wise linear approximation is adopted
which increases the accuracy of the solver to 27 order, but which introduces dispersion.
Oscillatory hehaviour in the vicinity of discontinuities, similar to that encountered with
274 order central difference schenies, reappear. This is because the formulation of the
picce-wise linear cell approximation results in the creation of nou-physical local nmaxima
and minima.

The introduction of a ‘Slope Limiter’ algorithin can alleviate this problem. An exam-
pleis MUSCL (Monotone Upstream-Centred Schenie for Conservation Laws). introduced
by Vau Leer [96] in 1979. A slope limiter examines the values at each cell boundary, as

calculated by the linear fitting procedure, and compares them to the cell contre values on
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Figure 3.1: Cell average approximation of variable U. (a) A piecewise-constant (b) A
piccewise-linear without slope limiting (c) A piecewise-linear with slope limiting.

cither side of the boundary. The gradient of the slope is then limited to ensure no new
maxima or minima are created. These local extrema are responsible for the oscillatory
behaviour near the shock and discontinuities. Fig. 3.1 illustrate the piecewise-constant,
piccewise-linear without slope limiting and piecewise-linear with slope limiting (A USCL)
distributions for flow variable U in one-dimensional problem. The circles represent the

coll-centred value of U.
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Although the scheme has been described for a one-dimensional (1D) uniform distrib-
ution of rectangular cells, the same principle apply to non-uniform arbitrary cell shapes.
The principles of Godunov’s approach easily extend to two (2D) or three (3D) dimen-
sions by counting for the extra fluxes through the additional cell interfaces. A variant of
MUSC L-type slope limiter was employed by Ball [3, 4, 6] to simulate 2D compressible

flow simulations. Full algebraic details of the slope limiter are presented in [3].

3.3 Riemann Solvers

The disadvantage of Godunov’s method and its higher-order extension is the difficulty of
solving the non-linear Riemann problem exactly. Its solutions must be obtained using an
iterative procedure at every cell interface. Clearly, this is an extremely CPU intensive
process and relatively complex. Because of this, more efficient and simpler approximate
Riemann solvers were developed. This was however, not at the cost of the two funda-
mental features of Godunov-type methods. accuracy and robustness.

Using approximate Riemann solvers, the dynamics of a low can be solved numerically
with low computational cost. An extreniely effective and robust approximate Riemann
solver known as HLL-Riemann solver, was suggested in 1983 by Harten. Lax & van
Lerr [46]. Tncreased simplicity was achieved by treating the Riemann problem as two
propagating pressure waves. This approach (two shock approximation method) ignores
the intermediate waves, i.e. tlie fluid region between the shock and the rarefaction is ap-
proximated as being constant and the contact surface neglected. Einfeldt [37] exploited
tlis methiod and improved it cven further by proposing wave-speed estimates for the
Riemann problem in order to compute the numerical flux at cell boundaries. The new
approximate Riemaun solver (HLLE) proposed by Einfeldt is simple and easy to imple-
ment. However, it was found that the contact discontinuities is highly diffused due to the
ucglected contact surface [37, 3].

Consequently an improved version of the HLL-Riemann solver, termed HLLC. was
introduced by Toro and co-workers [92], where the contact surface is restored. The as-
sumed wave structure consists of two discontinuous pressure waves and an interinediate
contact wave to represent the contact surface as shown in Fig. 3.2. A significant improve-
ment was made on the contact resolution in the Eulerian frame. The result is comparable
to solutions from an exact Ricinann solver, while the simplicity of the HLL method is
retained. Ball [3] confirned the superiority of the HLLC over the HLLE Riemann solver

in a simulation of a blast wave problem using a FL finite voluine niethod.
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Figure 3.2: Assumed wave pattern for HLLC approximate Riemann solver in the z — ¢
plane. a is the associated wave speed.

3.4 Aeroacoustic Schemes

There are many applications in which it is required to predict the far-field acoustic sig-
nature produced by fluid dynamic disturbances, e.g. helicopter rotor noise, automobile
exhaust noise and cavitation. Various approaches have been proposed to simulate these
phenomena. The direct method solves the compressible Navier-Stokes equations and
simultancously resolves the flow and acoustic contributions. However, for practical ap-
plications this method is prohibitively expensive in terms of computer storage and CPU
times. In most practical cases. it is tedious or impossible to numerically find a solution
everywhere in the flow field. This is because of errors owing to increasing mesh size in
the far-field to reduce memory and computing time. It is therefore, an advantage to de-
velop ways of obtaining the far-field noise or pressure signature from near-field solutions.
The ideal method secims to be the separation of the computations into two domains. one
desceribing the non-linecar generation of sound, and the other describing the linear propa-
gation of sound. The separation of the problemn into linear and noulinear regions allows
the use of most appropriate numerical technigues for each.

Hybrid methods have bheen developed which decouple the flow and acoustic parts,
where the acrodynamic part of the flow problem is solved first to determine acoustic
sources. Following this, an acoustic scheme is implentented to obtain the associated far
ficld radiation. Examples of such methods are the acoustic analogy of Ffowes-Williamns
Hawkings, and Kirchhoff's method. The Nirchhoff method and the porous Ffowes-
Williams Hawkings (FWH) are attractive because they utilize surface integrals over a
source region to determine far-field acoustics, as opposed to the meniory inteusive vol-
unte mtegrals found in traditional acoustic analogy methods. Both methods have been
applied to various acroacoustic problems such as helicopter noise, jet noise and propeller

noise. The application of these methods lias increased substantially because of the de-
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velopment of reliable CED methods that can be used for the evaluation of the near-field.

These two methods and the numerical codes structure are described in the next sections.

3.4.1 Kirchhoff’s Method

The Kirchhoff’s method assumes that the sound transmission is governed by the simple
wave cquation. It includes the calculation of the nonlinear near-field on a control surface,
performed by other CFD method. The solutions on the control surface are then used as
inputs to Kirchhoff formulations for the evaluation of the far-field solutions. This method
provides an adequate link between the aerodynamic nonlinear near-field and the acoustics
linear far-ficld. The full nonlincar equations are solved numerically in the near-field region.
The control surface is assumed to enclose all the nonlinear flow effects and noise sources.
The sound pressure and its normal and time derivatives are assumed to be given over
the surface enclosing the nonlinear region wherein the sound source is generated. This
method has been extended for an arbitrary moving deformable surface [39)].

The main advantage of this method is that it is simple and accurate. The surface
integrals and the first derivatives necded for the far-field solutions can be easily evaluated
from the near-field computational fluid dynamics (CFD) data. Diffusion and dispersion
errors associated with wave propagation in the far-field are avoided. Also. nonlinear
cffects such as shock waves are accounted for in the solution of the first region [67. 68].

A disadvantage of the Kirchhoff method is that the control surface must be chosen
to be in the lincar flow region, such that the input acoustic pressure p’ = p — pg and its
derivatives 9p' /9t and dp’ /On are compatible with the liner wave propagation. Therefore.
the surface must be chosen large enough to include the region of nonlinear behaviour.
However, this is a difficult task considering the linear region is not well defined and
is problem dependent. Thus, it would be ideal to position the control surface well awayv
from the source region, but i most numerical CFD calculations the solutions are not well
resolved away from the bodv. It is important that the control surface is not positioned
where the CFD mesh is coarse. A fine grid is needed in the CFD solution to ensure
proper wave resolution so that the Kirchhoff control surface can be placed there [66].
Therefore, the placement or distance of the Kirchhoff control surface is critical and is
usually a comrpromise.

Kirchhoff’s method is powerful technique for calculating the far-field pressure signa-
ture utilising nunerical results that simulate complex phenomena. Omne example of the
utility of the Kirchihoff method is its successful application by Lyrintzis [68] in helicopter
noise prediction. In this work, unsteady aerodynamic calculations were perforied in the

near field of a helicopter rotor in a reference frame fixed to the rotating blades. The
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results from the CEFD calculation provided data on a Kirchhoff surface surrounding the
blade for subsequent application of the Kirchhoff formula to predict the noise radiated
by the blade.

3.4.2 Ffowcs-Williams Hawkings Method (FWH)

The Ffowes Williams and Hawkings equation for the amplitude of aerodynamic sound
radiated by a moving object in a fluid is widely accepted in modern aeroacoustics. The
FWH equation is an exact rearrangement of the continuity equation and the Navier-Stokes
cquation into the form of an inhomogeneous wave equation with two surface source terms
(monopole and dipole terms) and a volume source term (quadrupole term). The former
are known as thickness and loading sources.

The monopole and dipole terms arc casy to evaluate because they are surface in-
tegrals over the control surface. The nonlinear near-field flow can be evaluated using
CFD calculations. The wmajor difficulty with the FWH method is the evaluation of the
(quadrupole terin which requires a volume integral calculation and therefore requires large
computational resources. Volume integration is also difficult to implement.

However, the FWH approach has several advantages over the Kirchhoff method. First,
cacli of the three sources in the FWH formulation as mentioned above has physical mean-
ing which is helpful in understanding the noise generation. The loading noise is generated
by the force acting on the fluid due to the presence of the body. The thickness noise on
the other hand, is determined completely by the geometry and kinematics of the body.
The quadrupole source term accounts for nonlinear effects, for example. the nonlinear
wave propagation and steepening, variations in the local sound speed, turbulence in the
How field, vorticity as well as noise generated by shocks.

The scparation of the source term is also an advantage numerically because not all
terns wmust be computed at all times if it is known that a particular source does not
contribute to the sound field. A good example of this is in low speed How where the
quadrupole tern1 may be neglected which simplifies the problem greatly. The main ad-
vantage of the FWH method is that the formulations are well developed and have robust
munerical algorithms.

In most cases, the FWH integration control surface S. is assuimed to be both coincident
with the surface of a physical body and is impenetrable. However, if the surface is assuuned
to be porous, the general equation that is derived can be applied to a control surface S,
i a similar fashion as the Kirchhoff method explained in the previous subsection. The
cquation may also be compared more directly with the governing equation of the Kirchhoft

formula given in the following chapter. Thus, in a similar manner to the Kirchhoff
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formulation, the far-field pressure signature can be evaluated based on quantities on the
arbitrary control surface provided by the CFD simulations.

The mathematical manipulation in deriving the FWH for a permeable surface was
shown by di Francescantonio [34]. He used a permeable and fictitious surface that does
not correspond to a physical body, exactly like the Kirchhoff approach, to carry out study
on far-ficld helicopter noise prediction. If the surface is place on the impenetrable body
of the helicopter blade, the classical FWH formulation is obtained. The non-linear effects
are then taken into accouut by thie quadrupole volume terms. By moving the surface
away from the body, part of the non-lincarities is taken into account by the quadrupole
volume terms and part by the surface integrals. If the surface is far enough from the
body and that the perturbations are small, the evaluation of the volume integral can be
avoided, and therefore reduces the computational cost of the acoustic calculations.

The main advantage of FWH over the Kirchhoff method is that FWH does not require
that the flow obeys the linear wave equation at the control surface, so it is less vulnerable
to error if there is some moderate level of non-linearity in the acoustic field at the control

surface.
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Finite Volume Free-Lagrange
method - The Vucalm code

The Vucalm flow solver used in the present work was written and developed by Ball [3]
from the University of Southampton. Although the present author spent a considerable
amouilt of time developing the code, he took no part in the original construction of the
solver and initial development. As a consequence, the detailed formulation and math-
cntatical technique of the solver does not form part of the novel contribution made by
the present work. Hence, the description of the code and detailed mathematics are only
briefly explained.

When the author undertook the research project, the axisymmetric version of the
Vucalm code was newly developed and the validation work had only been carried out
ol a single phase conical flowtfield resulted from shock interaction with a cone. Hence.
further validation work against published numerical or experimental results that involves
shock waves and multi-phase flow of air and water was necessary. The validation work
that was carried out by the author is presented in Chapter 6. Other significant changes

ou the code that were made include:

e The criteria for adaptive mesh refinement and derefinement and the division of mass

for particles along the axis of symmetry.

o The distribution of the material smoothing restoring forces between the target par-

ticle and its interface neighbours.

o The structure of the Voronoi mesh. The initial mesh layout of the computational
domain is divided into different regions, with varying mesh densities. The miesh
structure is also circular in order to create a wrinkle-free air bubble interface. A

discussion on the structure of the mesh and mesh resolution study are given in
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Chapter 7.

e The boundary condition had to be modified in order to generate the lithotripter
shock wave profile as depicted in Fig. 2.8. This figure was generated by running a

simple shock tube problem in Vucalm.

The changes mentioned in point number one and two above are discussed in this chapter.

4.1 The Governing Equations - Axisymmetric Euler

Equations

The governing equations for fluid flow arise from three sets of physical laws which take the
forms of conservation requirements - Law of Conservation of Mass, Newton’s 2" Law and
1°t Law of Thermodynamics. These three fundamental laws represent the mathematical
statenments which describe the dynamics of fluid as well as solid mechanics. The principles
can be applied to two different flow modcls, which can either be fixed in space (Eulerian),
where the flow convects through the control volume, or allowed to move with the flow
in a Lagrangian manner. The governing equations are expressed in integral form when
applied to a finite conutrol volume, whereas the usc of an infinitesimal fluid element leads
to the differential form of the governing equations.

The finite-volume method is a direct discretisation of the integral equations. The
derivation of the governing equations on a finite control volume is presented here as it has
two advantages. First, the niethod ensures that the discretisation is conservative. Second,
it can be applied on an unstructured niesh that has an arbitrary nuiber of cell boundaries.
as a coordinate traunsformation for irregular meshes i1s not required. Furthermore, the
method is suitable for numerical simulations that involve flow discontinuities such as
shock waves as it does not assume continuous flow properties. In contrast. the finite
difference method assunies that the flow is continuous, owing to the representation of the
goveruing equations in differential form. In other words, integral equations describe what
is happening to a finite amount of fluid, whereas differential equations describe what is
liappening at a point in the flow.

The three governing equations derived from the three physical principles are,
e Coutinuity equation
e Monlentum equation

e Fuergy cquation
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In Appendix A, the governing equations are derived in an axisymmetric FEulerian
reference frame. These conservation laws lead to three conservation equations, in integral

form, as follows,

1. Physical principle: Conservation of mass (Continuity Equation)
0 -
— | predA+ ¢ n-pur.dS =10 (4.1)

2. Physical principle: Conservation of momentum

9 / pur.dA + j{ n - (paa+ Ip)r.dS = / gredA (4.2)
Ot Ja s A

3. Physical principle: Conservation of energy
0 . _ _ -
— [ EpredA+ ¢ n- (puF + ap)r.dS =0 (4.3)
Ot Ja S

wliere A is the area enclosed by the boundary S in a plane containing the symmetry
axis, p is the deunsity, @ is the velocity vector, p is the pressure, I is the unit tensor, n is
the outward unit vector normal to the boundary S and E = ¢ + (u - u)/2 is the specific
cuergy, and € is the specific internal energy. In axisymmetric flow, 7. and r. are taken as
the distance from the axis of syminetry to the elemental area dA and elemental line dS
respectively.

The three equations (Eqn. 4.1, 4.2, 4.3) can be combined in a compact form using

vector notation as follows:

é/ Ur.dA +7{'ﬂ - Fr.dS = / Gr.dA (4.4)
Ot J4 s A

where the forms used for U, F and G and are:

p pl 0
U= | pu F=| paa + Ip G = é;{f (4.5)
pE puE + ap 0

The vector U is the Conserved Variables Vector (vector of dependent variables) as it
contains the quantities conserved within the domain, i.e. mass, momentun: and energy.
Vector Fon the other hand is the Flux Vector as it contains tle flux terms across the
control volume boundary. The vector G is a source vector that accounts for the axisvim-

metrie low geometry. P is the pressure and €, is the unit radial vector. Equation 4.4 is
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therefore known as the axisymmetric, unsteady, compressible and inviscid Euler equation.
The equations given above are the Euler equations with respect to the Eulerian reference
frame. A complete derivation and explanation of the entire notation used in the equations

above is given in Appendix A.

4.2 Transformation into the Lagrangian

Reference Frame

The governing cquations can be transformed from the FEulerian into the Lagrangian ref-
crence frame in which the mesh, and hence the control volume, propagates at the local
Aow velocity. Conscquently, depending on the dynamics of the flow, the surface area A
and the surface boundary S are time-dependent.

The transformation can be carried out by decomposing the flux vector into two sepa-
rate teris, the convective and pressure terms. Consider the governing equation 4.5. The
pressure term and convective term for the flux vector F are (Ip, ap) and (pu, put, piF)
respectively. Following Trépanier et al. [93], the control volume can be assumed to con-
veet with an arbitrary velocity w. The velocity of the fluid relative to the control volumes

hecomes @ — w. The flux vector F' can therefore be written as

F=| pla—w)a + Ip (4.6)
pla —w)E + up
In the Lagrangian reference frame, the control volume convects at the same local velocity

as the flow, i.e. 4 = w. Therefore, the flux vector F is reduced to

0
F=| Ip (4.7)
up
It is clear from Equation 4.7 that the convective terms vanish. Consequently the conti-

nuity equation becomes

0

— dA =10 4.8

This simply means that the mass inside the control volume remains constant and does not
vary with time. The cquation is therefore redundant. Hence, it is necessary to introduce
another physical law in order to close the governing equations in the Lagrangian reference

frame. An obvious choice is the conservation of voluine which states
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Rate of change
of volume

enclosed by surface

Volume Change
= due to Movement

of Boundary

Equating the expression above (see Appendix A), and by conservation, we have

d
—/ TedA + % n-ur.dS =0 (4.9)
Ot Jaw S(t)
Thus, the Euler equations in the Lagrangian reference frame can be written as
d ~ . = d -
— Ur.dA + n-Fr.dS=— Gr.dA (4.10)
ot J ) S(t) Ot J agey

where the vector of conserved variables U | the flux vector F' and the source vector G

hecoine

1 —u 0
U= | pa F=|1Ip G = éryp (4.11)
pE up

Equation 4.10 and Equation 4.11 describe axisymmetric, unsteady, inviscid. compressible
Euler equations in a Lagrangian reference frame. Using these two equations. explicit
expressions for density, temperature and velocities can be formulated for a time-marching

procedure.

4.3 Time Integration

In order to advance the solution at a particle through one time step, one-dimensional
Riemann problems are solved approximately at each cell boundary and the resulting
nunterical fluxes are sunmed in order to update the particle properties. Following Ball [3]

and Trépanier [93], Equation 4.10 above can be approximated using the expression below.

AlUrAl S, - . o
T+;nk-Fk rexSk = GreA (4.12)
where
F, = AF} (4.13)
and
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ng 00 —u 0
A= 0 I 0 Fo=1 p; G=| 22 (4.14)
0 0 ny uLp; 0

For a I sided polygonal Voronoi cell that fors the control volmne. £y s the numerical
AHux on the £ side, to be determined from the approximate Ricimann solver. Sy is the
side Tength, and At is the tiime step. The superseript = indicates the wave-processed state

obtained {from the solution of the 1D Ricmann problem formed on the cell houndaries.

'\ cell bounddry

Figure 4.1: Polvgonal shape computational cells of Voronoi type used to represent control

volumes inside a computational domain. The Riemann problem as discussed in Chapter
2

3 is solved at each cell boundary.

Fig. 4.1 illustrates a tvpical polygonal computational mesh. For a Lagrangian mesh.
the cell boundary alwavs coincides with the contact surface of the local Riemann problen.
Therefore, both uj and p; are evaluated at the cell boundary. The variable S is the cell
side length, ny is the unit vector normal to cell boundary, p is density, m is cell mass. r,
is distance of cell side mid-point form the axis of svmmetry and r. is the ordinate of the
cell centroid from the axis of svinmetry.,

Let

prtl Antl — o+l = Yolume at (n+ 1) time level (4.15)

8

and

PP AT =V = Volue at () tinie level (.10

€

Substituting expression 15 and 110 into Equation 4.12 gives:

ot
(]
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K

1 .- _ _ _
A—t[U"“V”*l — 0™V == ng- F(raSi) + GV™ (4.17)
k=1

Rearranging for the vector of conserved variables U,

- | 60 . At
U+ = = |0 - e Fr(raSe) + G| (4.18)
However, it is known that the density can be written as
p(t) =m/V(t) (4.19)

where m is the constant mass within the control volume. Hence, it is more convenient to

write Equation 4.18 as

gntl — ,0;:1 l:—n pr At an TckSk) " GAt] (420)

4.3.1 Density Update

From Equation 4.11, the expressions for the three vectors are as follows

U= 1 F= - G= 0 (4.21)

Substituting these into Equation 4.20 gives an expression for updating the density,

K
1 At -1
Pttt = [—n + — Zuz(T‘ckSk)] (4.22)
P M =1
wlere u is the outward normal velocity component at the boundary. This equation can

then be used to update U explicitly as follows.

4.3.2 Velocity Update

Siwilarly as before,

U= pu F=1Ip G= &2 (4.23)
Substituting into Equation 4.20 and rearranging gives,
At e, P At
TRy L — g - pk(TCkSI\) + y_T (—1.2—1)
Ry Te P
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The velocity vector can be divided into two separate components, the x-wise velocity
component and the y-wise velocity component. The second term in Equation 4.24 takes
into account the geometry of axisymmetric flow and only effects the velocity in the radial

direction (in y-direction). Hence the two velocity components are as follows

X-component:

K
At
ut =yt - — 2 - Pk (T Sk) (4.25)
k=1
yv-compolient:
K
At P At
o =" — =Y g pr(rerSy) + —— (4.26)
m Te pt
k=1
4.3.3 Temperature Update
Fromn Equation 4.11,
U= pE F= ap G= 0 (4.27)

Substituting into Equation 4.20 and rearranging gives an expression for the specific energy.

n+1 n At X ~
FE =FE" - E Z ng * upk(erSk) (428)
k=1

Recall that the specific energy can be written as

E=c+(u-u)/2 (4.29)

where the specific internal energy,

e=C,T (4.30)

Substituting these expression into Equation 4.28 gives

,an-i-l 2 _ o™ 2 At K
Tn-f—l — Tn _ l:( )20 ( ) :| _ — an . ﬂpk(rcksk) (431)
v Y k=1
where
(ﬂn+l)2 - (un+1)2 + (Un+1)2 (432)
and
(@) = (") + (2")? (4:33)

Almad R Jamaluddin 54



Free-Lagrange Simulations of Shock-Bubble Interaction in ESWL

The velocity vectors can be calculated from Equation 4.25 and 4.26. Thus. Equa-
tion 4.22, 4.24 and 4.31 are applied to calculate the density, velocity and temperature at

a new thine level.

4.4 The Vucalm Code

In the next few sections, important features of the Vucalm code are described. These

include the adaptive mesh refinement and derefinement algorithm and the Voronoi mesh.

4.4.1 Voronoi Mesh

At the start of the calculation, the computational domain is filled with computational
particles. Each particle is assigned with a fluid type, thermodynamic properties, co-
ordinates and fow conditions. In the Lagrangian frame, the particles sit within their
own Voronoi cell and the mesh moves with the flow. The Voronoi diagram is constructed
based solely on the particle positions to form polvgonal cells that enclose each particle
and the region closest to that particle (Fig. 4.2). The discretisation algorithm of the

Voronoi mesh is described in detail in [3, 63, 48].

Material interface

OO
O Particle Domain boundary
O Boundary marker O Temporary particle

Figure 4.2: Initial Voronoi mesh used iu the Free-Lagrange siimulations. Botronn horizon-
tal solid line is the axis of svinmetry. the thick solid line represents a material interface and
dots indicate positions of fluid particles. The bubble/water interface location is only for
plotting purposes as the actual location is determined by the boundaries shared between
the air and water cells.

As ilustrated m Fig. 820 cach cell is of polvgonal shape and it represents the coutrol
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volune for timme integration. Each particle can have at least 3 neighbours. The maximum
uniber of neighbours is unlimited and 6 is typical. Each particle adjacent to the boundary
is assigned with one or more temporary particles. These temporary particles are located
on the boundary and their properties are interpolated from the the adjacent particle inside
the domain. The temporary particle arce massless and they are used to impose boundary
conditions. Boundary markers are positioned on the computational boundaries. These
arc used to identify the boundaries during the construction of the Voronoi mesh.

To ensure that a smooth and stable interface is achieved, a simple interface smoothing
algorithm, analogons to a surface tension, is applied at the water/air interface. It pre-
vents numerically seeded Richtmyer-Meshikov instability occurring on the interface when

strongly shocked. For more details, refer to Howell and Ball [49].

4.4.2 Mesh Weighting Factor

In the current code. the Voronoi mesh can either he constructed using ‘weighted’ or “un-
weighted” methods. For the unweighted construction, the location of each computational
cell boundary is midway bhetween a particle and its neighbour. Although the unweighted
mesh is uncomplicated, stable and time efficient, error occurs in the regions where steep
density gradient occurs such as in the vicinity of material interfaces. In this region. the
geometric volume! of cach computational cell deviates significantly from the thermodsy-
namic volume of each cell?. This is a source of error in flux calculations because it leads
to the use of incorrect cell boundary lengths at boundary segments that separate cells of
different densities.

[n order to minimise, a weighted mesh is implemented. where the location of each
computational cell boundary is determined by taking into account a “weighting factor’. In
Vucalin, the weighting factor is taken to be a function of density and mass of the associated
particle, (and the radial distance of the cell centroid from the axis of svinmetry for the
axisymmetric version of the code). The coustruction of the weighted mesh increases the
accuracy of the cell boundary length and consequently gives more accurate numerical flux

calculation. The weighting factor for the 2D version of the code is given by.

W, = (ma/pn)'?, (1.34)

where the subscript n is the particle number under consideration, m, and p,, are the mass

and density of the particle respectively. The axisvimmetric code, the weighting factor is

"Woeom = 1A where 1. is the radial distance of the cell centroid from the axis of svmmetry, and 4
is cell face arca.

ars . . .

Viherm = (n/p)eenr. where m is mass and p is the density.
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given by,

W, = (mn/(,onrn))l/4a (4.35)

where 7, is the radial distance of the cell centroid from the axis of symmetry. Funda-
mentally, the weighting factor is equal to the square root of the particle length scale L..
Henee, if the masses of neighbouring particles are equal, the cell boundary is closer to
the particles of higher density.

In highly sheared flows, the mesh is completely reconstructed on every time step, so
that the mesh connectivity may change freely in response to flow evolution. However,
reconstruction of the mesh on every time step is very inefficient. In order to reduce CPU
time, the user may opt to reconstruct the mesh less frequently, typically every 5 —10 time
steps. Inthis case, the mesh nodes are ‘coasted” where they are convected at the local
flow velocity between reconstructions. However, during coasting, cells near boundaries
arc still restructured. The maximum nuber of coasting steps depends on the nature of

the flow and is limited by mesh distortion and tangling.

4.4.3 Adaptive Mesh Refinement and Derefinement

The particle distribution of the Voronoi mesh reflects the local density variation. For
high density regions, the grid is at its finest and so the flow structure is well resolved.
Normally, for multi-material flow probleimns. the computational mesh near the interfaces
undergoes large deformation. Consequently, a problem can arise owing to a large cell area
ratio mismatch between the water and gas particles. This can lead to numerical errors in
the flux caleulations and for this reason, an adaptive mesh refinement and derefinement
algorithm is implemented in the Vwuecalm code. It also helps in maintaining a stable and
cconomical time step.

In regions of excessive mesh density. the “derefinement’ routine automatically identifies
and nerges adjacent pairs of fluid particles of the same fluid type. One example is in the
simulations of shock-bubble interaction. Fig. 4.3 shows a region of high particle density in
the air near the air/water interface as the air compresses as a result of the shock impacting
on the upstream bubble wall. Thus, the derefinement procedure is important in keeping
the computational cost to a minimum. It is important to note that the derefinement
procedure is only applied to regions where unnecessary high mesh resolution have been
generated to improve simulation cfficiency but not at the cost of accuracy. The process
1s also strictly conservative.

Due to the formulation of the axisvimetric code, the mass of cach individual cell is a

function of the radial distance from the plane of symnetry. Consequently. the movement
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Figure 4.3: Voronoi mesh near an air/water interface. Thick solid line represents the
material interface. The air/water interface location is only for plotting purposes as the
actual location is determined by the boundaries shared between the air and water cells.

of particles from greater radial distance towards the symmetric line will cause grid expan-
sion. This will coarsen the grid and degrade accuracy. The ‘refinement’ algorithm, which
works in the opposite sense of the “derefinement’ scheme, would therefore bifurcate the
coarse cell (parent particle) into two smaller cells (daughter particles). The properties of
the former are then distributed conservatively to the daughter particles.

All particles inside the computational domain are eligible to be bifurcated or combined.
However, it is important that these two procedures have negligible effect on the flow
solutions at the time the procedure is carried out. It is also essential that the resulting
grid structure permits a healthy and stable calculation. In the current work, the cells are

bifurcated based on two criteria:
e a non-dimensional parameter, the ‘characteristic length’, L.
e the number of times the cell has previously been bifurcated.

The L. of a target particle is the characteristic dimension of its Voronor coll. which is
based on the density of the cell, p. the mass associated with the celll m.and the ordinate
ol the centroid in v-axis. re. This is approximately the length scale or distance between
two particles. L. is given by the following cquation,
[/ m
( ) (4.36)

L. = \/

Cells are bifurcated when L of atarget particle is twice that of its neighbouring cells.

pX T

The second criteria is created in order to prevent particles from bheing over-biturcated. A
nuher is assigned to cach particles i the computational domain to indicate the number

ol times caclt particle has been bifurcated. This ummber is inercutented cach time the
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particle is bifurcated but is limited to a certain value, specified at the beginning of the
simulation. A typical value of 50 is used in the simulations of cavitation bubble collapse
presented in Chapter 7 and 8.

In the 2D version of Vucalm, following the refinement procedure, each of the daughter

particle has a mass that is half of that of the parent particle, i.c.,

Mg = mp/2 (437)

where my is the mass of daughter particle ¢ = 1,2, m, is the mass of the parent par-
ficle. This is satisfactory for mesh construction using the weighted mesh method (see
Scction 4.4.2) because the connnon cell boundary shared between the daughter particles
lies midway between thenm. However, this is not true in the axisymmetric version of the
code. If the same approach is applied to the mesh in axisymmetric geometry, the common
cell boundary of the two daughter particles will be formed closer to the particle that has
a larger distance from the axis of synunetry. This is because the volume of each compu-
tational cell is a function of radial distance from the symmetry axis. This is a common
problem especially near the axis of symmetry where the ratio of radii between the two
danghter particles arc large.

In order to generate a common boundary that is equal distance to the two daughter
particles, the mass division of the parent particle is determined by taking into account
the distance of the danghter particle from the symmetry axis. i.e.

Mar = mp x —24 (4.38)

Yd1 + Ya2
where yg and yge are the distance of tlie two daughter particles from the axis of svimetry.
The refinement procedure is also essential as fine grid along the bubble boundary is crucial
to maintain a smooth interface. Thus, efficient grid structure can be achieved by the use

of localised grid refinement.

4.4.4 Material Interface Smoothing Algorithm

As explained in Section 4.1.3. material interfaces are resolve accurately in Free-Lagrange
method. This is because the interfaces always coincide with mesh cell boundaries. How-
cver, the interfaces tewd to wrinkle on a scale comparable to the mesh resolution and
this wrinkle may grow wlen subjected to mesh-induced high wave-nmunber instabilities.
A simple smoothing algorithin is implemented in the Vucalm code to counter this of-
feet [49]. A modificd version of the algorithm is used to control the interface wrinkling.

The interface smoothing algoritlun is incorporated into the code formulation by adding
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a source term to the governing equations that acts as an artificial surface tension. This
source term is only applied to particles which are in direct contact with a material inter-
face. The force acting on these particles reduces both the amplitude and growth rate of

sinall-scale perturbations.

Fluid 1 Fluid 2

Figure 4.4: Close-up of the Voronoi mesh near an interface of two different fluid types
showing irregularities on the interface. Dots represent fluid particles. Illustration of the
iterface smoothing algorithm coustruction.

The smoothing technique is illustrated in Fig. 4.4. The figure shows a close-up of the
Voronoi cells of two dissiinilar fluids in the proximity of the material interface. The dots
represent the coordinates of the fluid particles while the material interface is represented
by the thick solid line.

On each time step. all the particles on the interface are identified. For each particle,
termed a ‘target particle” (B). two neighbouring particles (A and ') on the interface and
of the same fluid are identified. The normal displacement, x of the target particle from
al imaginary line joining the interface neighbours A — " is determined. Restoring forces
(F,, Fy, F,) that are normal to A — C are then appliced to three particles so as to drive
the displacement x towards zero.

The effect of the restoring forces is to shift the particles to form a straight line. These
forces are applied to all eligible target particles and consequently help to reduce the
amplitude of wrinkles in particle alignuments adjacent to interfaces. The thick solid line in
Fig. 4.4 shows that the material interface 1s defined by the boundary of the Voronoi cell
hetween the particles of dissimilar fluids. Thercefore, the effect of the applicd restoring

force to the target particles is indireet. However, it is apparent that when the interface
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particles of both fluids are arranged in a smooth fashion, then the interface itself will also
e smooth.
The method implemented here is a simplified version of the technique described by

Howell & Ball [49]. First consider a force of magnitude Fy obtained from
Foy= Scax (4.39)

wlere « is a gain specified by the user and S, is a non-dimensional scaling factor given

by X
mL .
= — 4.40

wliecre m is the mass of the target particle, and L. is the characteristic length defined
carlier in section 4.4.3. The parameter m and L are similarly defined for a typical particle
at the start of the simulation. In the original formulation [49], the restoring force was
applied to only the target particle, i.e. F, = F, = 0 and F, = F,. This approach
was effective but has an undesired side-effect of slightly increasing the pressure within
bubbles. Hence, a new approach is taken where the restoring forces is distributed between
the target particle and its interface neighbours such that Fg = Fy/2 and Fy = Fg = Fp/4.
Using this formulation, the net restoring force on each particle at the interface is zero for
a smooth circular bubble. The choice of smoothing gain a is based on user experience.
and suitable values are found by running inexpensive trial simulations.

For the current work, test cases were carried out to find the optimum value of a for the

shock/bubble interaction problem. The analvsis and findings are described in Chapter 6.

4.4.5 Conclusion

The Lagrangian methodology. in which the mesh moves with the local flow velocity and
offers minimum nmunerical diffusion. makes it and ideal and attractive method for simu-
lating multi-phase and nwulti-material dvnamics problems. The two-dimensional planar
versioll of the code has been successfully used in the past to investigate a confined cvlin-
drical blast wave [3]. shock and blast attenuation by aqueous foam barriers [4]. damping of
mesh-induced errors in Free-Lagrange simulations of Richtmyer-Meshkov instability [49].
high velocity impact of clastic-plastic materials [48] and the collapse of a cvlindrical air
cavity in water when impacted by a 1.9GPa shock wave [6]. These works have denion-
strated the utility of Free-Lagrange method for unsteady multi-mmaterial flow.

Validation of the axisynnnetric Free-Lagrange code, Vucalm, has been carried out and
is prescuted in Chapter 6. Initial validation work has also been carried out on conical

shock flows by Turangan [94].
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Chapter 5

The Aeroacoustic Codes

5.1 Introduction

An important task of the research work is to investigate and evaluate the acoustic sig-
nature generated in the far-field during the shock-bubble interaction, which will then
enable comparisons to be made with experimental data. Two aeroacoustic codes using
the Kirchhoff’s method and Ffowes-Williams Hawkings formulation (see Chapter 3, were

developed by the author.

PR
A
Observer in
Linear propagation / far-field
« Control points by aeroacoustic code 5
ot

VUCALM CFD Domain

Nonlinear sound processes
confined to region inside
control surface

Control
surface

Nonlinear sound source

IFigure 5.1: Schematic of Viucalm and acroacoustic codes integration.

The integral formulations if the acoustic methods, allow the radiating sound to be

evaluated based on quantities on an arbitrary near-field control surface that encloses all
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the near-field sources. The two acroacoustic codes allow the observer! location to be
anywhere outside the source region. Whereas, if the CFD Vucalm code is used for this
task alone, a mesh must be coustructed from the source to the observer. The cost involved
and the errors incurred in long range propagation through the finite volume mesh make
the technique an inappropriate choice for the far-field pressure computation. Therefore,
calculation of the far-ficld acoustic signature is carried out by taking a surface integral.
The munerical siinulation using the main code Vucalm is used to evaluate the flow-field
solution in the near ficld and thus on the control surface. This will then give enough

information for the analytical calculation in the far-field (Fig. 5.1).

5.1.1 Kirchhoff’s Method Formulation

The Kirchhoff formulation derived by Farassat & Myers [39] gives the far-field signature

owing to sources contained within the Kirchhoff control surface.

(xt)

Control surface S

Figure 5.2: Kirchhoff’s surface S and notation.

The classical Kirchhoff formulation for a stationary control surface S (Fig. 5.2) can
be written as [66]

B(x, ) = 1 /[Qg 1(9_<I> 1 Or 09
s

L [[2or 100, 100m) 51
47 r’0n ron crdnorl- (5-1)
where @ is a quantity satisfyiug the wave equation (i.e. pressure disturbance, velocity

potential) in the exterior of the surface S:

1 6°®
c? ot?

'Point in the far-field at which the wave propagation from near-field sources are resolved.

— V2 =0 (5.

ot
[SV]
—_—
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® and its normal and time derivatives gﬁ, %% must be continuous outside surface S.
c is the speed of sound at ambient conditions. In the formulation, it is assumed that the
surface is not deformable (rigid) and that it encloses all the nonlinear effects and sound

sources.

y Vucalm Computational
Domain

Xna Xeoc Axis or rotational J X
symmetry

Figure 5.3: Kirchhoff’s control points and the axisvmmetric form of the problem.

The subscript 7 indicates the evaluation of the integrands at the emission (retarded)
time. This is given by,
F=t-r =t~ (5.3)
c
where (z,t) and (y, 7) are the space-time variables of the observer and the source respec-

" is the wave propagation time to observer, r = x — y is the radiation vector.

tively, T
r = |x — y| is the distance between the observer and the source, and 8 is the angle be-
tween the normal vector on the surface n and the radiation vector r. Equation (5.1) is
all integral representation of @ at poiuts exterior to S in terms of information prescribed
on the control surface S and can be used for the computation of acoustic pressure at an
arbitrary point. if the solution is known on surface S.

The Kirchhoff scheme requires stored data for pressure and its derivatives on the
control surface. Since Kirchhoff's niethod assumes that the linear wave equation is valid
outside the closed coutrol surface S. .S must be chosen large enough to include the region
of all non-linear behaviour. However, thie accuracy of the numerical solution is limited
to the region near the surrounding of thie source because of the increase of mesh spacing
further away from the source in CFD codes. Thus. a judicious chioice of S is required for
the effectiveness of the Kirchhotf niethod.

I the current work. the coutrol surface that has been chosen is a spliere. The idea
here is to incorporate the control surface in the Vucalim CFD solution in axisyunmetric

form. In axisvnietrie form. the half-circuniference as depicted in Fig. 5.3 is rotated
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about the axis of rotational symmetry, chosen here to be the x-axis, to give a spherical

control surface and volume as depicted in Fig. 5.4.

Axis or rotational
symmetry

Figure 5.4: Kirchhoff’s geometric control points.

Control points are distributed uniformly along the circumference of the circle, sepa-

rated by a constant angle df. During the Vucalm run, the pressure and its normal and

n
art

time derivatives are evaluated at these control points ( ) by interpolation from neigh-
bouring cell centres. This data is stored for subsequent post-processing by the Kirchhoff
code. These stored data are then interpolated onto the geometric control points (C%)
(Eqn. 5.4), each with an elemental area dS!* and coordinates (z,,y;, 2;). where ¢ is the

number of control points in one symmetrical rotation (Fig. 5.3).

n

ari(In: yn) = Cé:l‘k('rn-, yh :1') (5—1)

The interpolation from the Vwecalm particles to the control points is shown in Fig. 5.5.
Three closest Vucalm particles of thie same niaterial, A, B and C to a control point P are
determined by carrying out spatial search. Initially, the nearest particle is predetermined
and two other particles are then selected to coustruct a triangle enclosing the control
poiut. Following this, a lincar interpolation is used between the three Vucalm particles
and the flow properties at the control point is then calculated based on the flow gradient
within the constructed triangle.

The Kirchhoft integral is then evaluated by sunnning the contribution of each geomet-

ric control points to obtain the pressure at an arbitrary point outside of the surface S.
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O Vucalm particles

® Control points

Figure 5.5: Interpolation from Vucalm mesh to the aeroacoustic control volume.

The normal unit vector at each control point is calculated using the following expression,

o (B2 (B0 (- 6o

where R, is the control surface radius and rgp is the radial vector of each geometric

control points (C%).

5.1.2 Porous FWH Method Formulation

The FWH equation can be written as the following inhomogeneous wave equation in

differential form [17],

D(xt) = O T,H(f)
7 8:0,-,:1:]- :
o
—8—@[3‘1% + pui(uy, — vn)]6(f)
+a%[ﬂo’b’n + /)(Un - Un)Jd(f) (56)

where u, is the fluid velocity in the direction normal to the control surface described by
the equation f(x,t) = 0 and v, is the surface velocity in the direction normal to the
control surface. p’ is the acoustic pressure, p — py outside the source region. P is the
compressive stress tensor. which includes the surface pressure and the viscous stress. For
an inviscid fluid, Py = p'dy;. aud §;; is the Kronecker delta. Ty, = P+ puyu; —c(p—pa)ds;

- . . . . . . . R
is Lighthill's equivalent stress tensor. If the perturbations is small. the term ¢ (p— pp) can
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he replaced by p'. Ambient quantities are indicated by the subscript 0, while the vector
and tensor have indices 7 and j. A dot symbol indicates source-time differentiation. H( f)
is the Heaviside function which is unity for f > 0 and zero for f < 0.

It is important to note that because the control surface is taken to be permeable and
fictitious, the fluid flow across the surface S has to be considered. The flow can be due
to Huid perturbation velocity (u, # 0), and to the motion of the surface (v, # 0), with
the net flow being u, — v,. In the classical formulation, this term disappears because of
the non-penetration condition across the control surface. The 02 is the wave operator,
(1/62)(@2/082)] = V2.

Equation 5.6 above is the appropriate forin of the FWH equation from which to
develop an integral representation that is easier to implement. A full derivation is given
in References [17, 34, 40]. The mathematical manipulation can be greatly simplified by

defining the variables U; and L; as used by di Francescantonio [34], given by,

U = [1 = (p/po)]vi + (pui/po) (5.7)

and

L; = Pjn; + pui{u, — vy) (5.8)

Hence, using these definitions, the FWH equation as given by Equation 5.6 may be
written as,

O (x,8) = e [Ty H(P) — LA + Lol )P (59)
Oz;0x; ox; ot

The contribution of the Lighthill stress tensor, T}; is the strength density of acoustic
quadrupoles distributed throughout the region exterior to the control surface .S.

The dipole term, L; involves an unsteady force, and U; gives rise to a monopole-type
contribution that can be thought of as unsteady mass addition. di Francescantonio [34]
interpreted the terms L; and U; as a modified velocity and a modified stress tensor
respectively. Equation 5.9 is particularly useful because it can be utilised directly to

write an integral representation of the solution as follows,

P'(x,t) = pp(x,t) + pi(x,t) + po(x,t) (5.10)

where the subscript 7', L and @ represent the thickness, loading and quadrupole sources
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respectively and can be written as Equation 5.11 and 5.12 below.
’ pO(Un + Un)

ippet) = [ [PellatCa)

mPr(%f) /fzo (1= M)

+/f:0 [pOU”(T%Er_C%T)S_ MQ))LdS (5.11)

o

, 1 L,
dmpLat) = /f ke

L —
v e o

1 L (rM, + (M, — M?))
Jro!

LdS (5.12)

i r2(1 — M,)3

p’Q(x, t) can be determined by any method that is currently available. The derivation
ol Equation 5.11 and 5.12 is given in [40]. Ly, = LilM; and a subscript r or n indicates
a dot product of the vector with the unit vector in the radiation direction r or the unit
vector in the surface normal direction n respectively.

Equation 5.9-5.12 above was derived directly from the equations of conservation of
mass and momentui. Therefore, it could be applied to an arbitrary surface whether or
not the propagation is lincar outside the control surface. If the surface S is to be placed
ou the body of a source that is impenetrable. the classical F\WWH formulation is obtained
where the non-linear wave propagation is taken into account by the quadrupole volume
terms. As the surface is moved further away from the source, part of the nonlinearity
is taken into account by the quadrupole terms and part by the surface integrals. If the
surface is far enough away. the Lighthill stress tensor outside S can be neglected as given
in Equation 5.11 and 5.12 above, so that pg = 0.

A stationary control surface is used in the current work and therefore U7, = A =
M, = ]\Yr = La; = 0. Therefore, Equation 5.11 and 5.12 can be simplified further as

shown in Equation 5.13-5.15 respectively.

4wp’T(x,t):/f:0 [pOT?["LdS (5.13)
drply (x,t) = %/f:o [%}Tds+/f:0 LL—}({S (5.14)
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Therefore, ' '
1 U, 1 L, L,
p/(x,t)z—{/[po }ds+—/[——}ds+/[—2}ds} (5.15)
47 T c T T
wliere
Ui = pui/po (5.16)
ald
Li = R]‘ﬁj + PUUp (517)

The porous FWH method is applied on the Kirchhoff-type surface and therefore, the
same diseretisation technique and control surface geometry as discussed in section 5.1.1

is implemented here.

5.1.3 Retarded-time Algorithms

The interpretation of Equation 5.1 and 5.15 above is that the integration occurs over
the physical surface with the integrand evaluated at the emission, or retarded time as
that recorded in the Vucalm calculation. The formulation requires that the observer
time ¢t and location x are fixed during the evaluation of the integral. Because retarded
time formulation is utilised, temporal interpolation of the input data is required. A time
history of the variables, p’ and its derivatives for the Kirchhoff method and p’. p and u
for the FWH, are developed by choosing both the observer position and the observer
time, evaluating the surface integrals and then step to tlie next observer time in the tinre
history.

Hence, in the CED numerical simulation, the input data is expediently evaluated at
the control points by spatial interpolation at the source time. At the end of the CFD
simulation, a time history of the required data are stored and utilised in the aeroacoustic
codes. A time incrcement of the observer time is specified by the user and the upper
and lower integral limit arc calculated based on the duration of the recorded CEFD data.
Following this. a temporal interpolation of the data to the retarded time 7 at eacli location
in the iuput data are perfornied. The retarded time for each control point is simply the
difference between the observer time ¢ and the wave radiation time from the corresponding
control point to the observer. Interpolation in time is 11ecessary so that the contributions
from all control points can be added together at the same observer time. A simple linear

interpolation is used to determine the value of the near-field data at the retarded time.
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5.1.4 Conclusion

Both the above formulations provide a Kirchhoff like formulation if the quadrupoles out-
side the control surface (pg(x,t)) arc ignored. The two methods work well, and therefore
deciding which method to use for a particular application can be difficult. The FWH
requires the storage of (p, p' and pu;) for each control point, while (p, Op/9n and dp/ot)
arc required by Kirchhoff. The Kirchhoff method is simpler, and easier to implement.
Also, the porous FWH method allows for nonlinearitics on the control surface, whereas
the Kirchhoff method assumnes a solution of the linear wave equation on the surface S.
Thus if the CED solution docs not satisfy the linecar wave equation on the control sur-
face the results fromn the Kirchhoff method change dramatically. This leads to a higher
sensitivity for the chioice of the control surface for the Kirchhoff method. The solution of
the FWH equation requires a surface and a volume integral, but the solution is often well
approximated by the surface integral alone. Furthermore, according to Brentner [17]. the
solution is less sensitive to placement of the control surface even if the quadrupole volume
tern is neglected. In summary, the Kirchhoff method puts more stringent requirements
on the CFD method to reach to the linear acoustic field. Validations for both formula-
tions are given in the next chapter and, along with the Vucalm CFD calculation, both
methods are used in the current work to predict the far-field pressure signature from the

shock/bubble interaction.
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Chapter 6

Code Validations

In this chapter, validation of the Free-Lagrange code, Vucalm, is presented in order to
show the ability of the code to solve flow problems in axisymmetric form as well as multi-
phase flows. The validation was performed by carrying out two numerical simulations

involving multi-phase flows. The two problems are

e axisymmetric shock-induced collapse of a spherical air bubble by a planar step shock

(Ding and Graceswki [35])
e 2D planar shock interaction with a water column (Igra and Takavama [52])

These studies are attractive because the simulations using Vucalm can be compared
with published axisymmetric numerical simulations and experimental findings. The two-
dimensional form of the Vucalm code has been validated and implemented to perform
various numerical flow problems in the past. However, the code was recently converted
to an axisymmetric form by Turangan [94]. and although validation was carried out in
his work, comparisons were only made with that of single phase flows involving conical
shock waves. Thus. further validation of the axisvinmetric version of the 1 ucalm code is
necessary. Both published works mentioned above are ideal as they involve multi-phase
flows probleis of air and water. as well as shock waves, and therefore relate directly to
the work carried out here. Although the sccond validation work mentioned above is a
2-dimensional problen, the results are nevertlicless useful as direct comparison can be
niade with experimental results.

Validation work for the Kirchhoff and Ffowes Williams-Hawkings aeroacoustic codes
are also presented in this chapter. The probleni that has been chosen for the validation of
the acroacoustic codes involves predicting the acoustic pressure in the far-field. radiated

by a rigid pulsator.
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6.1 Introduction - The numerical work of Ding and

Gracewski

Ding and Gracewski [35] performed an Arbitrary Lagrangian Eulerian (ALE) simulation
of axisymmetric, inviscid, compressible fow for air bubble/shock interactions with both
weak shocks (P < 30 M Pa) aud strong shocks (500 < P < 2000 M Pa). The use of ALE
combines the advantages of hotli the Lagrangian and Eulerian methods (refer to section
3.1.2 in Chapter 3). The numerical work solves the Euler equations in axisymmetric
cvlindrical coordinates using a finite volume method to investigate the response of an air
bubble to a step shock wave. To capture the shock, an artificial viscosity technique is
implemented. The bubble is initially spherical and is statically in equilibrium with the
surrounding liquid. Compressibility of the fluid is taken into account and the model also
assulies an adiabatic process except within the shock front. It neglects anyv diffusion be-
tween the air bubble and the surrounding fluid. The artificial viscosity method introduces
a dissipative term in the shock front. Body forces, surface tension and shear viscosity are

also neglected.
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Figure 6.1: Computational mesh (ALE). The initial bubble radius is 1.0 mm. The highly
compressed mesh indicates the position of the planar incident shock. (Ding and Gracewski
1996).

A non-uniforin rectangular mesh (Fig. 6.1) is used. The mesh motion involves a
weigliting method, where the mesl size is adapted using the pressure gradient in order to
gencrate finer meshes near the shock front and around the air bubble. This was desirable
owing to the large deformation involved in the proximity of the bubble. and also to define
the shock front by a thin layver in the computational mesh. Also. starting approximately
24 meshes from the bubble centre, the mesh size inereases witl a ratio of 1.05 farther away

frow the bubble. In the computational doniain a total of 80 x 160 cells are used. The mesh
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design uses less computational time than nniform cells and maintains a good resolution
near the air bubble. In the numerical work of Ding and Graceswki, the computation had
to be stopped at the moment of jet impact as the cells within the air bubble were too
small, and the time step became unacceptably small. Thus, comparisons could not be
made for numerical results beyond the point of jet impact. Ding and Gracewski set the

initial thermodynamic properties to ISA sea level conditions.

6.1.1 Problem Specification

; 10Ro_

T— et e e e B ’i E 4

: ISA Sea Level :

| = Conditions i

: Shock :

I Water I 3Rg
—

| I

| I

| I Air bubble Axis of I

| /7N symmeny |

| [ } v IR

L 6 Ro He R_O H

Figure 6.2: The Geonietry of the Ding and Graceswki problem. Ry is the initial bubble
radius. Not to scale.

The problemn studied in the present code validation work is illustrared in Fig, 6.2
As stated carlier. this problem has heen selected to match. as far as is practicable. the
nuerical simulatons carried out by Ding and Gracewski 35]. Nine strong shock wave
cases are studied. with initial bubble radius of 0.1 mm, 1.0mm and 10 mm. nnploded
by a shock of strength 0528 G Pa. 1.011 GPa and 2.06 GPa. The tenth case is the weak
shock problem where the shock strength is 0.0205 G Pa aud the initial bubble radius
15 0.1mm. The various cases are sunnnarized in Table 6.1, Attention will be focused
on the simulation where the air bubble initial radius is 0.1 7m and shock strength of
0.528 GPa. Fig. 6.2 above shows the geometry of the computational domain used for the
simulation. A spherical air bubble, having one of the various sizes mentioned earlier. is
immniersed in water at ISA sea level conditions. The initial density and pressure of the air
are 1.2246 kgm™> and 10° Pa respectively. The shock wave propagates through the water
from left to right as shown: all clapsed times are measured from the first shock/bubble
contact unless stated otherwise. The bottom domain boundary represents the axis of
svinetry.

Boundary conditions on the left boundary are inttiallv fixed at post-shock values in

order to generate the incoming shock wave. However, from time ¢ = 1.5 g8 onwards. non-
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Casc | Initial Radius, | Shock Strength, | Post-shock density, | Post-shock velocity,
Ry (mm) P (GPa) p (kgm™2) u (ms™1)
1 0.1 0.528 1146 259
2 0.1 1.011 1221 428
3 0.1 2.060 1326 712
4 1.0 0.528 1146 259
5 1.0 1.011 1221 428
6 1.0 2.060 1326 712
7 10.0 0.528 1146 259
8 10.0 1.011 1221 428
9 10.0 2.060 1326 712
10 0.1 0.0205 1009 13

Table 6.1: Various cases of shock bubble interaction problemns

reflecting boundary conditions are applied in order to allow the escape of left-running
waves which are generated by the shock/bubble interaction. In this simulation. the size
of the domain was large enough such that the numerical simulation was stopped before
the left-coming wave reaches the left boundary. Because the mesh is moving at the
same local velocity as the flow (as defined by the Lagrangian principle). particles on the
left domain will tend to move away from the bouudary, leaving a gap that will cause
volumetric errors and mesh problems. To resolve this, uniform columns of particles with
post shock conditions are introduced along the left boundary when needed. The upper
and right boundaries are non-reflecting at all times. For a shock with P = 0.528 GPa.
the inflow velocity is 259.26 ms™!. For a shock strength P = 1.011 GPa. it is 428.26 ms™!
and for P = 2.06 GPa, the speed is 711.94 ms™!. A mesh of approximately 19 x 10° cells
has been used: in the initial (unperturbed) mesh the individual cells are annuli of square

cross-section for convenience.

6.1.2 Strong Shock Problems

Fig. 6.3(a) and (b) show Mach contours for the nuuerical results of Case 4 using ALE
and Free-Lagrange methods respectively. Time ¢t = 0 shows the point at which the shock
had just impacted the gas cavity, and the top cavity wall experienced a high-inomentuin

impact with a speed of about 500 ms™!,

The maximuin Mach contour has been set at
0.21 in accordance with the contouring plot of Ding and Gracewski, i.e. contours of Macli
greater than 0.21 are uot plotted. At the initial conditions, the acoustic impedance of
water is approxinlately 3600 times that of air. As a cousequent. as the incident water

shiock (A) strikes the upstream bubble wall, a relatively weak shock is transmitted into the
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(a) Ding and Graceswki (ALE) (b) Vucalm (Free-Lagrange)

Figure 6.3: Mach contours of a bubble, Ry = 1 mm. collapsed by a shock P = 0.528 G Pa.
Comparison between: (a) Ding & Graceswki, (b) Vucalm. Labels (A)-(F) are described
in the text.

air cavity (B), aud a strong expansion wave is produced in the water, running upwards
aud leftwards (C'). The particle velocity behind the expansion wave is large. causing the
upstream bubble wall to deform (D).

Although the two simulations are generally in good agreement, there are minor dis-
crepancies. If the results of Ding and Gracewski are examnined carefully. it can be seen
that there is unphvsical behaviour in the siimulation attributable to the mesh structure.
Owing to the difference in acoustic iinpedance. and the sound speed in air and water.
the weak air shock propagates more slowly and should decouple from the incident shock
(Fig. 6.3(47)). However, the ALE simulation shows localised nuphysical behaviour in that

the air shock develops a nunerical precursor (£) at the bubble boundary which advanees
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alicad of the incident shock (F). The poor local mesh resolution inside the bubble in
the Ding and Graceswki’s problem contributed to unphysical behaviour. A reasonable
good mesh resolution in the bubble is important to capture the shock and the flow of
the air inside the bubble as it plays a part in dictating the collapse rate and direction of
the bubble wall. Shock resolution is generally better in the Free-Lagrange result, partic-
warly within the bubble, where compression of the Lagrangian mesh leads to “natural”

refinement (see Chapter 4, section 4.4.3).

|
5
Ht=04ps Ht=04ps
> 3
8 R ' | m
(i) t = 0.8 ps (i)t = 0.8 ps
S i
“ |
|
?
|
S !
5 - / 3500
@iy r=1.6ps (i)t =16 ys
(a) Ding and Graceswki (ALE) (b) Vucalm (Free-Lagrange)
Figure 6.4: Pressure contowrs of a bubble, Ry = 1mm, collapsed by a shock P =

0.528 GPa. Cowmparison between: (a) Ding & Graceswki, (b) Vucalm.

Fig. 6.4 shiows the pressure contours for Case 4. At ¢ = 0, the shock frout reaches the
upstreamn of the air bubble. Fig. 6.4(7) onwards show the expansion wave as the shock is
reflected at the air/water interface. The spatially non-uniform deformation of the bubble
wall yields a higher water veloeity on the bubble centreline. At ¢ = 0.8 ps. (Fig. 6.4(:7))
the incident water shock has traversed almost the full bubble width. At this moment. the

upstreai interface is being foreed into the bubble. The interaction between the shock and
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the expansion waves originating at the bubble surface has resulted in significant weakening
and curvature of the shock. The pressure gradient in the water near the upstream of the
hubble increases as time progresses.

It can be seen that as the rarefaction wave spreads away from the air bubble, the
pressure gradients drive the water particles to fow toward the bubble. The shock front or
flow velocity nieets the upstreain of the hubble wall frontally, and therefore the momentum
transfer ig maximum. However, owing to the interaction of the rarefaction wave and the
incident shock, the resultant momentuin transfer is weaker near the right and downstream
part of the bubble. Furthermore, the shock front now mects the rest of the bubble
boundary at an angle, and therefore the impact is weaker than that experienced at the
upstream of the bubble wall. These effects result in the asyminetric movement of the
bubble wall where the upstreanm part of the bubble interface moves rapidly, while the
downstreaim hubble wall remains static.

A distinct liquid jet is formed which runs rightwards along the symmetry axis. At
t = 1.6 us, the liquid jet has penctrated through the bubble, isolating a lobe of trapped
and highly compressed gas which form a toroid in three dimensions (Fig. 6.4(¢i7)). The jet
veloeity reaches its highest value near the point of impact (Fig. 6.7(1)). where it acquires

a velocity of about 2250 ms™! !

. which is in good agreement with the value of 2200 ms~
measured by Ding and Gracewski. The liquid-liquid impact produces an intense blast
wave in the surrounding water with an initial peak overpressure exceeding 3.5 GPa. It is
clear fromn these frames that the downstrean bubble wall remains stationary throughout

the collapse until hit by the jet. The results of Ding and Graceswki agree well with

Figure 6.5: Shock/cavity interaction, Ry = 1 mm. (a) t = 0.0ms (b) t = 1.0 ms. Close-up
of Free-Lagrange Voronoi mesh. Heavy line is cavity boundary: dots indicate positions of
‘particles’ at which flow properties are stored. Horizontal arrow indicates initial position
and size of hubble.

the Vucalm simulation in terins of the general patteru of rarefaction and shock waves,
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although evaluation is difficult to make due to the low resolution of the frames taken from
reference [35]. A slight disparity can be seen in the last frame of Fig. 6.4. In the results
obtained using Vucalm, the jet has penetrated through the downstream cavity wall,
producing a blast wave due to liquid-liquid impact. In Fig. 6.4a(4¢), no blast wave from
the liquid-liquid impact is present, assuming that the jet is at the point of impact, though
this disparity is still questionable due the low picture quality. Overall, the dynamics of
the bubble and surrounding fluid from both numerical methods are in good agreement.

The structure of the computational mesh in the vicinity of the bubble at t = 0 us and
{ = 1 pus is shown in Fig. 6.5(a) and Fig. 6.5(b) respectively. The particle distribution of
the Voronoi grid reflects the local density variation!. For high deusity regions. the grid
Is at its finest and so the flow structure is well resolved. Fig. 6.5(b) shows the increase in
mesh density within the cavity behind the air shock, mirroring the increase in air density.
However to maintain a stable and economical time step. the adaptive mesh ‘refinement’
and ‘derefinement’ algorithm are implemented. Fig. 6.5 also shows the alignment of
uiesh cells along the bubble boundary as a result of the action of the interface smoothing
routine, which acts as an artificial surface teusion. A more detailed description of this
routine is given in Ref. [49].

Tu this validation work, the cells are bifurcated based on the non-dimensional “char-
acteristic length™, L.. In the present work. the following criteria must be satisfied for

refinement to take place,

e Criterion 1: Only cells along the air/water interface are bifurcated if the L, of a

particle is at least twice the size of any of its Voronoi neighbours.

Ding and Graceswki's emploved an adaptive mesh generation technique. where the
niesh antonmatically adapted to the pressure gradient. Therefore, the meshes at the shock
front and the region around the bubble are finer because the pressure gradients are higher.
However, they reported that their ALE calculation was halted at jet impact due to dete-
riorating mesh structure in the bubble, leading to an unacceptably small timestep. In our
work. a ‘derefinement’ procedure has allowed the sinulation to run bevond jet impact.
while maintaining an acceptable timestep (Fig. 6.6).

The liquid jet impact on the downstreamn hubble wall produces an intense blast wave
i the surrownding water with an initial peak overpressure exceeding 3.5 GPa. The shape
of the blast wave is highly asvinmetric (Fig. 6.6(a)) as the wave advances relatively slowly
to the left hecause of the higl water velocity of the liquid jet. At ¢ = 4.65 us (Fig. 6.6(b)).
the cavity is drawi into a vortex flow, created from the interaction of the high veloeity

liquid jet and the relatively static surrounding fluid.

"This is only true is there is no refinement or derefinement.
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(a) t = 4.58 us (b) t =4.65us

Figure 6.6: Dynamics of the flow beyond jet impact at t = 1.6 us. APyuer = 0.1 GPa,
AP,;; = 0.050 GPa. The thick line represents the bubble interface.
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Figure 6.7: The velocities of the jet tip for Ry = 0.1 mm. The solid line represent velocities
with P = 0.528 GPa. The doted curve represent velocities with P = 1.011 GPa. The
dashed curves represent velocities with P = 2.06 GPa. (a) Ding and Gracewski (b)
Vucalm.

Nunierical simulations were also carried out for the various other cases listed in Ta-
ble 6.1. The results obtained by Ding and Gracewski and those using Vucalm are given
below (Fig. 6.7 - Fig. 6.9(a) and (b) respectively). which show the variation of the jet tip
velocity with time. The jet tip velocity using the Vucalm code was measured by taking
tlie average of the absolute velocity of particles at the tip of the jet. The kiuks on the

curve are due to the derefinement and refinement algorithm. When particles are combined
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Figure 6.8: The velocities of the jet tip for Ry = 1.0 mm. The solid line represent velocities
witlh P = 0.528 GPa. The doted curve represent velocities with P = 1.011 GPa. The

dashed curves represent velocities with P = 2.06 GPa.

(a) Ding and Gracewski (b)

Vuealm.
(a)

—_

. °F

E -1000}F \

2 _000F -

(8] r ~

Q L S -

T -3000f

o s . .

= 4000 30 40 50

Time (us)
(b) |

A N

E -lo00f . ~_

g 2000} L ~ ~—.

2 “\\ \

2 -3000f e

s ~.

= 4000 -
20 50

. 40
Time (ps)

Figure 6.9: The velocities of the jet tip for Ry = 10.0mm. The solid lines represent
velocities with P = 0.528 G Pa. The doted curve represent velocities with P = 1.011 GPa.
The dashed curves represent velocities with P = 2.06 GPa. (a) Ding and Gracewski (b)
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or divided, a new set of particles near the jet tip are chosen for the calculation of the
absolute velocity. The averaging of the absolute velocity of the new set of particles give
rise to the kinks on the curves in Fig. 6.7(b), Fig. 6.9(b) and Fig. 6.8(b). However, Ding
and Gracewski did not give any explanation on the way the jet velocities are measured
in their nunierical simulation. It is impossible to tell the point or region at which the jet
velocities are taken - whether it is directly at the tip or somewhere in the proximity of
the tip of the high-velocity liquid jet. Nevertheless, the results show good agreement as
shown in Fig. 6.7 (Cascs 1 — 3). Fig. 6.8 (Cases 4 — 6) and Fig. 6.9 (Cases 7 —9).

Slight disparity can be seen during the first few microseconds after the point of shock
impact. In the results obtained by Ding and Gracewski. the variation of the jet velocity
witlh time show an oscillating feature which is not present in the results obtained from
Vucalm. The nuerical results by Ding and Graceswki and Vucalm (Fig. 6.7-Fig. 6.9)
suggest that for a given shock strength, the liquid jet velocity time history is almost
identical, independent of the initial bubble size. This is expected as the shock wave has
a step profile and has no physical length scale. Therefore, although the results are not
shown here, regardless of the size of the bubble, the general pattern of the pressure and
velocity field are similar to that shown for Case 4 (of Table 6.1) as given in Figure 6.3
and Figure 6.4. The argument also holds for the jet velocity time histories which are
ideutical for all three bubble sizes. The only difference 1s in the time scale. which increases
proportionally to the increase in the bubble size. The figures also show that the jet speed is
dependent on the applied shock strength. In addition, the maximum jet velocity achieved
upon liquid-liquid impact of the liquid jet with the downstreamn bubble wall increases with
increasing shock strength. The stronger the applied shock, the greater the jet speed. and
the sooner the air bubble collapses.

In the experimental work conducted by Bourne and Field [15]. thev showed that
the liguid jet velocity increases as cavity dianieters are reduced (given that a partic-
ular meident shock pressure is held constant). However. it should be noted that the
experiments conducted were in two-dimensional geometries (refer to Section 2.3.1). The
spherical geometry of the air bubble in both numnerical works. Viucalm and that of Ding
and Graceswki. transmits a focussing air shock into the bubble and an expansion fan
which decreases in strength as it propagates spherically away from the bubble. Although
focusing of the shock waves still occur in 2D, the focussing effects are stronger in three-
dimensional geometry.

According to Hammitt [45]. the ‘real-fluid” effects. in probable order of importance
from the viewpoint of bubble collapse, are therinal effects, liquid compressibility, viscosity,
and surface tension. Heat transfer has been negleeted i both methods. Consequently, the

nuuterical code does not consider effectively the restraints upon bubble collapse imposed

e
Julie
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by changes in internal pressure due to heat-transfer. However, the collapse occurs in the
order of microseconds and heuce the effect of heat transfer can be considered negligible.
The results using Vucalm do show that the rate of increase of the jet velocity decreases
with time as the bubble becomes highly compressed, resulting in increases in internal
pressure and temperature. Liguid compressibility is considered in both the ALE and the
Free-Lagrange codes. The compressibility effect is important in this study. as it involves
the interaction of the air bubble with very strong shock waves and the generation of very
mtense blast wave from the liquid jet impact on the downstream wall. Furthermore, a
fraction of the energy of the bubble motion is radiated away as pressure waves. The effect
of viscosity becomes important for relatively small hubbles and it is clear that it must. at
least to some extent, reduce the rates of growth or collapse compared to those attained
i an inviscid liguid. Viscosity has a damping cffect and provides a mechanism for the
conversion of mechanical energy to thermal energy. Viscous effects do alter the pressure
at the bubble wall and thus reduce the effective pressure differential in such a wav as
to reduce rates of either growth or collapse. In view of the dominant influence of water
inertia on the flow dynaniics. it seemis unlikely that viscosity and surface tension will play
a ajor role. In additiou, the short time scale of the whole collapse process suggest that

inter-phase mass transfer will be unimportant.

6.1.3 Weak Shock Problem

The results of Ding and Graceswki, and from Vucalm, for the interaction of a spherical
bubble with a weak shock are presented in Fig. 6.10(a) and (b) respectively. The ini-

3 in air. Both the initial pressure and

tial density is 1000 kgm ™ in water and 1.2 kgm~
temperature are at ISA sea level conditions. The initial radius of the bubble is 0.1 mm.

Fig. 6.10 shows the Mach contour when a shock of strength 20.5 A7 Pa impinges on the
bubble. The results using Vucalm and the ALE method are almost identical. The time
interval between each successive plot is 0.1 s, As a result of the inpedance mismatch. a
rarefaction waves can be seen clearly in the water and a very weak shock is transmitted
in the gas after the shock interacts with the air-water interface. Fig. 6.10(a) shows the

moment the shock first interacts with the bubble.
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In Fig. 6.10(b), the shock has propagated past half of the bubble diameter. As aresult
of the difference in acoustic wave speed in air and water, the incident shock has decoupled
and propagated ahead of the weak air shock. There is no significant deformation of the
hubble wall during this time because the incident shock is weak in comparison with the
strong shock problems presented carlier.  As can be scen in Fig. 6.10(c)-(f), owing to
the axisymnetric nature of the problem, the shock within the gas converges near the
downstream wall of the hubble. Although the transmitted shock in the gas is weak, it
will result in an increase in pressure in that region and will affect the direction of the flow
within the gas bubble. This observation highlights the importance of having a reasonable
mesh resolution within the gas hubble to represent the structure of the flow and hence the
dvnamics and motion of the bubble wall. The low mesh resolution in the bubble in Ding
and Gracewski's numerical simulation also leads to poor shock capturing - the air shock
1s highly diffused and conforus to the mesh structure, whereas the air shock is captured
relatively well in the problem using the Vucalm code. The flow around the bubble on
the other hand is dictated by the inertia of the surrounding water. A pressure gradient is
created around the bubble which drives the fluid towards the bubble, causing the bubble
wall to collapse. As expected, the collapse of the bubble is much slower compared to the
strong shock case. The nonsynunetric movement of the bubble interface is small. so that
no distinet liquid jet is formed, and the collapse proceeds alnmost spherically.

A successful comparison with a different numerical scheme has been made. The re-
sults generated using Vucalm agreed well with that using the ALE method of Ding and
Graceswki [35].

6.2 Introduction - The numerical work of Igra and

Takayama

In this section, validation of the code is carried out by comparing the results with the
numerical scheme of Tgra and Takayama [52] and also with appropriate interferograms
from experimental work.

The motivation of Tgra and Takavama's [52] work is to develop a scheme which could
properly describe a gas-liquid interface without smearing the density jump across the
iterface on an Eulerian reference frame. Thev achieved this by using a density fune-
tion interface tracking method which is similar in fashion to the interface tracking CIP
schieme. In the CIP schieme. a density function serves as a marker corresponding to cach
fluid type, where a different value is allocated to cach fluid. The movement of the density

function and hence the interface can then be deseribed using the advection equation [52].
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An improved method was presented by Xiao and Yabe [101], where a tangent transfor-
mation of the density function was employed which yields a sharper interface, but minute
oscillations on the interface still exist. The oscillations can be neglected for two-phase
flows of small density ratio, but gencrate negative density near the interface for problems
which involve large density ratio such as air and water. To overcome this problem, the
regular CIP scheme is modified [52] and a limiter is imposed to give a higher degree of
accuracy. This modification is then ciiployed into a scheme known as C-CUP (CIP Com-
bined Unified Procedure) which can treat both compressible and incompressible fows.
Luprovement was also made by [gra and Takayama to this scheme, by solving the density
ol cach phase separately. As a result, density diffusion that occurred at the interface in
compressible flows problem can be minimised. The interface tracking problem in Eulerian
wethods, and in particular the CIP scheme as discussed here, highlights the advantage
of Lagrangian scheme over other numerical methods. In the Free-Lagrange method. the
interface of the different phases present are alwavs sharply resolved and no mass transfer
exists between cells of differing material.

Using the modified scheme, Tgra and Takayama [52] simulated the deformation and
breakup of a cylindrical water column on shock wave loading. Comparisons were then
made with experimental findings [51]. A cylindrical water column with an initial diam-
cter of 4.8mm in air 1s exposed to a planar shock wave of Mach number A/ = 1.47.
[n the present validation work, the numerical results using the CIP scheme. as well as

interferogram images, are compared with the numerical results using the Vucalm code.

6.2.1 Problem specification

The problem studied in this second code validation exercise is illustrated in Fig. 6.11.
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Figurc 6.11: The Geometry of the 2D [gra & Takayaima validation problem (not to scale).

The problem has been seleceted to mately, as far as is practicable, the numerical simu-

lations carried out by Igra and Takayaima [52]. There are wicertainties in the diameter of
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the eylindrical water column and size of the computational domain. Fig. 6.11 above shows
the geometry of the computational domain used for the simulation. The initial pressure
for both air and water is 10° Pa, while the densities are 1.2246 kgm™2 and 1000 kgm 3
respectively. The shock wave propagates through the air from left to right and all elapsed
times are measured from the first shock-water column contact. The lower domain bound-
arv represents the plane of syminetry.

Boundary conditions on the left boundary are initially fixed at post-shock values in
order to generate the incoming shock wave, but, from ¢ = 50 us onwards, non-reflecting
houndary conditions are applied in order to allow the escape of left-running waves which
arc generated by the shock-water column interaction. The upper and right boundaries
arc non-reflecting at all times. A mesh of approximately 31000 cells has been used: in
the initial (unperturbed) mesh. the individual cells in the main domain are square for
convenience, while the structure of the mesh in the water column is circular in order to

generate a smootl air-water interface.

6.2.2 Flow evolution

The interaction of a planar shock wave, with mach number A, = 1.47 in atmospheric air.
with a water column is shown in Fig. 6.12. Fig. 6.12(a) and (b) are the numerical results
obtained using the CIP scheme and Free-Lagrange method respectively. The figure shows
the isopyenics in air 23 us after the impact of the incident shock wave on the water column
surface. The contouring interval for the isopyenics is not given in the published paper.
Heuce, a value was chosen that provide not only good comparison with the results plotted
by Igra and Takavama, but also shows the characteristics of the shock wave-water column
iteraction. Althougl estimates to the flow geonletry (water coluum and domain size)
and isopycuic contouring interval were made. the results of the two numerical scheme
agrees relatively well. Both results show the Mach stems? and triple point® well. As the
shock impacts on the water colunm wall. a strong reflected shock is propagated upstrean:.
Interscetion of the Mach stems oceurs downstream of the water colunn.  According to
Igra and Takayama, this interscction initiates the creation of a secondary reflected shock
wave systell.

Fig. 6.13(a) and (D) show an interferogram corresponding to Fig. 6.12(a) and (b)
respectively. The double exposure holographic interferogram of Fig. 6.13(a) was taken

from an experiment while Fig. 6.13(h) was generated nunierically using an interferogram

2The shock front formed by the merging of the incident and reflected shock fronts. The term is gener-
ally used with reference to a shock wave. reflected off a surface. The Mach stew is nearly perpendicular
to the reflecting surface and presents a slightly convex (forward) front. The Mach stem 1z also called the
Mach frout.

3The intersection of the incident. reflected. and fused (or Mach) shock fronts.
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(a) Igra and Takayama (b) Vucalm

Figure 6.12: Comparison between lgra and Takayama and Vucalm for the interaction of
a shock wave with a water column. The density contour interval, Ap for (b) is 0.1 kgm 3.
The time is 23 us.

(a) Igra and Takayama (experimental) (b) Vucabn (numerical simulation)

Figure 6.13: Interferogram images. Comparison between Igra and Takayama and Vucalm
for the interaction of a shock wave with a water column. The time is 23 us.

siinulation algorithm written in Vuecalm based on an cquation given in Ball ef al. 5]
The dark ring (Af) seen on the interferogramn of Fig. 6.13(a) indicates the wet arca
where the water coluim contacted with a glass surface. Both images shows shock frones
similar to the gas phase isopyenics shown in Fig. 6.12. The comparison between the two
interferogram images show that the general fringe pattern in air agrees well. In particular
the form and position of the fringe that extends from the water column to the incident
shock just below the triple point (N). as well as the fringe on the downstrean of the
column (O) are well-predicted. The major difference is in the thickness of the fringes
where the interferogram image generated via Vuealm are much thicker.

The relationship between fringe order and path averaged gas density iz given by the

.
=1
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following cquation [5],

N = (1 - ﬁ)/G (6.1)

Po
where N is the fringe order, G is an arbitrary value and is defined here as the gain and pg
is the path mean fluid density at the fringe of order zero, i.c. the reference density. The
difficulty is in determining the fringe order spacing or gain and the value of the reference
density. A ‘trial and error’ approach was adopted to match the interferogram fringes of
the munerical simulation to that of the experimental work by varying the value of G and
po. The fringe number is controlled by the gain, G, while the fringe spacing and position

can be controlled by altering the value of the reference density, po.
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Figure 6.14: Comparison between Igra and Takayama and Vucalm for the interaction of
a shock wave with a water columm. The density contour interval. Ap for (b) is 0.1 kgm 2.
The time is 43 ps.

(a) Igra and Takayama (experimental) (b) Vucalm (numerical simulation)

Figure 6.15: Interferogram images. Comparison between [era and Takavama (1999) and
Vicabn for the interaction of a shock wave with a water column, 53 s after shock impact.
Labels (A)-(F) are deseribed in the text.
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Fig. 6.14(a) and (b) shows the isopycnics in air at 43 ps for Igra and Takayama and
Vucalm respectively. Here again, the contouring interval chosen by Igra and Takayama
could not be determined. The figures show that both the incident shock wave and the
reflected shock wave have propagated further away from the water column. On the down-
stream side of the water coluinn, a complex secondary wave systemn is formed, consisting
of a reflected shock wave which is created by reflection of the curved Mach stems. The
latter initiates a secondary triple point [52]. These flow characteristics can be seen in
hoth figures. The shock front of the results by Igra and Takayama appears to be diffused
compared to the results from Vucalm. According to Igra and Takayama. this is due to
the shock capturing performance of the CIP scheme. Furthermore, the grid spacing in
their solution increases as a function of distance away from the water column, which is
also condusive to a highly diffused shock front. A high pressure region is generated near
the downstream side of the water column which causes a deformation of the water-air in-
terface. Both results show a small vortex near the rear of the water column. The general

structure of the isopycnics curves for both sets of results agree relatively well.

//«\\
1

Figure 6.16: Numerical isopyvenics at ¢ = 43 us for shiock wave interaction with a solid
cylinder. Taken from Igra and Takayama [52].

Fig. 6.15(a) shows a double exposure holographic interferogram taken from the ex-
periment, while fig. 6.15(b) is a numerical interferogram generated from Vucalm data.
The dark ring seen on the interferogram of fig. 6.15(a) indicates the wet area where the
water colummn contacted a glass surface. The incident shock wave lias traversed the water
colunm (A). The comparison between the two interferogram images show that the gen-
eral fringe pattern in air agrees well. In particular, it correctly predicts both the vortex
structure (') on the downstreamn side of the cohmum. and the form and position of the
fringe that extends from the upstream of the water colun to the Mach stem (B). Fur-
thermore, the predicted location of the reflected wave (D), Mach stem (). triple point

(F) and sccondary triple point (G) are in excellent agreement with experinient.
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For comparison purposes, Igra and Takayama also ran a problem of an interaction of
a shiock wave with a solid cylinder. The isopycnics obtained for the flow field are shown in
Fig. 6.16. A vortex cxists near the rear of the solid cylinder and the reflected secondary
shock wave reaches the solid wall. These features are less apparent in the numerical results
obtained for the water column by Igra and Takayama (Fig. 6.14). They argued that the
differences arc attributed to the deformation of the water column surface, though the size
of the vortex in Fig. 6.16 scems to agree well with that obtained using the Vucalm code
as shown in Fig. 6.14(b).

6.2.3 Conclusion

The validation of the axisymmetric and 2D version of the Vucalm code has been carried
out using two different cases. The simulations are compared with the results from an
alternative numerical simulations using ALE in the work of Ding and Graceswski [35]
and by Igra and Takayama [52] where comparisons were also made with experimental
findings.

In the validation work, the dyvnamics of the bubble using Vucalm match that of Ding
and Graceswki. This includes the liquid jet velocity, impact or collapse time as well as the
flow around the bubble. shown by the mach, pressure, and the jet velocity time history
plots. Despite the different methods used. the results agree well. The differences are
mainly attributed to the mesh structure used by Ding and Graceswki where a coarser
computational grid was used within the bubble.

The interaction of a planar shock wave with a water column was presented in the
sccond part of this chapter. Tsopyenics curve and interferogram images at two different
stages of the flow were obtained from reference [52] and were conmpared with that using
the Vucalm code. The results obtained agreed well with the numerical and experimental
findings of Igra and Takayama. Botlh results show the Mach stems and triple point as well
as sccondary triple point at later stages of the flow. The interferogram at ¢ = 43 s not
only revealed a high pressure region downstream of the water column but also a vortex
flow. The fringe number and spacing in air agree well with the experimental interferogram
lmages.

Therefore 1t can be concluded, based on the works carried out in this chapter. the
Vaucalm code has been successfully validated for typical axisymmetric shock-bubble flow
field as well as against experimental findings of flows consisting of air. water and shock

waves.
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6.3 Aeroacoustic Codes Validation Test Cases

The problem that has been chosen for the validation of the Kirchhoff and FWH aeroa-
coustic codes involves predicting the acoustic pressure in the far-field, radiated by a rigid
pulsator. The sound pressure resulting from the pulsating rigid sphere was compared
by means of values obtained with the Kirchhoff and FWH approach and with the exact
solution.  Fig. 6.17 shows the geometry of the problem where a single solid sphere is

% while the initial pressure

immersed in water. The initial density for water is 1000 kgm™
and temperature arc 0.1 M Pa and 288.15 K. The mean radius of the solid sphere is

R, = 0.02mm. The lower domain boundary represents the axis of symmetry.

Water

15 mm

Kirchhoff control surface

- - ‘“
N,
N
KN
\
\

i /-\ﬁigid pulsator ‘|
] ! !

Re Res

Figure 6.17: The Geometry of the problem (Not to scale).

6.3.1 Kirchhoff Test Cases

The problem studied here is different to that involving a pulsating air bubble in water.
Here, the pressure within the pulsating body does not vary as its volume changes during
tlic oscillation, i.e. its internal pressure is invariant. Thus, the pressure in the fluid is
governed by the interface motion alone. The pulsation of the solid sphere radiates a
spherical sinusoidal wave iuto the surrounding water.

The following analysis for the Kirelihoff validation test cases is based upon Leighton [62].
When the rigid sphere pulsates, the variation of the bubble radius with time is given by

the following expression,

R(t) = Ry + R.(t) = Ry — Rooe™! (6.2)
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where Ry is the equilibrium radius of rigid sphere, R, is the displacement of sphere
from equilibrium, such that R(t) = Ry + R.(t) and R is the radial displacement ampli-
tude of the pulsator.

Differentiating (6.2) with time gives,

R(t) = R.(t) = —iwR.e™t = Upe™* (6.3)
R(t) = R(t) = w?Re™t = iwlye (6.4)
where Uy = —iw R, and must equal the radial fluid particle velocity £ at the sphere

wall at all times. Therefore the acoustic pressure at the wall can be found from the
product of the specific acoustic impedance for spherical diverging waves and the wall
velocity [62].

It is known that the specific acoustic impedance for spherical waves, Z, is given by

the following expression,

_ P(r,t)
)

(6.5)

It is shown in [62] that the diverging spherical waves that any point source radiates
liave the form,

P = :i_}ei(wt—kr) (66)

where U has the units of [Pa.m], is numerically equal to the acoustic pressure radiated
by the source at unit distance from that source. Eqn. 6.6 can be explicitly modified to
incorporate inconstant source strength and attenuation. For example [62]. if the source
is damped with time constant 37!, and if the attenuation coefficient is b, the pressure of

spherical diverging waves is given by,

P = Ee—ﬁ(t—r/c)e—brei(wt»kr) (67)
-
where the use of (t — r/c) allows for the propagation time, and e~ is the acoustic
pressure amplitude 1 metre from the centre of the source at time ¢t = r/c.
Thus differentiation of 6.7 with respect to r, and integration with respect to t, gives

the oscillatory liquid particle velocity

é(r,t) = (1 - %)% (6.8)

Hencee, the acoustic impedance can be written as

A’.,v Aiy“
N LKA S (6.9)

Z = n =
pOLA‘,r —7 1+ (hkr)?
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of magnitude

k
|Z| = _ PocRT (6.10)
V' 1+ (kr)?
and of phase
tanX = 1/kr (6.11)
At some fixed radius r, the acoustic pressure is given by
P = PAGWt (612)

where Py = We 7 /r.
From (6.5) and (6.10) , the pressure amplitude Py, the specific acoustic impedance Z

and the speed amplitude Uy can be written such that

P4 = Up|Z| = Uppoc cos X (6.13)
and N
cos X = ——ot (6.14)
1+ (kr)?

Substituting (6.10), (6.14) and (6.3) into (6.5) and since

pockr £i%0

Z=1Zle" = (6.15)

1+ (kr)?

the acoustic pressure at the wall can be written as
P(Rq, t) = pocUy cos Xelwt+Xo) (6.16)

where evaluation of equations (6.11) and (6.14) at the sphere wall (r = Ry) gives

cot Xo = kRg (6.17)
and R
cos Xg = ——2 (6.18)
1+ (kRp)?

From above, the acoustic pressure at the wall can also he expressed as

P(Ro,t) = R—el(dt_kRO) (619)
0
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Equating (6.19) and (6.16) gives
U = poclUo Ry cos X, e kRo+Xo) (6.20)
Therefore, the expression for the acoustic pressure at any radius r > Eg is given by
o i(wt—k(r— Ro)+Xo) :
P(r,t) = pocUp— cos Xpe 0 (6.21)
r

the magnitude of which is

pocUo| REE

r/1+ (kRo)?

The results of the acoustic radiation of the pulsator were obtained using direct calcula-

|P(r,t)] = (6.22)

tiow. Instead of using the Vucalm code to simulate the near-field problem, the near-field
pressure timne history at every control point on the control surface were calculated from
Equation 6.22. This is carried out in order to separate the influence of mesh resolution on
the Kirchhoff integral evaluation. For sufficient accuracy in the far-field calculations. the
surface quantities (p, g—f, 2—5) should be very accurate. This can be achieved through the
use of a very fine mesh in the CFD calculations. However, memory and time constraints
nake this impractical. Test cases using Vucalm to produce the Kirchhoff control surface
data were also carried out and is presented at the end of Section 6.3.1.

The pressure and its normal and time derivatives are therefore calculated using Equa-

tion (6.21) and (6.22) directly into Equation (5.1). Taking the real part of Equation (6.21)

gives,
%{P(T,t)} :ACOS(W‘t—i—/\O—]\(T—Ro)) (623)
T
where )
_ _pocloliok (6.24)
1+ (]fRo)Q
Hence it follows that,
15, A
_—p = ——wsin(wt + Xy — k(r — Ry)) (6.25)
ot r
op A . . x A
B = 2 [kx sin(wt + Xo — k(r — Ro)) — p cos(wt + Xo ~ k(r — Ro))] (6.26)
dp A . . y . Y A
% = [ky sin(wt + Xo — &(r — Ro)) — . cos(wt + Xo — k(r — Ro))] (6.27)

where z and y are the control points C' P2, coordinates and r = y/2? + y?. The normal
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derivative can then be caleulated using the dot product with the normal vector n at each
control point. The analytical solution is then calculated directly using the equations above
for a solution at a single point (observer) in the far-field. In all the analysis, the observer is
positioned 500 mm from the centre of the oscillating rigid sphere, i.e. x = (0,500 mm, 0).

The following test cascs were carried out in order to validate the Kirchhoff code and

also to examnine the sensitivity of the forinulation to the following conditions:
e Placement/Size of the integration surface
e Frequency of the radiated pressure wave
e Number of control points
e Data storage time increment ( time interval or resolution at which data are recorded)

e Asymmetry between the centre of pulsator and the centre of the Kirchhoff control

surface

e Driving pressurc profile (complexity of the radiated pressure)

Frequency and Control surface Placement/Size Analysis

The parameters of the driving pressure for the test cases are given in Table 6.2. In order
to analyse the effect of wave frequency, two different frequencies are used. one being 10

times greater than the other.

Case w Uy f Period | Wave length
(s7h) (ms™1) (Hz) (us) (mm)

High-frequency || 4.7837 x 10° 20 7.6 x 10° | 1.313 2.0

Low-frequency || 4.7837 x 10° 20) 7.6 x 10t | 13.1 20.0

Table 6.2: Driving pressure parameters

Tests are also carried out for large (10mm < R, < 20mm) and small (I1mm <
R.s <2mm) control surface radii (Reg), to examine any dependencies between R, and
the driving pressure phase and wavelength. The results (Fig. 6.18 and 6.19) show that the
formulation gives the same far-ficld pressure signature regardless of the driving pressure
frequency and is indepeudent of the control surface placement. Fig. 6.18 and 6.19 also
show that the start tiwe of cach plot is different for the two control surface radius sizes.
This i1s because caleulation of the far-ficld pressure wave only starts when the radiating
pressure waves cmitted by the pulsator reaches the control surface. This also explains

the different time bases.
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Far-fietd pressute history for different R (Observer [0,500,0]) Far-teld pressure histary for diferent B (Observer (0.500.0))
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Figure 6.18: Control surface radius, Reg study for high-frequency wave.
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Figure 6.19: Control surface radius. Reg study for low-frequeney wave,

Control point resolution study

The number of control poiuts (NCP) €7 is adjusted by altering the value of Ag which

ar?
automatically alters the number of geometric control point (C4) in one rotation of the
half circle along the x-axis (svinmnetry axis). Fig. 6.20(a) shows that the ditfference in
the far-ficld pressure signature is small for NCP > 292, The calculated far-field noise
approaches the analvtical solution as the number of control points incrcases. This is

clearly depicted in Fig. 6.20(Dh).In all subscquent work., NCP = 1152 is used.

Timestep study

Good time resolution is needed to resolve detailx such as high-frequency content of the

solution on the Kirchhoff's surface S0 Fig. 6.21 shows the effect of the mumber of points
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Far—tfield pressure history variation with CP resolution (Observer [0,500,0])

Far-ield pressure history variation with CP resolution (Cbserver (0,500.0)) 701
T ¥ T I

BO- — = T

NCP=24

NCP=292 2l NgP:zgi
601 — NCP=1152 I — hjgzj;;g
—— NCP=4592 _72H NCP=459
— NCP=18332 — NCP=18332
40— NCP=41260 1 15, — NCP=41260
-= Analytical Solution | ¥ == Analytical Soluhon_]
s 20 o4t
) @
5 o R .
a z g
2 @
& a
-20 4
=77
-40 |
-78¢
-60 sl
-go. T i _80
3299 33 3301 3302 3303 3304 32305 3306 3307 3308 3.2298 3.2899 32 3.3001 3.3002
Time. s w10~ Time. s x 107
(a) (b)

Figure 6.20: Far-ficld pressure history for test cases with differing number of control
poiuts. Figure (b) is a closc-up of the curve near the trough of the signal wave.

per period and per wavelength in the retarded time. In this study, w = 4.7837 x 10°.
Fig. 6.21(b) is a closer look of the curve near the trough at around 330 ps. It clearly
shows that the error increases as dt increases especially for the case where dt = 0.064 us.
L.e about 20 times smaller than the period of the signal. The severity of the error would
lncrease as the frequency of the source wave increases. The smaller the time step in the
retarded time, the more accurate the prediction of the noise in the far-field. Therefore, it
Is lmportant that the retarded time-step chosen for the caleulation of the far-field is small
enolgh to accuratelv capture the high-frequency events and discontinuities i1 a signal.
Determination of the optimum retarded tinie step is via trial error and first approximation

is made based on the Vuecalm sinulation mmn thne step.

Driving pressure profile analysis

This analvsis is carried out in order to determine the code capability i evaluaring the far-
. . o
ficld acoustic signature of a complex driving pressurce wave. Two cases are studied here.
[} O
in which the driving pressure is constructed by combing two sinusoidal pressure evele of
differing amplitude and frequency. The amplitude of the test signal is such that the test
problems are essentially lincar. The paranieters are given in the table below (Table 6.3
Tests are carried out for different control surface radius. Res. The results are presented
CS
i g, 6.22 and 6.23 and clearly show that the wave profile in the far-ficld matches the
profile of the driving pressure. The agreement holds for various Kirchhoft control surtace
placcments and sizes. Therefore, it can be coneluded that the code is capable of capruring

the details of complex pressure waves and prediet its acoustic signature in the far-Held.
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Effact of timae slep on far-field pressure history (Dbserver [0,500.0])
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Figure 6.21: Results for timestep study for different Reg. Figure (b) is a close-up of curve

(a).

providing that the time-step chosen for the analvsis is small enough.

{ Case Wy Pressure amplitude Py W Pressure amplitude P»
I (s71) (M Pa) {4 (M Pa)
1 [ 48x10° 4.0 2.4 x 10° 2.0
7 2.0

2 | 4.8x10°] 1.0 1.9 x 10

Table 6.3: Driving pressure parameters made up of two separate contributors of differing
pressure amplitude, P and frequency.

Far-leld pressure history (Case 1)

sure protile {Case 1)

L X110
. .
« P
a & 05
g g
= = 1
= @ |
a Qa !
' \
| 1
1 |
1 |
o 1 )
1 1
1/ 1
1]
h | \ /
6 \/
£ h i L i ¥ :
+] 5 1 1.5 2 25 3 £ 4 329 X 33 332 334 335 336
Time. s 10 Tim .
<
(a) (b)

Fignre 6.22: Case Lo (a) Driving pressure profile (b) Far-Held pressure history at observer
with coordinates [0mm . 500 mm, O mm] for different R s
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Driving pressure prolile (Case 2)

x 10 x 10
ey — = 15—
1
0.5}
g /]
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g g
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/3 7
¢ &
a a
Y
afk
_&F {
I b |
0 5 1 15 2 25 3 35 4 329 33 an 3az 33 334 3.35 338 337
Timv 21 Time. s X
(a) (b)

Figure 6.23: Case 2. (a) Driving pressure profile (b) Far-field pressure history at observer
with coordinates [0 mm, 500 mm, 0 mm| for different Res.

Asymmetry study

Water

15 mm

Kirchhoff control surface

! /-\sigid pulsator v :
i ; i il

= [T — " X

Ry Res

Figure 6.2 The geometry of the problem for asvunetry study,

In the asvimetry study, the centre of the rigid oscillating spliere and the Kireh-
hoff control surface do not e at the same coordinates. This is illustrated in Fig. 6.21.
Therefore, the radiated spherical pressure wave arrives at cach control points at ditfer-
mg time, amplitude and phase. The observer coordinates is the same as in previous
cases [0mm 500 o, Omon . e 5000 away from the centre of the oscillaring sphere.
The Kirchhoff control surface radius, Roe and the rigid sphere radins, R, is 2.0mm and

0.02 mam respectively. The results clearly shows exact agreement between the predicted
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far-field acoustic pressnre wave and the analytical solution, despite the asynunetry be-

tween the position of the pulsator and the Kirchhoff control surface.

Asymmetry Study of Cenlre of CS and and Cenlre ot Source

80 e
| —— XCOC_ _=0.75mm / XCOC_ =0.0mm |
Ccs source
8ol "" An?lyncal Solution ] ]
1 3
‘ '
40F : [} \ 1
i i |
d i \
20 ' \, .

Pressure, Pa
(=}
T

e
S
P
i

L 1 5 4, =, - J
3.29 3.285 33 3.305 3.3 3.315 3.32 3.325
Time. s e

Figure 6.25: Asymmetry study. Comparison of far-field pressure history between numer-

ical and analytical solution.

Far-field Acoustic Pressure History (Observer{0,500mm.0]) - Vucalm

4000 T
RL_5:1 Omm
3000l — RC;=1.25mm
- R‘A‘=1v5mm
2000+ d
< 1000F &
a
o
5 of 4
2
4
a J
-1000F
-2000F |
-3000F “l
-4000 :
33 3:35 3.4 3.45
Time, s X107

Figure 6.26: Estimated far-ficld pressure thue history at three ditferent Res. The Viwealm
code was used to produce the Kirehhoff near Held data.

Vucalm-Kirchhoff Hybrid Calculation

Test cases were also carried out to investigate the acciwacy of the Kivehhott control surtace

data caleulated using the Viwcalm code. The Tavout of the computational doniaiu is as
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shown in Fig. 6.17. The far-field results from three different control surface radii were
calculated, 1.e. at Re, = 1.0mm, R, = 1.25mm and R, = 1.5mm. The resolution of
the Voronoi mesh in the region of the control surface were kept constant for all cases to
climinate any possible ambiguity in the results owing to the influence of mesh resolution
on the Kirchhoff integral evaluation. The ohserver is positioned 500 mm from the centre
of the rigid pulsator. The result is shown in Fig. 6.26.

The result show that the near field data calculated using Vucalm produces accurate
estimation of the far-ficld pressure-time history and is independent of the control surface
placenment within the Vucalm comnputational domain. However, it is understood that for
the latter, the accuracy of the solution is highly influenced by the density of the CFD

computational mesh in the proximity of the control points.

6.3.2 FWH Test Cases

Different set of equations for the pressure and velocity terms are used in order to take into
account the phase difference hetween the two terms from near-field to the far-field. This is
hecause unlike the Kirchhoff formulation, an accurate calculation of the particle velocity
is necessary in the surface and volume integral of the FWH method as described in section
1.5.2. The amplitude of the test signals for the FWH test problems satisfies the linear
wave equation. In addition. since there is a large similarity in the hvdrocode structure
of the two aeroacoustic codes and in the wayv the two are integrated into Vwucalm. the
validation analysis is not carried out as detailed as that of the Kirchhoff method. It is
comprehensible to believe that the analyses shown above and its results are applicable
liere. Therefore, a simiple test case is carried out to validate the formulation of the FWH
code and its ability to predict noise in the far-ficld. The test cases carried out here is to
examined whether the F\WWH formulation has been implemented correctly. The analvsis
is a for a spherical spreading wave originating from a point source.

First, consider that the acoustic particle velocity in the r direction. U, is in phase with
thie acoustic pressure. p, evervwhere in the far-field of a simple acoustic source radiating
spherical waves. In the far-field, the quantities p and U are related by the characteristic
mmpedance as

p(r. t)/U(r,t) = pc (6.28)

In general p and U are related by the » component of Euler’s equation [54]

o o _

P+ 5o =0 (6.29)
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Suppose that in the near-field of a time harmonic source, the pressure is given by

. eik(r—ct) '
p= —ZQsT (6.30)

Then the corresponding particle velocity component in the r direction is

U= i(l%—kir)p (6.31)

It is clear from Equation 6.31 above that as kr becomes very large in the far-field, the

simple plane wave relation (Eqn. 6.28) results. The real parts of Equation 6.30 and 6.31

p(r,t) = (Qs/r)sin(w(r/c —t) (6.32)
aid
U(r,t) = (Qs/per)sin(w(r/c —t)) + (Qy/kpcr?)cos(w(r /e — 1)) (6.33)
respectively.

Equation 6.32 and 6.33 are used to generate the data at the control points for input

to the FWH integral for the far-field calculation.

Frequency and Control surface Placement/Size Analysis

The parameters of the driving pressure for the test cases are given in Table 6.4.

Case w Qs f Period | Wave length
(s (Pa) (H2) (ps) (mm)

High-frequency || 4.7837 x 10° | 2.0 x 10° | 7.6 x 10° | 1.313 2.0

Low-frequency | 4.7837 x 10° | 2.0 x 10® | 7.6 x 10* | 13.1 20.0 ]

Table 6.4: Driving pressure parameters

Tests are carried out for large (5mm < Ree < 7.5mm) and small (0.2mm < R.e <
2mm) control surface radii (Reg), to examine any dependencies between R.. and the
driving pressure phase and wavelength.  Both the low-frequency and high-frequency
driving pressure wave are used for this analvsis. The results are similar to the analy-
sis obtained using the Iirchhoff method. Fig. 6.27 and 6.28 show that the predicted
far-ficld signature are independent of control surface placement and in excellent agree-
ment with the analvtical result regardless of the driving pressure frequency. The wave
patterns, phase, amplitude and frequency of the predicted far-ficld noise are essentially

identical to the analyvtical result.
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Pressure, Pa

(a) Small Control Surface Radius
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ssure, Pa

Pre:

(b) Large Control Surface Radius

Figure 6.27: Control surface radius, Reg study for high-frequency wave (a) 0.2mm
Res <2.0mm (b) 5.0mm < Res < 7.5mm.

IN

6.3.3 Conclusion

The validation of both acroacoustic codes, Kirchhoff and FWH. has been carried out to
analvse the sensitivity of the methods to varions parameters - frequency of the radiated
pressure wave, size and placement of the control surface. niimber of control points, time in-
crement, asvmmetry and complex driving pressure. The results obtained using the aeroa-
coustic codes are in excellent agreement with respective analvtical results. Therefore. the
tests presented in this chapter shows that the developed codes have been hmplenented
correctly.
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Figure 6.28: Coutrol surface radius, Res study for low-frequency wave (a) 0.2mm
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Res <2.0mm (b) 5.0mm < Res < 7.5mm.
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Chapter 7

Simulations of Lithotripter Shock
Wave-Bubble Interaction
in Free-field

In the next few chapters. simulations of the response of an air bubble to a lithotripter
shock wave using the Vucalm Free-Lagrange method are presented. In this chapter.
shock-induced collapse are investigated for the case when the bubble is in free-field (infi-
nite fluid).

The objectives of the current simulations are to model the interaction of a lithotripter

shock wave with a stable spherical bubble, and to observe:

the reflection, transmission and refraction of the shock waves as well as the velocity

fields near the bubble.

the collapse of a spherical bubble in free-field

the formation of the high-speed liquid jet and its velocity-time history
e the bubble volume-time history

the effect of mesh resolution on the accuracy of the results

Besides the numerical sinulations of thie shock-bubble interaction using Vucalm, pres-
sure time history in the far-ficld are also calculated using both the Kirchhoff and FWH
acroacoustic codes. Comparisons between the results are also given.

The first part of this chapter was presented at the 2 International Conference of

Computational Fluid Dynamics i July 2002, Sydney. Australia.
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Prior to running the numerical simulations, a consistent methodology regarding some
numerical aspects was first established. This includes material interface smoothing (arti-

ficial surface tension) and mesh resolution (grid convergence).

7.1 Interface Smoothing Algorithm Study

The effects of different values of the non-dimensional sinoothing gain, a, is demonstrated
here. The interface smoothing algorithm was discussed in Section 4.4.1. Four different
values of a were used for the simulations of shock/bubble interaction. The sole purpose
of this study is to determine an optimum value of a that allows the bubble to evolve

naturally while effectively maintain a smooth material interface.

0.6425 mm Rigid boundary
pr . -
i b it L A A x
Water
ISA sea level
5 . conditions =
Lithotripter i
: shock wave 3
5 3
Axis of rotational :
: [
: symmetry Alrbubblegl I |
L 0.6 mm "Roa "

Figure 7.1: The geometry of the computational domain for near plane rigid boundary
problem.

For this preliminary study, siimulations of single cavitation hubbles near a plane rigid
boundary are carried out. The computational domain is shown in Fig. 7.1, The distance of
the initial bubble centre from the boundary, d. is 0.0425 mm (giving a stand-off parameter.
¢ of 1.0625). The bubble initial radius is 0.04mom [29]. A planar lithotripter pulse.
with PT = 60 M Pa and P~ = —10A7Pa. propagates through the warer from loft to
right (see Fig. 7.2). The water is represeuted by the Tait Equation of State (EOS) and
s initiallv at ISA sea level conditions, e, the pressure. temperature and density are
101.325 APa. 288.15 17 and 1000 Agm ™3 respectively. The bubble is assunied to contain
aiv and is represented by the ideal gas EOS. With ratio of specific heat. ~ = 1.4 The

initial temperature. density and pressure for the air are 288,15 N, 12246 Agm ™ and
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(Case 1] 2 | 3 [ 4 |
o JO0[4x10°]8x10°]16x 10°]

Table 7.1: Cases for smoothing gain study

101.325 k Pa respectively. The lower domain boundary represents the axis of symmetry
while the top and right boundaries arc non-reflecting at all times. All elapsed times are
measured from the first shock/bubble impact. The lithotripter pulse is introduced by

imposing a time-dependent pressure boundary condition on the left boundary.

10

8t 1

Pressure,MPa
» o)

N

4
Time, us
Figure 7.2: Modelled form of ESWL pressure waveform.

The analytical expression for the lithotripter pulse shock wave shape can be written
as follows [22],
P.(t) = 2P,e " cos(wt + 7/3) (7.1)

Here, P, is the amplitude of the shock wave, equal to the postive peak pressure P* when
the rise time is zero, ag is the decay constant. 9.1 x 10%s71, and w = 27 f is the radial
frequency with f = 83.3kH:z.

A simulation where no interface smoothing is included was conducted as a reference
simulation. Three different smoothing gains. a. were used as given in Table 7.1. The
vahues for a were obtain via a trial and crror method and from the values used i the
validation work. The value for a is problein dependent and therefore further studies on the
cffect of the interface smoothing gain was necessary as the amplitude of the lithotripter
shock wave is much less than that used in the validation work. In all the simulations
carried out, the restoring foree distribution of Fg = Fp/2 and Fy = Fo = Fo/4 were used
(refer to Fig. 4.4). The reason for implementing this modified smoothing techimique was

given in Section 4.4.4. During the carly stages of the bubble collapse. the deformation of
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Figure 7.3: Variations in the dynamics of the bubble and material interface for different
smoothing gains . Comparison between (a) a = 0 and (b) a = 4 x 103, AP, and AP,
indicate the inercments between contours in the water and air respectively. Solid ~dot”

mdlicates initial centre of the bubble.
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the bubble surface is minimal. Therefore, the results are identical and the figures of the
bubble collapse during carly collapse stages are not plotted and introduced here.

However, towards the final stages of the collapse, the bubble undergoes a rapid de-
formation. The upstrcain bubble wall starts to involute to form a high-speed liquid jet.
The selection of a suitable value of a is therefore inade based on the comparison of the
bubble evolution towards the end of the collapse stage. The comparison of the hubble
collapse between ¢ = 0.198 us and ¢ = (0.214 ys are shown in Fig. 7.3 and Fig.7.4. The
results from all three cases show consistency with the undamped case.

At approximately ¢ = 0.200 us. the jet has impacted onto the downstream bubble wall.
producing a toroidal bubble and generating a spherical blast wave into the surrounding
water. It is clear from Fig. 7.3(a)(it — ) that for the case when a = 0. the highly
shearing flow caused wrinkles on the hubble interface. Increasing the smoothing gain a
to 4000 improved the appearance of the material interface although signs of wrinkles on
the interface still exist as depicted in Fig. 7.3(b)(222). Following jet impact. the collapsed
bubble is drawn into a vortex flow and moves closer to the rigid boundary. The thickness
of the bubble at t = 0.21 ps varies for different values of a. The size of the bubble for the
case when o = 16 x 10% are bigger than the other three cases at t = 0.24 us. The restoring
force associated with the smoothing gain excessively damps the interface and causes an
increase in pressure iuside the bubble. This dampened the collapse of the bubble bevond
jot impact and initiated an early expansion of the bubble.

Fig. 7.5 shows the bubble volumme time history for all four cases. Fig. 7.5(b) is a
closeup of (a) and it is clear from the results that the excessive force applied to the
interface particles when the smoothing gain a is too high induces a higher collapse rate.
Given that the simulation with a = 0 is the bench mark for correct physical features of
bubble collapse, comparison of bubble shape for various values of o shows that the use
of a = 8 x 10® appears to be optimum in keeping the interface wrinkles to a minimum
while preserving the physical evolution of the hubble.

Thus, based on the analysis, the restoring force is applied to the target particle and its
interface neighbours with a = 8 x 103, This value of a is used for all simulation presented

later i the report.

7.2 Mesh Resolution Study

The initial mesh lavout of the computational domain is divided into three regions. The
first region covers the arca within the gas bubble. The second regions covers a fow cells
thick around the circumference of the air-water interface, while the third region surrounds

both the first and second region and is defined here as the main domain area. The Voronol
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Figure 7.4: Variations in the dynaniics of the bubble and material interface for different
smoothing gains . Comparison between (a) a = 8 x 10 and (b) a = 16 x 10°. AP, and
AP, indicate the increments bhetween contours in the water and air respectively. Solid
‘dot” indicates initial centre of the bubble.
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Figure 7.5: Bubble volume ratio time history for different value of a (b) is a close-up of

(a).

Figure 7.6: Initial Voronoi mesh used in the Free-Lagrange simulations. Bottom solid
line is the axis of synunetry., the semi-circular solid line represents material interface and
dots indicate positions of fluid particles. This figure is a close-up of Fig. 7.6 to show the
Voronoi cells in the bubble and near the material interface.

mesh of the problem near the bubble is shown in Fig. 7.6. The first aud secoud regions
arc made out of hexagonal Voronoi meshes that are generated in a circular manuer to
give a smooth bubble surface. The second region however, is made finer than the first.
This is because, during the collapse of the bubble, the movement of particles due to the
forimation of the high-speed liquid jet will result i coarser mesh. especially around the
circumference of the bubble surface aud near the liquid jet arca. Heuee, a high initial mesh
resolution is needed to capture the dyvnamics of the How accurately, and also to maiutain

a smooth air-water interface.  NMoreover, the size of the computational cells inereases

Ahmad R Jamaluddin 111



Free-Lagrange Simulations of Shock-Bubble Interaction in ESWL

gradually further away from the bubble. In the main domain area on the other hand,
the computational cells size are made much coarser in order to save on computational
cost. However care is taken to avoid any sudden change in the cell size at the transition
houndary between the second region and the main domain area. The cell size of the main
domain is approximated from the area of the computational cell in the second region that
lics near the transition boundary (Fig. 7.7). This is to prevent any abrupt changes in the

mesh cell size hetween the second region and the main domain.

;{%}}{H:}}}} : ‘[fH'lIIHIlIiIIIII'
r ST T Transition daryg—
- Main Domain - lrar boundary—
: - | a8y
A A /
A‘ N .
H. - Second Region |
| !
1
T o
-

Figure 7.7: Iuitial Voronoi mesh used in the Free-Lagrange simulations. depicting the
mesh transition between the main domain and the second region.

It is necessary to conduct a grid convergence study to determine the optimuni degree
of mesh resolution or numnber of grid points required to resolve the bubble evolution and
to capture the dynamics of bubble collapse at minimal computational cost. The initial
conditions arc thie sanie as in Section 7.1. The smoothing gain a that is used in this study
is kept constant at 4.0 x 102 for all cases. Three cases were simulated, with the number of
initial grid points set at 6135 for the course mesh. 32085 for the intermediate mesh and
77406 for the fine mesh. Fig. 7.8 shows the initial structure of the Voronoi mesh for all
three cases.

Througliout the duration of the siimulation, the number of grid poiuts quoted above
would change as a result of the refincment and derefinement procedure that prevents a cell
arca ratio wmismatch. The wayv in which both ‘derefinenient’ and ‘refinement” procedure
works was explained carlier in the report. in Section 4.4.3. As the bubble starts to collapse
as a result of the interaction with the lithotripter shock wave, the size of the computational
cells on the air-water interface, and near the region of the liquid jet. inereases due to radius

variatiou. During the collapse stage where the jet liquid starts to form. the refineient
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Figure 7.8: Vooronor mesh of three different initial mesh resolutions.
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‘ Case ‘ Initial Grid Points ‘ Derefinement £g4, s ‘
1 6135 3.0 x 10712
2 32085 3.0 x 10712
3 77406 8.0 x 10712

Table 7.2: Cascs for grid convergence study

procedure is automatically executed to bifurcate the computational cells of the water
in the upstream region near the interface. In contrast, the derefinement procedure is
called in order to reduce the high particle number density in air near the vicinity of the
hubble surface as the bubble collapses. The refinement and derefinement procedure that
occurs in air and water are reversed when the bubble is expanding following the primary
collapse. Hence, the two procedures control and dictate the grid resolution especially
near the air-water interface.

The derefinement procedure is executed when the time-step of the simulation falls
below a value predefined by the user at the start of the simulation. In the three cases
counsidered here, three different time-steps that trigger the derefinement were used. This
is given in Table 7.2. Tt is clear that the accuracy of the solution increases as the time-step

decreases, but at the expense of an increase in computational cost.

1 — . , .

o~ -—-— Course mesh
- - - Intermediate mesh |
—— Fine mesh

o
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0 0.05

Figure 7.9: Bubble volume time history for various mesh resolution. V; is the initial
bubble volume. The intermediate and fine mesh curves are in very good agreement.

Fig. 7.9 shows the bubble volume-tinie history of the three cases. Time is measured
from the moment the shock front reaches the upstream bubble wall. Tt can be seen

clearly that the bubble volume history of the intermediate and fine mesh are in very
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good agreement., from the start of the collapse until the point where the simulation was
stopped at t &~ 0.24 ps. The bubble collapse rate in the coarse grid case is greater than
the other two cases. This is apparent from ¢ = 0 to &~ 0.21 us, where the bubble starts
to rebound. The difference is apparent in the carly stages, ie. ¢ =0 to ¢ = 0.15 us where
the collapse for the bubble with the conrse mesh scems to oceur carlier in time. Since
the pereentage difference is almost constant during the collapse. the absolute difference
i vohime naturally decrease as the hubble collapses. Furthermore. the effect of the
smoothing interface forces on the fluid interfaces are less for the fine mesh compared
to the course mesh. This is becanse, the distance  which dictate the magnitude of
the restoring forces (Fig. 4.4) is smaller in the fine mesh case compared to the coarse
mesh problem.  Therefore, it is postulated that the interface restoring forces inereases
the hubble collapse rate in the latter. Following bubble rebound, the discrepancy m the
bubble voluie amongst these three mesh resolution is minute. The reason for this could
he attributed to the fact that the refinement and derefinement procedure that took place
after the rebound leave the size of the meshes for all three cases approximately the same
in the region of the bubble on rebound. Based on the plotted result for the three different
grid resolutions, the intermediate mesh resolution is optimum in capturing the dynamics
of the bubble collapse. It is therefore used for the simulations that are presented in this

report unless stated otherwise.

7.3 Lithotripter shock wave-bubble

interaction in Free-field

The simulation of single cavitation bubbles in free-ficld is presented here.

u 1.0 mm .
ISA sea level Water
conditions
Kirchhoff/FWH :
Lithotripter control surface . g
shock wave s ]
e e f e
—— N _,v’ \L‘
— z
Pressure recording Poml — ik cationi
\ //—\ symmetry :

0.42 mm T 018mm Ry d

Figure 7.10: The geometry of the problem,
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The problem studied in the present work comprises a single spherical air bubble imn-
mersed in water (Fig. 7.10). The boundary and initial conditions are similar to that
discussed in Section 7.1. A pressure recording point is positioned on the axis of rotation,
(.18 mm from the initial bubble centre in order to register pressure pulses produced by
cavitation event.

The initial air hubble radius Ry = 0.06 mm, which according to Coleman et al. [24]
was a typical radius of a secondary stable bubblel. Recent findings by Cunningham
¢t al. [29] suggested that the radius of a stable air bubble near the focal point of the
lithotripter shock wave may be as little as 40 wm. The work presented in this section
was carried out before such findings were made, and therefore an initial bubble radius of
60 pm was used.

However, it should be noted that the calculations of the predicted far-field pressure
signature presented later in this chapter was made on a collapse of an air bubble with
initial radius of 40 gm. This correction was made in view that the results were to be
compared with those obtained from experimental work. When comparisons were made
between the 40 wm and 60 gm bubble radius cases, the results showed that the dynamics
of the collapsing bubble are similar. Both results showed the formation of the high-speed
liquid jet and blast wave from the liquid-liquid iinpact. The only major difference is in
the duration of the collapse and a slight reduction in the magnitude of the blast wave in

the 60 um radius case.

7.3.1 Results and discussion

The results for the lithotripter shock wave-bubble interaction problem in free-field are
given in Fig. 7.11 and Fig. 7.12. As aresult of the profound acoustic impedance mismatch.
a relatively weak shock is transmitted into the air bubble when the lithotripter shock (IS)
(refer to Fig. 7.12) hits the left bubble wall, whilst a strong expansion fan is produced
in the water, running leftwards and upwards (EX in Fig. 7.12(a)). The high particle
velocity behind the incident shock causes the bubble wall to deform to the right. At
t = 0.07 ps, the incident shock lias traversed alwost the full bubble width (Fig. 7.11(a)).
The interaction between the shock and expansion waves originating at the bubble surface
results i weakening and curvature of the shock. The air shock propagates more slowly
and decouples from the incident shock. The deformation of the upstreamn bubble wall
coutinues after the incident shock has passed, because of the inertia of the water.

Interaction of the lithotripter pulse witlh the bubble causes it to collapse rapidly. The

'A secondary stable bubble ig a bubble which has been formed as a result of the interaction of a
preceding lithotripter pulse with a cavitation nucleus, and which has reached a state of mechanical
cquilibrium with the surrounding tluid.
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t=0,07 us t=0.19 us
.15
0
0
(a) AP, =10 M Pa; AP, = 0.05 M Pa (b) AP, =10 M Pa; AP, = 0.5M Pa
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00 \
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3150

(e) AP, =100AIPa

Figure 7.11: Pressure contours for an air bubble impacted by a lithotripter shock with
Pt =90 MPa and P~ = 10 M Pa. Horizontal arrows indicate initial position and size
of bubble. The symbols AP, and AP, indicate the increments between coutours in the
water and air respectively.

pressure gradicut in the water near the upstream bubble inereases as time progresses.
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It is clear fromm Fig. 7.11 that the collapse is asymimetric as the downstream bubble
wall remains stationary up to about t = 0.11 us (Fig. 7.11(b)). At about ¢ = 0.20 us
(Iig. 7.11(c)), the upstream bubble wall starts to involute to form a distinct jet of liquid
running to the right along the symmetry axis. The motion of the bubble during this phase
is controlled alimost exclusively by the inertia of the water. The liquid jet continues to
accelerate and hits the downstream wall at about ¢ = 0.22 ps, isolating a lobe of trapped
and highly compressed gas which form a toroid in three dimensions (Fig. 7.11(d)). The
variation of jet velocity with time is shown in Fig. 7.12(h). The jet continues to accelerate

inmediately prior to jet

as it picrces the bubble, reaching a maximum of over 1200 ms™
impact. It is believed that high-speed jets of this type play a primary role in cavitation
crosion [7] as well as formation of circular pits and indentation on metal foils [26] as
discussed i1 Chapter 2. Tt s clear that the initial collapse and all the bubble motion
shown in Fig. 7.11 arc driven solely by the compressive component of the lithotripter
pudse as the bubble does not cucounter the tensile portion of the pulse before the priniary
collapse is complete.

The impact of the jet on the downstream bubble wall produces an intense blast wave
in the surrounding water. It also leads to the creation of bubble fragments (Fig. 7.11(e)).
These fragnents may coalesce with the main cavity or act as nuclei for further cavitation
events. The peak overpressure exceeds 1.0 GPa. As a result of the high velocity of the jet
fluid, the blast wave advances relatively slowly to the left below the bubble. Consequently.
the blast front is asymmetric. The interaction between the high-momentum liquid jet and
the downstream low-momentum water produces a strong vortex flow.

In Fig. 7.11(e), the air cavity is drawn iuto the vortex core while the blast wave
continues to propagate outwards radially from the bubble. The blast wave produces
a sharp peak (BW) on the pressure-time history curve recorded at the pressure point
(Fig. 7.12(a)). The strength of the blast wave decreases as it propagates into the sur-
rounding water. The radiated blast wave could explain the large pressure spikes recorded
by Zhong et al. [107] near primary collapse iu their experimental studies.

The time history of the cavity volume is shown in Fig. 7.12(a). The volume reduces
almost lincarly with time from shock-bubble impact, until the first minimum at ¢ =
0.22 us. The ecud of the linear phase correlates with the liquid jet impact. At this
tinle the internal pressure greatly exceeds that of the surrounding water. and therefore
the bubble begins to expand, entering an oscillatory state with two further cveles of
expansion and collapse. The simulation was halted after the third collapse. however the
Gilmore-Akulichev model prediets that when the bubble encounters the tensile portion
of the lithotripter pulse it will enter a phase of prolonged expansion. followed by a series

of lower-frequency oscillations [22] (Refer to Section 2.6.1 in Chapter 2).
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Figure 7.12: (a) Pressure and bubble volume time history. Pressure is measured at point
'x" on Fig. 7.10. IS - Lithotripter shock, EX - Expansion waves, BW - Blast wave (b)
Liquid jet velocity history.

7.3.2 Far-field Pressure Signature

Figure 7.13: Nomenclature and the acro-acoustic problem geometry.

A spherical control surface for the evaluation of the Kirchhoff and FWH integrals

is positioned in the Vucalm CFD computational domain as shown in Fig. 7.10. The
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radius of the control surface is Res = 0.2 mm and the number of control points along the
hall circiunference of the surface is 90. In the calculation, the observer is placed at a
distance of 150 mm from the initial bubble centre, i.e. ry = 150 mm. This value is chosen
because it is typical of the radiation distance wave from the lithotripter focal point to the
hydrophone placed on the patient’s skin during clinical in-vivo treatment.

The nomenclature, geometry and reference frame for the acro-acoustic problems are
illustrated in Fig. 7.13. The nomenclature used here in describing the observer position is
identical to the one used for structuring and discretisation of the spherical control surface
as described in Chapter 5 i Section 4.5.1. The reference frame (z,y, z) in Fig. 7.13 is
analogous to the one used in the Vucalm formulation, i.e. the lithotripter shock wave
propagates in positive-x direction. However, in the latter, the x-axis represent the axis of

symunietry.

- = -y, —
\ ,"'/ .\\ X
\_Initial bubble Blast wave
‘centre " origin e Observer
— e Radiation path

Figure 7.14: Blast wave radiation patli to observer for different 8 and o on the XY -plauc.

The variables € and o are used to described the position of the observer. while 7y s
the observer distance measured from the initial bubble centre. Based on the geomerry
shown in Fig. 7.13, the polar coordinates for any point on the control surface and the

observer are casily given by,

r = nrpsinfsino
Yy = IrpCcoso
o= rpeosfsine (7.2)
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and

Y T (7.3)

Kirchhoff Results

x 10° Far-field pressure disturbance S|gnature Freefleld
5r— - - -
— Wlth bubble, 8=270° ¢= 60°
= = No bubble, 8=270° $=60°
4l With bubble, 8=270° $=30°

| No bubble, 8=270° 6=30°
— With bubble, 8=270° 6=0°
~ - Nobubble, 8=270° ¢=0° |
30 With bubble, 8=90° ¢=30°
No bubble, 8=90° ¢=30°
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Figure 7.15: The free-field pressure signature predicted using the Kirchhoff method at an
observer positioned 150 mm from the initial bubble centre. The results for various 8 and
@ are plotted for comparison.

Fig. 7.15 shows the pressure-time history calculated in the far-field using the Kirchhoff
formulation given in Egn. 4.41. Results for various 8 and o are plotted for comparison in
order to determine the variation in the far-ficld pressure profile at different observer po-
sition and the dependency on the directionality of the lithotriprer shock wave. The same
set of integration surface and CED input data were used for all calculations. Caleulations
were also carried out for bubble-free problems where no lithotripter shock wave-bubble
interaction occurs (plotted as dashed lines in Fig. 7.15). In these cases. an “empty” compu-
tational domain is created and the shock wave is allowed to propagate across the Kirchhotf
control surface. This calculation is necessary hecause the Kirchhoft formulation assumes
that the entire souree region is enclosed within the surface. Therefore. the conrribution
ol the shock wave to the near-ficld input data could be a source of error in the prediction
of the far-ficld noise. However. the results in Fig. 7.15 (dotted curves) show that the
sweeping” of the propagating shock waves across the control surface has minimal etect
on the amplitude and prolile of the far-feld wavetorms resulting from the shock-bubble

mteraction.
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Comparison can be also made between the near-ficld pressure-time history (Fig. 7.12(a))
and the predicted far-field aeroacoustic waveforms (Fig. 7.15). The plotted results from
the Kirchhoff calculations (Fig. 7.15) show that the predicted far-field pressure profile has
similar characteristics to that calculated directly from CFD calculation (Fig. 7.12(a)).
The trough of the expansion wave and the sharp peak of the spherical blast wave gener-
ated by the liquid jet impact on the downstream hubble wall are clearly captured. Owing
to the asymmetry of the bubble collapse, the peak positive pressure of the blast wave
is greater when 6 = 90°, 1. the observer is positioned closer to the origin of the blast
wave compared to when 8 = 2707 As the observer position is rotated on the XY-plane
from 8 = 90°, ¢ = 60° (blue line) to 6 = 270°, ¢ = 60° (red line), the waves travel longer
distance to arrive at the observer location and therefore, the amplitude of the pressure
scen by the observer decreases. However, since R, = 0.2mm and observer position
rq = 150 mm, the maximum variation in path length for the blast wave with 8 is only of
the order 0.05%. Therefore, it is helieved that the directional nature of the blast wave is

more likely to explain the observations.

FWH Results

Although discussion on the advantages and disadvantages of the FWH formulation and
the Kirchhoff fornmlation were given in Chapter 4, the deciding factor is how well these
methods compare in practice. According to di Francescantonio [34] the main advantage
to applying the FWH equation on a Kirchhoff-type integration surface is that interaction
with CFD codes is easier because the normal derivative of pressure is no longer required.
Although this is true in most CEFD numerical simulation, the calculation of the normal
derivatives in the Vucalm code is casily aud readily obtained. Furthermore. the calcula-
tions carried out in this work and in previous test cases do not include the quadrupole
source term, which greatly simplified the aeroacoustic problem.

It is important to note here that the nunerical accuracy of both the Kirchhoff and
FWH codes are very similar because the quadrature is based on the CED grid. i.e. all
retarded tine computations and quadrature points arve identical for these two codes. Fur-
thermore, the characteristics of the control surface are identical where a spherical control
surface 15 used. In addition in both methods, smmilar discretisation of the surface and
spatial interpolation technique of the input data are implemented.  As in the Kirch-
Lioff problem discussed above, the integration surface is located 150 mm from the initial
bubble centre. The calculation s performed on 90 control points placed along the half
circumfercnce of the axisymmetric control surface.

The results of the predicted far-ficld noise using the FWH method for control surface

radii of 0.2 mm and 0.35 nin ave shown i Fig. 7.16 and Fig. 7.17 respeetively. The resulrs
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Figure 7.16: The free-field pressure signature predicted using the FWH method at an
observer positioned 150 mm from the initial bubble centre. The results for various 8 and
¢ are plotted for comparison. Control surface radius. R.s = 0.2 mm.

for R.s = 0.2mm are in agreement with that of the Kirchhoff results (Fig. 7.15). The
variation of the pressure waveform for different observer position agrees well. However,
as the control surface radius is increased to 0.35 mm the amplitude of the far-field pres-
sure is smaller for all 5 observer positions. This could be attributed to the attenuation
and spreading of the near-field pressure in Viucalm calculation as it propagates across
a coarser mesh. Another explanation for the ditference could be attributed directly to
the formulation of the FWH code itself. According to Brentner & Farassat 17 and di
Francescantonio [34], as the integration surface is moved farther awav, more and more of
the quadrupole souree contribution is accounted for by the surface integrals. Hence. the
reduction in the anplitude of the far-ficld blast wave pressure might be because of the in-
clusion of higher degree of non-lincarity in the FWH calculation. The nonlinearity caises
steepening and shock dissipation. However, if this was the case. one would expect the
difference between the two methods to be greater when Reo = 0.2mm. This is hecause
the degree of nonlincarity is greader when R, = 0.2mm than when Ree = 035 mun. The
Kirchhoff method is expected to be prone to error if the control surface is in non-linear re-
gion. while FWH is not. However, the results presented here show that the Kirchhoff and

FWH miethods agree well for R = 0.2 mam. Therefore. it is unlikely thar the diserepaney

[
(o™
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Figure 7.17: The free-field pressure signature predicted using the FWH method at an
observer positioned 150 mm from the initial bubble centre. The results for various 6 and
@ are plotted for comparison. Control surface radius, R.s = 0.35 mm.

is dne to the greater non-lincarity in region R.; = 0.2 mm. One possible explanartion is
the dissipation and dispersion errors due to coarsening of the Voronoi mesh in the Vuecalm

calaulation.

7.3.3 Non-linear Wave Propagation

The nsually assunied linearity of acoustic pressure with density s onlyv an approximation
valid at infnitesimal amplitndes. A more accurate pressure density relationship is given

by the series expansion,

B

2
; =B
p:(,'a/_)—f 0—2—|—

C Y
o _1/) kl—l)

1
2
where ¢g 1s sonnd speed and B/ A4 is the second order parameter of nonlinearity. Exchuding
the second term in Egn. 7.4 leads to lincar aconstics. Keeping the first two terms enables
one to deal with problems in nonlinear acousties.

Nonlinear absorption is a process associated with nonlinear propagation that leads to
a change in the amplitude and shape of the propagating wave. A method for transforming
planc-wave solutions to account for spreading of spherical waves is given i Hamilron and

Blackstock [44]. The solution for the pressure of a spherical wave with source condition
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p = f(t) at. r = 1o is given by Eqn. 7.5.

«3,
B )= 0 (7 / 177; In L) (7.5)
iy pocd o

where 7 is the radial coordinate (defined positive outward), p is the density. ¢ is the sound
speed, 7 is the coordinate for the retarded time frame (i.e. 7 =t F (r —19)/co) and 3
is the traditional coefficient of nonlinearity for the fluid in which the wave propagates.

given by 1+ %
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Fioure 7.18: The pressure-timne history at a control poiut.

The pressure-time history recorded at one of the control points on the control surface is
depicted in Fig. 7.18. The pressure-time history for a bubble-free problem is also plotred.
For simplicity, we will ignore pressure contribution from other control points. Notice
that in Eqn. 7.5 for any distance r, the higher pressure values will travel faster than the
lower pressure values.  As a result. at sowe propagation distance. the high amplitude
compressional pressure will overtake the lower pressure portion of the waveform.  The
nonlinecarity effect on the pressure plotted in Fig. 7.18 is given in Fig. 7.19. The solution
is o longer valid becanse it predicts a multivalued waveform, which is not physical.

The acoustic propagation to the far-Held using the Kirchhoft and FWH methods dis-
cussed above were performed using linear wave propagation. Given the amplitndes and
distances involved. some additional non-linear propagation may have occeirred which will
lave changed the shape of the waveforms observed. The extent of this effect can be

estimated by aualysing the noulinear spherical wave propagation as showi in Fig. 7.19.
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Figure 7.19: The effect of non-linearity on the pressure amplitude and shape of the
waveform shown in Fig. 7.18

It is clear that the solution predicts multi-valued waveform. Technically the wave
should be propagated in small steps. Each time the wave starts to become multi-valued
the multi-valued region should be replaced with a shock front using the equal area rule
(sce reference [44], page 102). The shock is then propagated at the mean of the two
velocities appropriate to the pressures either side of the shock front. This is a weak shock
model. However, this approach was not taken, but it would remove the multi-valued

regions.

7.3.4 Conclusion

The simulation of the near field interaction of a single air bubble with a lithotripter pulse.
i axisvinmetrie form. has been performed using the Free-Lagrange code Vucalm. The
results showed that the method allows sharp capture of the bubble boundary at all times
and successfully predicts many details of the shock/bubble interaction. The impact of the
shock on the upstream bubble wall causes it to involute aud forni a jet of liquid. The jet
penetrates the interior of the bubble and strikes tlie downstream wall. generating a strong
near-spherical blast wave into the surrounding fluid. Successive cveles of rebound and
collapse oceur prior to the long expansion phase. cach collapse of the bubble emitting weak
pressure waves into the swrrounding water. This is predicted by the Gilinore- Akulichev
model but has heen overlooked by other workers. Tt is postulated that the hiquid jet
and stroug spherical blast wave may assist in the fragimentation of kiduey stones during

clinical Hthotripsy.
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Comparison of the two acroacoustic tools: the FWH equation and the Kirchhoff for-
mulation for a stationary surface has heen discussed. The FWH approach can include
noulinear flow effects in the surface integration if the usual assumption of iinpenctrable
surface is relaxed. Both the expansion wave and the intense blast wave were sharply
captured in the far-ficld using both methods. The results also showed good agreement
on integration surface located at Re = 0.2 mm from the initial bubble centre, but FWH
showed a reduction in the amplitude of the hlast wave when the FWH control surface is
positioned at Res = 0.35mm. However, with the current information gathered and due

to lmited time, it is not possible to determine the exact explanation for the differences.
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Chapter 8

Simulations of Lithotripter Shock
Wave-Bubble Interaction
Near a Solid Wall

Nunterical simulations of single bubble collapse near, or in contact with, a plane rigid
houndary are presented in this chapter. Simulation runs are carried out at various stand-
off distances.

The objectives of the current chapter are to investigate:

o the reflection, transmission and refraction of the shock waves as well as the velocity
fields near the bubble.

the collapse of a spherical bubble near a solid boundary and that of an attached
bubble

the effect of the dimensionless stand-off distance parameter,

the formation of the high-speed liquid jet and the velocity-time history

the pressure-time history measured on the rigid wall
e the bubble volume-tinie history

The pressure time histories in the far-field are presented and comparisons between the
FWH and Kirchhoff results are discussed.

8.1 Computational Domain and Initial Conditions

The problem chosen to study the interaction of a single spherical air bubble immersed

in water near a solid boundary with a lithotripter shock wave is shown in Fig. 8.1, The
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Figure 8.1: The geometry of the problem. Not to scale.

initial density for air and water are 1.2246 kgm ™ and 1000 kgm™2 respectively while the
initial temperature and pressure for both fluids are 0.1 A/ Pa and 288.15 K. The initial
air bubble radius Ry = 0.04d mm [24], while d is the distance of the initial bubble centre
to the boundary.

At the initiation of the calculation, in a manner similar to the problem in ‘free-
field” (see Section 7.3), the lithotripter pulse is introduced by imposing a time-dependent
pressure boundary condition on the left boundary. A planar lithotripter pulse, with
Pt = 60 M Pa and P~ = —10 M Pa, propagates through the water from left to right.
The top boundary is non-reflecting at all times. A pressure recording point is positioned at
the solid boundary on the axis of symimetry, in order to register pressure pulses produced
by the cavitation event. A mesh of approximately 35 x 10° cells has been used. The lower
domain boundary represents the axis of syvinmetry. All elapsed times are measured from
the first shock/bubble impact.

The Kirchhoff and the FWH control surface is shown in Fig. 8.1. The radius of the
control surface is R.s = 0.2 mm and the number of control points along the half circum-
ference of the surface is 90. In the calculation. the observer is placed at a distance of
150 mm from the initial bubble centre, at 5 different location on the XY — plane with
ry = 150 mm. Beyond the rigid boundary, the control points lic outside the CFD compu-
tational domain (dotted line) and the data recorded at each of these points are for ambient
conditions with zero pressure disturbance, p” = 0. Therefore, the only contributors to
the far-field pressure signature are the control points that lie within the computational
domain (shown as dashed line).

The parameters ol the simulations are given in Table &1, The initial bubble radius
e
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Casc || Initial Radius, | Shock Strength, | Distance, | Stand-off distance,
Ry (pm) PY (MPa) d (pm) ¢
1 40 60 42.5 1.0625
2 40 60 45.0 1.125
3 40 60 55.0 1.375
4 40 60 65.0 1.625
5 40 60 75.0 1.875
6 40 60 85.0 2.125

Table 8.1: Various cases for 'stand-off distance study

and lithotripter shock strength are kept constant in the study, while varying the distance
of the bubble centre from the solid wall. In the calculation of the parameter 'stand-off
distance’, the value for R,,,, is taken as the bubble initial radius. This assumes that the
initial radius is the maximum radius the bubble before it is collapsed by the lithotripter
shock wave. The water is represented by the Tait EOS and is initially at ISA sea level
conditions. The bubble is assumned to contain air and is represented by the ideal gas EOS.

Thus the ratio of specific heat, ~, is 1.4.

i

8.2 Results and Discussion

8.2.1 Detailed analysis of ( = 1.0625 (Case 1)

I this problen, the asymmetric collapse of the bubble is induced not only by the relatively
strong incident lithotripter shock wave hut also by the presence of the rigid boundary in
the vieinity of the bubble. These two factors are contributory elements to a full description
of the bubble collapse processes. The results of shock/bubble interaction for Case 1 is
given i1 Fig. 8.2-8.4 in which pressure contours arce plotted to illustrate the changes in
hubble dynamics and in the surrounding fuid. The stand-off distance for this problem is
1.0625.

Fig. 8.2(a) is 0.02 us after shock impact. As a result of the large difference in acoustic
impedance between the air and water, a weak shock is transmitted into the air and a rela-
tively stroug expaision wave is generated in the surronnding water when the lithotripter
shock wave strikes the upstream bubble wall. The particle velocity behind the shock is
high and therefore a large momentum will impact the gas-water interface. This causes the
bubble wall to deform to the right. Fig. 8.2(h) onwards show the reflection of the shock on
the air/water interface, where it is reflected as an expansion wave. The expansion waves

propagates leftwards and upwards while the main incident shoek traverses downstream
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APyater = 5 MP
APgir = 0.025

(a) t = 0.02 us; ¢ = 1.0625

APyater =5 MPa
APgir = 0.025 MPa

(c) t =0.06 us; { = 1.0625

APy
AP,ir = 0.025

() t = 0.10 us; ¢ = 1.0625

APyater =5 MPa
AP,ir = 0.025 MPa

(b) t = 0.04 us; ¢ = 1.0625

APyater = 5 MPa
AP,jr = 0.025 MPa

7z

(d) t = 0.08 us; ¢ = 1.0625

pU

APwater 5
AP,ir = 0.035

¥

(f) t =0.12 us; ¢ = 1.0625

Figure 8.2: Pressure contours of a bubble with initial radius Rq = 40 um collapsed by
a lithotripter shock wave with strength of PT = 60 A/ Pa. The stand-off parameter.C is

1.0625.
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and immpact on the right solid wall. Although the transmitted shock inside the bubble
is very weak compared to the compressive wave of the lithotripter shock, it will induce
substantial heating of the bubble gas.

The interaction between the incident lithotripter shock and the expansion waves orig-
inating at the bubble surface has resulted in significant weakening of the shock. At
t == 0.06ps (Fig. 8.2(c)), the incident shock has traversed the full bubble width and
impacts on the nearby solid bonndary. The refiected shock further interacts with the
expansion wave and is weakened further. At this mmoment, the top of the interface starts
to collapse. The shock which has been transmitted into the air bubble will propagate
more slowly and will decouple from the incident shock, while the bubble wall continues
to deform. However, the downstreain bubble wall nearest to the solid boundary is not
aware of the presence of the shock and is not affected by the shock impact. This results
in the asymmetric movement of the bubble wall where the upstream part of the bubble
interface moves rapidly to the right, while the downstream wall of the bubble remains
static. The reflected shock impacts on the downstreain side of the bubble and strengthens
the air shock. The impact also increases the incidence angle of the air shock at the point
of shock contact on the bubble interface. The smooth curvature of the air shock which
conforms to tlie upstream bubble interface shape is disrupted by a weak transmitted air
shock from the top right of the bubble surface.

The pressure gradient in the water near the top of the bubble increases as time pro-
gresses (Fig. 8.3(a)-(f)). The pressure gradients drive the particles to flow toward the
bubble.  Further interaction with the reflected incident shock leads to a build up of
nou-uniform pressure distribution around the bubble surface with the pressure on the
upstreamn higher than that on the downstream side near the solid boundary. As the re-
flected shock moves on, the whole bubble is enclosed by a higher pressure and collapses
from all sides. vet asvmmetrically due to the unequal momentum transfer and pressure
distribution at different parts of the bubble wall. At £ = 0.014 us after shock impact. the
bubble has lost its spherical svmwetry. It is clear that the flow converges towards the
rigid boundary and in the direction perpendicular to the incident shock [14. 15].

The itially weak air shock propagating within the bubble has strengthened due to
the focusing effect arising from the spherical geometry of the problem and curvature of
the bubble interface (Fig. 8.3(a)). By t = 0.14 us, the left moving reflected shock has
traversed the full bubble width. severely weakened as it traverses through the expansion
wave originating from the bubble surface. As depicted in Fig. 8.3(b). the shock within
the gas converges near thie downstream wall of the bubble and will result in an increase
in pressure i that region.  The iutricate shape of the air shock is a consequence of

both the geometry of the bubble wall which confines the shock and the variation of the
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geometry with tiime. Moreover, the spatially non-uniform deformation of the bubble wall
yields a higher water velocity on the bubble centreline. This in turn generates additional
compression waves in the air near the upstream bubble wall, which strengthen the air
shock. This is as shown in Fig. 8.3(c)-(f) and Fig. 8.4 onwards.

When t = 0.18 us (Fig. 8.4(a)), it is clear that the bubble has elongated and the
downstreamn hubble wall has flattened due to the presence of the solid boundary. The
water on the upstreain wall accelerates towards the rigid wall, but the water layer trapped
Letween the downstream bubble wall and the rigid houndary appears to stagnate. The
slight clongation of bubble in the axial direction is clue to the interaction with the reflected
ncident shock which induces the contraction of the top bubble surface. This bubble
Lehaviour or deformation is not scen in the problem for shock-bubble interaction in free-
ficld. At this stage. the bubble undergoes a rapid deformation with a formation of a
distinet liguid jet running to the right along the symmetry axis (Fig. 8.4(a)). Another
feature which is not scen i the free-field problem is in the shape of the liquid jet head.
Tlere appears to be an indentation in the jet tip on the symmetry axis. This is clearly
depicted in the magnification of Fig. 8.4(a). It is postulated that this resulted from a
recirculating flow at the tip of the jet, induced near the upstream of the bubble wall from
the interaction of the reflected incident shock with the strong expansion wave originating
from the hubble surface.  Furthermore, as the jet deforms the upstream bubble wall.
compression waves are produced in the air. The build up in pressure near the proximity
of the liquid jet induces a secondary air shock. which propagates to the right within the
hubble.

After 0.184 ps after shock iipact, the jet tip is more pronounced and has reached half
wayv through thie collapsing bubble (Fig 8.4(h)). As the jet accelerates towards the rigid
houndary. the pressure inside the bubble increases rapidly. The strength of the secondary
alr shock increases and impacts ou the opposite bubble surface. This shock has fored
an oblique reflection at the top bubble wall. The incidence angle at the point of reflection
increases with time due to the wall curvature but will undergo a near-normal reflection
on the downstream wall which has flattened due to the presence of the solid boundary.
The liquid jet hits the downstream wall between frames Fig. 8.4(b) and (¢). On impact.
the jet produces an inteuse blast wave in the surrounding water. The maximu effect of
the Dlast wave is localised at the point of liquid-liquid impact and the peak over-pressure
decays rapidly with distance from the jet impact point.

At t = 0.192 us. the jet has peuetrated through the bubble, isolating a lobe of trapped
air and highly compressed gas that resembles a tear-drop (Fig. 8.4(d)). It also leads to
the creation of bubble fragments. originating from the air laver trapped between the jet

tip and the downstream interface prior to impact. This is probably a numerical artefact

Ahwad R Jamaluddin 133



Free-Lagrange Simulations of Shock-Bubble Interaction in ESWL

APy,

~

(a) t =0.14 us; ¢ = 1.0625 (b) t = 0.16 us; ¢ = 1.0625
APiyater = 10 MPa S APwatcr =20 MPa
APjj; = 0.4 MPa AP4ir = 0.8 MPa
\ 1
(c) t = 0.164 us; ¢ = 1.0625 (d) t = 0.168 us; ¢ = 1.0625
APwyater = 20 MPa APyater = 40 MPa
APuir = 2.4 MPa APgir = 10 MPa
!
(e) t =0.172 us; ¢ = 1.0625 (f) t =0.176 us; ¢ = 1.0625

Figure 8.3: Pressure contours of a bubble with initial radius Ry = 40 um collapsed by
a lithotripter shock wave with strength of Pt = 60 A/Pa. The stand-off parameter.C is
1.0625.
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AP gater = 50 MPa
AP, = 12 MPa

TINA

(a) t =0.18 us; ¢ = 1.0625

AP gater = 200 MPa
APy = 200 MPa

ey

(c) t =0.188 us; { = 1.0625

AP gater = 150 MPa
AP, = 100 MPa

(il

(e) t = 0.196 ps; ¢ = 1.0625

APwater = 50 MPa
APyir = 20 MPa

(b) t = 0.184 us; ¢ = 1.0625

APwater = 200 MPa
APa_ir =200 Mpa

(

-

(d) t = 0.192 us; ¢ = 1.0625

(3

(f) ¢t = 0.200 us; ¢ = 1.0625

Figure 8.4: Pressure contours of a bubble with initial radins Ry = 40 um collapsed by
a lithotripter shock wave with strength of Pt = 60 A/ Pa. The stand-off parameter.C is
1.0625. The insert frame is a magnification of the flow and bubble interface.
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. although it is possible that such a mechanism could occur in reality. However, it is
very difficult to quantify experimentally due to the physical size and time scale of the
problemn. If such tiny isolated islands of gas do exist, they may coalesce with the main
cavity as the flow evolves or act as nuclei for further cavitation events. The interaction
of these nuclel with the tensile part of the lithotripter shock wave will cause them to
expand and collapse, cither spherically or asymmetrically, depending on the nature of the
How around the bubble and the degree of influence of the nearby solid boundary. These
bubble fraginents could also be collapsed by shock waves emitted fromn the collapse of
neighbouring hubbles.

The interaction between the high-momentum lquid jet and the downstream low-
momentum water produces a strong toroidal vortex flow. In addition, the flow is also
redirected radially along the rigid boundary. As a result of the high-velocity in the jet
Muid, the blast wave advauces relatively slowly to the left below the bubble (Fig. 8.4(d)).
The strong spherical blast wave propagating to the right will impact on the rigid boundary
and will be reflected back into the surrounding fluid. Part of this wave will interact with
the remaining cavity (Fig. 8.4(f)).

In Fig. 8.4(e) and (f), the air cavity as well as the bubble fragments are drawn into the
vortex core that brings the bubble even closer to the solid boundary. The rebound and
collapse of this air cavity is expected to cause further damage to the nearby solid bound-
arv. This has heen postulated by Shima [79], who identified four damage mechanisms

from bubble collapse positioned either very close or attached to a solid boundary:
1. primary bubble collapse
2. the impact of the high-speed liquid jet on the downstream bubble wall

3. the collapses of many minute bubbles (bubble fragments) from the interaction be-
tween the outward radial flow following the liquid jet impact and the collapsing

bubDble surface
4. the rebound of the torus-like bubble.

The damage pattern arising from these iinpulsive pressure and jet formation of the main
cavity aud bubble fragments has beeu observed on 0.02mm thick aluminum foil and
indivan specimen by Coleman et al. [26] and Towita and Shima [87] respectively. The
rebound of the cavity occurs soon after the jet imipact when the air inside the bubble
becomes highly compressed.  Shuilarly to the free-field probleni, a second collapse is
expected to take place when the bubble pressure drops below the surrounding water

Pressure.
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Upstream and Downstream Bubble Wall Velocity Time History

2500 . ; ; ;
— SD, =2.125
-- sD  =2.125
— SD, =1.875
o _ - 8D, =1875
L dos 4
£ 20007 SD, 21,625
2 __ sD, =1625
O __ 8D =1.375
ke; - - SD, =175
g 1500[] . sp_=1.125 1
5 - 8O, =1.125
© 8D, =1.0625
= - - 8D, =10625
© 1000+ 1
B |
o)
= |
- J
500 !
O\ L i o — =
-0.05 0 0.05 0.1 0.15

Time us

Figure 8.5: Upstream and downstream bubble wall velocity time history. Comparison for
different stand-off distance (SD), (. as given in Table 8.1.

8.2.2 The effect of Stand-off Distance, (, on the bubble behav-
iour

In this section, studies are made to observe the behaviour of the air bubble at six different
stand-off distances from the solid boundary. The initial conditions of the various problems
are similar to Case 1 and have been given earlier in this chapter. The various parameters
are suntimarised in Table 8.1.

The variation of the bubble wall velocity for different stand-off distance is depicted in
Fig. 85, Upstrean: bubble wall velocity (UV) refers to the wall velocity of the upstreain
wall near the svinmetry axis, which will later deform into a high-speed liquid jet. The
jet tip velocity of the collapsing hubble is measured by taking the average of the absolute
velocity of particles at the tip of the jet (identified as particles on the interface and the
svinmetry axis). It should be recalled here that the jet has a 3D axisynmmetrical structure
in that it is a body of revolution. The reason why it is important here is because the
liquid jet has an off-axis component whicli is slightly divergent. The jet has a concave
tip such that the leading annular front of the jet will actually iimpact on the downstream
wall carlier thain the jet centreline. However, the average motion of the liquid jet is along
the axis of symmetry and thercfore, the value caleulated here gives a good approximation

of the jet velocity. The downstreamn bubble wall velocity (DV) on the other hand is the
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wall velocity of the bubble in contact with the axis of symmetry and nearest to the solid
houndary.

The solid curves and the dashed line represents UV and DV respectively. All six cascs
a show similar trend in that the velocity of the wall increases towards the end of the
collapse phase. As discussed in Chapter 2, the asymmetry in the collapse of the hubble
can be induced by two different mechanisms, the close proximity of a rigid solid boundary
and from the interaction with a shock wave. Based on the plotted wall velocity curves,
the degree of influence or contributory effects from both elements can be identified. Both
curves representing the upstream wall and downstream wall can be categorised into two
groups. It 1s clear that there exist a transition point (a value for ¢) at which the influence
of the solid boundary on the collapse of the bubble is significant. UV and DV for hoth
cases where ¢ = 1.0625 and ¢ = 1.125 can be distinguished from the other sets of curves
which represent cases where the distance of the bubble from the rigid wall is relatively
large. In the two former cases. the bubble is positioned very close to the solid wall.

The curves which represent the upstream wall velocity for ¢ = 1.0625 and ¢ = 1.125
shows that after ¢ = 0.15 us the jet velocity increases dramatically as it approaches the
opposite wall. These differ from the other four cases, 3 — 6, where the variation shows
a more gradual rise.  Both the upstream wall velocity for Cases 1 and 2 approaches
over 2000ms™! compared to Cases 3 to 6 where the maximum jet velocity is less than
1000ms™. The rate at which the velocity of the upstream wall increases for ¢ = 1.0625
is higher than that for ¢ = 1.125 though the maximum wall velocity achieved in Case 2 is
approximately 100 ms™! higher. However, the higher acceleration in Case 1 means that
the jet impact occurs earlier than that in Case 2.

The variation of the downstreamn bubble wall velocity for Cases 1 and 2 can also be
casily differentiated from the other cases. However, the trend is reversed such that the
wall velocity is smaller for Cases 1 and 2 in comparison to Cases 3 to 6 where the DV

increases gradually to about 250ms™!.

This correlates with earlier explanation that the
collapse is highly asvinmmetric. The water ou the upstream wall accelerates towards the
rigid wall, but the water laver trapped between the downstream bubble wall and the rigid
boundary appears to stagnate. The downstream wall for Case 1 stays alimost stationary
but the wall velocity incereases with increasing ¢ When the bubble is very close to the
rigid boundary, the downstream wall is shielded fromr the oncoming lithotripter shock
wave as well as frown its reflection off the rigid boundary. As ¢ increases. the incident
shock will induce the collapse of the downstream wall and this is further enhanced by the
impact of the reflected shock wave onto the bubble surface.

The time history of the bubble volume at different stand-off distance is shown in

Fig. 8.0, nornralised by the initial volume, Vi. The volume reduces alimost linearly with
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Bubble Volume Time History for Different Stand—off Distance
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Figure 8.6: Bubble volume time history. Comparison for different stand-off distance, ¢,
as given in Table 8.1.

time from ¢ ~ 0.1 us to t ~ 0.17 ps. during which interval the volume ratio. V/V; falls
from =~ 0.7 to ~ 0.15. This linear phase ends as the liquid jet approaches the downstream
bubble wall. Following the jet impact, the results shows that the volume continues to
decline, but at a reduced rate, reaching a minimum at about ¢t = 0.18 us. As discussed
carlier, the jet tip lies away from the svimmetry axis and impacts on the opposite bubble
wall a distance away from the bubble centre line. Therefore. the minimum volume is
actually achieved after liquid jet impact. At around minimum volume (1.26E — 15 m?),
the cavity enters the vortex core and begins to expand under the influence of the increased
in local static pressure in the air.

The curves also show an apparent trend in the rate at which the bubble collapses
where the rate increases with decreasing ¢. This agrees with the bubble wall velocities
plot (Fig. 8.5) discussed ecarlier. One might expect that the collapse rate for Cases 3 to 6
should be higher than Cases 1 and 2 because of the fact that the contraction of the bubble
wall occurs in all directions, including from downstream, which remains almost static in
the latter. However, the high liquid jet velocity and the deformation of the upstream wall
in Cases 1 and 2 compensate for the small contraction rate of the dowustream bubble
wall and therefore the rate of collapse is greater as ¢ decreases. The fgure also shows

that the time for the bubble to reach minimuum volume increases with inereasing ¢. In
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Pressure Time History Recorded by the Pressure Recorded On the Solid Boundary
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Figure 8.7: Pressure loading time history recorded on the symmetry axis at the solid
boundary for different stand-off distance as given in Table 8.1.

comparison, for ¢ = oo (free-ficld), the bubble does not experienced lateral compression.
In the near rigid boundary cases, the interaction with the reflected incident shock wave
leads to lateral compression of the collapsing bubble. The collapse near a rigid boundary
is also more violent that that in the free-field case. For ¢ = 1.0625, the liquid jet velocity
exceeds 2000ms™! (Fig. 8.5), while for ¢ = oo, the maximum velocity of the upstream
wall is approximately 1300 ms™" (Fig. 7.12).

The general profile of the pressure loading time history recorded at a particular point
near the bubble is presented in Fig. 8.7. In this case, a pressure recording point is placed
at the corner of the domain between the rigid boundary and the axis of symmetry as
show in Fig. 8.1.

The results are quite similar to the pressure-time history measured for the free-field
problem as presented in Chapter 7. The pressure peak registered on the rigid boundary
corresponds to the blast wave that is produced from the liquid-liquid impact of the high-
speed liquid jet. The pressure due to the primary incident shock is not apparent ou the
curves as the transducer on the boundary is shielded by the bubble.  As the strength
of the blast wave decreases with inercasing distance from the hnpact point. the peak
pressure recorded ou the rigid boundary decreases with increasing ¢ This is because
the blast wave. which propagates approximately spherically, attenuates approximately in

proportion to 1/r% through the liquid. Following the sharp pressure peak of the blast
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‘ Case H Figure ‘ Left Column ‘ Right Column ‘
land 2 | Fig. 88-811 | ¢ =1.0625 ¢=1.125
Jand 4 || Fig. 812 -815| (= 1375 ¢ =1.625
5and 6 || Fig. 816 - 819 | (= 1.875 ¢ =2125

Table 8.2: Listing of figures for { parameter study

wave, two other peaks can be obscrved for ¢ = 1.0625, { = 1.125 and { = 1.375. The
first registers the large dynamic pressure of the high-speed liquid jet as it hits the rigid
boundary. It is postulated that the sccond peak registers the pressure wave emitted
[romr the rebound of the collapsed bubble. The amplitude is much lower than the other
two peaks and as ¢ increases, the amplitude of these two pressure peaks decreases. The
utaxinm pressure loading recorded varies from nearly 7000 M Pa for { = 1.0625 to a
utere 500 M Pa for Case 6 where ¢ = 2.125. It is likely that it contributes to the cavitation
crosionl on the nearby surface and stone fragmentation in ESWL.

Evolution of the bhubble with different stand-off distance is depicted in Fig. &.8-
Fig. 8.19. Pressure contours are plotted in air and water; while the heavy line represents
the bubble interface. The contouring interval for both air and water is given in each
frame and the value chosen is different in some sequences. Listing of the all the figures is
given in Table 8.2.

The first figure for cach stand-off distance sequence is at 0.16 us after shock impact
and the sequence follows the same time interval in all cases. By this time the incident
lithotripter shock wave has reflected off the rigid boundary and traversed the full bubble
width for the second tie. The weak air shock that was transmitted into the air as a result
of the shock impact has strengthened and propagates towards the rigid boundary. This
air shock front can be seen clearly in frames (a)-(d) in Fig. 8.8, Fig. 8.12 and Fig. 8.16.

The relatively large momentum tmpact of the ineident lithotripter shock on the gas-
water interface causes the bubble wall to deformn to the right. The results for Cases 2 — 6
presented here show that the bubble evolution and the pressure field are similar as in
Case 1. The interaction of the incident shock and the bubble causes it to deform and
leads to the formation of a liquid jet. One obvious difference between the sequences at
t = 010ps -t = 0.168 us (Fig. 8.8, 812, 8.16) for all six cases is the size and shape
of the air bubble. It is clear that for ¢ = 1.0625 and 1.125 (Fig. &.8). the bubble is
much larger and has clongated due to the influence of the rigid boundary. The bubble
for Cases 3 — 6 (Fig. 8.12, 8.16) on the other hand, are much smaller and are more
similar to the collapse of a bubble in free-ficld. This agrees with carlier discussion that

the heliaviour of the bubble with different ¢ studied here shows two different trends. and
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(a) t =0.16 us; ¢ = 1.0625 (b) t =0.16 us; ¢ = 1.125

APwater= 10 MPa
APair = 0. a

/97
i (A

(d) t=0.164 us; ¢ = 1.125

APyarer = 10 MRa
AP,jr =64 MPa

(e) t = 0.168 us; ¢ = 1.0625 (F) t = 0.168 us; ¢ = 1.125

Figure 8.8: Stand-off parameter study, (. Pressure contours of a bubble with initial radius
Ry = 40 um collapsed by a lithotripter shock wave with strength of PT = 60 M Pa. Left
coluimm ¢ = 1.0625: Right column ¢ = 1.125.
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APyater = 20 MPa
APguir =1.2 MPa

(a) t =0.172 us; ¢ = 1.0625 (b) t =0.172 us; ¢ = 1.125
APy ater = 40 MPa APyater =40 MPa
APgjr = 5 MPa APyir = 5 MPa

(c) t =0.176 ps; ¢ = 1.0625 (d) t=0.176 ps; { = 1.125
APywater =40 MPa APyater = 40 MPa
APyiy = 6 MPa AP, = 6 Mpa

AR K

(e) t =0.18 us; ¢ = 1.0625 (f) t=0.18 us; ¢ =1.125

Figure 8.9: Stand-off paramcter study, ¢. Pressure contours of a bubble with initial radius
Ry = 40 pm collapsed by a lithotripter shock wave with strength of Pt = 60 1/ Pa. Left
column ¢ = 1.0625; Right column ¢ = 1.125.
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APyater = 40 MPa

APz = 6 Mpa

\\ \\\ \‘\\; h\ | ﬂ /] \\\\
(a) t = 0.184 us; ¢ = 1.0625 (b) t = 0.184 ps; ¢ = 1.125
APyater = 200 MPa APyater = 200 MPa
AP,i; = 100 MPa APy = 100 Mpa

[ /)

{c) t =0.188 us; ¢ = 1.0625 (d) t =0.188 us;¢ = 1.125

S APwatcr 100 MPa = APwatcr =100 MPz

(e) t = 0.192 us; ¢ = 1.0625 (f) t =0.192 us; ¢ = 1.125

Figure 8.10: Stand-off paramecter study, ¢. Pressure contours of a bubble with initial
radius Ro = 40 pm collapsed by a lithotripter shock wave with strength of P™ = 60 M/ Pa.
Lett cohunn ¢ = 1.0625: Right coliunn ¢ = 1.125. The insert frame is a magnification of
the flow and bhubble interface.
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APyater =100 MPa
APair = 50 MPa

M2

(a) t = 0.196 us; ¢ = 1.0625

() t = 0.204 pus; ¢ = 1.0625 (f) t = 0.204 us; ¢ = 1.125

Figure 8.11: Stand-off parameter study, ¢. Pressure contours of a bubble with initial
radius Ry = 40 gm collapsed by a lithotripter shock wave with strength of Pt = 60 1/ Pa.
Left column ¢ = 1.0625; Right column ¢ = 1.125. The insert frame is a magnification of
the flow and bubble interface.
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that a transition point for ¢ that reflects the asymmetry effect of the solid boundary lies
somewhere between 1,125 and 1.375. Below a certain value of ¢, the contributory cffect
from the rigid boundary is significant.

For ¢ = 1.0625 and 1.125, flow is retarded by the presence of the rigid boundary
and causes the downstream bubble wall to become flattened. The downstream surface
essentially stagnates as the bubble collapses. This results in the asymimetric movement
of the bubble wall where the upstream part of the bubble interface moves rapidly to the
right, while the downstream wall of the hubble remains static. However, in Cases 3 to
6. the interaction of the downstream bubble surface with the incident lithotripter shock
and its reflection has induced the collapse of the surface from this side of the bhubble.
The pressure gradients drive the particles to flow toward the bubble. This correlates well
the upstream and downstream hubble wall velocity profile plotted in Fig. 8.5. Since the
collapse occurs in all direction. the size of the bubble is much smaller in comparison to
the bubble in Cases 1 and 2. If comparison is made of the size of the bubble at a certain
time in the bubble evolution in Fig. 8.8, Fig. 8.12 and Fig. 8.16. it is apparent that the
size of the bubble decreases with increasing ¢ However, it should be noted here that
a different scale was used for Cases 3 — 4 plots. The size of the bubble increases with
increasing ¢, though the rate of chiange of bubble volume decreases with increasing (.
This is shown clearly in the bubble volume-time history curves in Fig. 8.6.

AMoreover, because the the downstream surface in Cases 3 to 6 collapses and moves
away from the rigid boundary. an impact of the air shock on the downstreamn wall occurs
at about t = 0.68 us (frame (¢) and (f) in Fig. 8.12 and Fig. 8.16). The air shock in Cases
1 and 2 on the other hand. converges to the bottom right of the hubble and no impact
on the downstream bubble wall takes place. Because of the larger impedance of water
relative to air, the air shock is reflected back as a shock wave and travels to the left in
the direction away from the rigid boundary. The sequences are shown in Fig. 8.12(a) and
(¢) for ¢ = 1.375; Fig. 8.12(b) and (d) for ¢ = 1.625 and Fig. 8.17(a) to (e) for ¢ = 1.875:
Fig. 8.17(b) to (¢) for ¢ = 2.125.

After £ = 0.16 s, i all six cases, the contraction of the bubble surface is more
prounounced especially from the right side. where the high pressure region builds up. In
all six cases, an inerease in pressure gradient occurs at a small distance away from the
axis of symmetry on the upstream bubble wall. It is postulated that this resulted from
a circulating flow near the upstream bubble surface, induced from the interaction of
the reflected inecident shock with the stroug expansion wave originating from the bubble
surface. The time at which it occurs is smaller with deercasing ¢ which relates with
the propagation of the reflected incident lithotripter shock wave from the rigid boundary.

The build-up of this pressure gradient and civeulating How near the upstream bubble
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APyatdr = 10 MPa APwyater = 10 MPa
APz =70.1 MPa APgzir=0.1 MPa

(b) t=0.16 us; ¢ = 1.625

APWater =10 MPa

(d) £t =0.164 us; ¢ = 1.625

APyater = 10 MPa
i =02Mp

(e) t =0.168 us; ¢ = 1.375 (f) t =0.168 us; ¢ = 1.625

Figure 8.12: Stand-off parameter study, ¢. Pressure contours of a bubble with initial
radius Ry = 40 um collapsed by a lithotripter shock wave with strength of P* = 60 A Pa.
Left column ¢ = 1.375; Right column ¢ = 1.625.
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APwater = 20 MPa
APy = 0.4 MPa
[
(a) t =0.172 us; ¢ = 1.375 (b) t=0.172us; ¢ = 1.625
APyater = 20°MPa APy ater = 20 MPa

=] MPa

(c) t = 0.176 ps; ¢ = 1.375 (d) t =0.176 us; ¢ = 1.625
APyater =40 MPa APyater = 40 MPa
APgir =4 Mpa

(e) t =0.18 us; ¢ = 1.375 (f) t =0.18 us; ¢ = 1.625

Figure 8.13: Stand-off parameter study, (. Pressure contours of a bubble with initial
radius Ry = 40 um collapsed by a lithotripter shock wave with strength of P* = 60 A Pa.
Lett column ¢ = 1.375; Right column ¢ = 1.625.
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APyater = 50 MPa
AP, = 15 MPa

(s

(b) t = 0.184 pus; ¢ = 1.625

APy ater = 200 MPa
AP,ir = 100 MPa

{c) t =0.188 us; ¢ = 1.375

APwater = 200 MPa
AP,i; = 100 MPa

g

{d) t =0.188 us; ¢ = 1.625

Wy APwarers 100 MPa

\\ APyater = 100 MPa
air = 10 a Y

air = 100 MPa

X

{e) t =0.192 us; ( = 1.375

(f) t =0.192 pus; ¢ = 1.625

Figure 8.14: Stand-off parameter study, (. Pressure contours of a bubble with initial
radius Ry = 40 um collapsed by a lithotripter shock wave with strength of Pt = 60 A Pa.
Left column ¢ = 1.375; Right column ¢ = 1.625. The insert frame is a magnification of
the flow and bubble interface.
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APyater = 50 MPa

(e) t =0.204 ps; ¢ = 1.375 (f) t =0.204 us; ¢ = 1.625

Figure 8.15: Stand-off parameter study, (. Pressure contours of a bubble with initial
radius Ry = 40 pm collapsed by a lithotripter shock wave with strength of P* = 60 A/ Pa.
Lett columm ¢ = 1.375; Right column ¢ = 1.625. The insert frame is a magnification of
the flow and bubble interface.
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=10 MPa APyater = 10 MPa
Apzur o Nﬂ/m\
a) t=0.16 us; ¢ = 1.875 b) t = 0.16 us; ¢ = 2.125

APyater = 10 MPa APyater = 10 MPa
AP, = §1 MPa AP, =0.1

(c) t = 0.164 us; ¢ = 1.875 d) t = 0.164 us; ¢ = 2.125
APyater = 10 MPa_ APyater = 10 MPa
APair = OlMP AP = 0.1 MPa

ﬁ

e) t = 0.168 us; ¢ = 1.875 (f) t = 0.168 us; ¢ = 2.125

Figure 8.16: Stand-off parameter study, (. Pressure contours of a bubble with initial
radius Ry = 40 um collapsed by a lithotripter shock wave with strength of P+ = 60 Al Pa.
Left column ¢ = 1.875; Right colunmn ¢ = 2.125.
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APyater = 10 MPa APyater = 10 MPa
AP = 0.2 MPa

(e) t = 0.18 us; ¢ = 1.875 (F) t = 0.18 us; ¢ = 2.125

Figure 8.17: Stand-off parameter study, (. Pressure contours of a bubble with initial
radius Ry = 40 um collapsed by a lithotripter shock wave with strength of Pt = 60 A Pa.
Left column ¢ = 1.875; Right column ¢ = 2.125.
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APyater = 20 MPa
ir=2 Mpa

(a) t = 0.184 us; ¢ = 1.875 (b) t =0.184 us; ¢ = 2.125
APyater = 50 MPa APy ater = 50 MPa
APpir =15 MPa APgir = 15 MPa
(c) t =10.188 us; ¢ = 1.875 (d) t = 0.188 us; ¢ = 2.125
APyater = 200 MPa APyater = 200 MPa
APair = 100 MPa APgir =200 MPa
(e) t =0.192 us; ¢ = 1.875 (f) t =0.192 us; ¢ = 2.125

Figure 8.18: Stand-off parameter study, ¢. Pressure contours of a bubble with initial
radius Rg = 40 um collapsed by a lithotripter shock wave with strength of P* = 60 A/ Pa.
Left column ¢ = 1.875; Right column ¢ = 2.125. The insert frame is a magnification of
the fow and bubble interface.
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APy ater = 100 MPa
APyir = a

(e) t = 0.204 us; ¢ = 1.875 (f) t = 0.204 ps; ¢ = 2.125

Figure 8.19: Stand-off parameter study, ¢. Pressure contours of a bubble with initial
radius Ry = 40 pm collapsed by a lithotripter shock wave with strength of PT = 60 A/ Pa.
Left column ¢ = 1.875; Right column ¢ = 2.125. The insert frame is a magnification of
the flow and bubble interface.
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surface occurs at € =~ 0.168 ps for ¢ = 1.0625 and 1.125 (Fig. 8.8(¢) and (f)), t ~ 0.172 us
for ¢ = 1.375 (Fig. 8.13(a)), t >~ 0.176 us for ¢ = 1.625 (Fig. 8.13(d)), ¢t ~ 0.184 us for
¢ = 1.875 (Fig. 8.18(a)) and t ~ 0.188 us for ¢ = 2.125 (Fig. 8.18(d)).

Towards the end of the collapse phase, the bubble undergoes a rapid deformation
with the formation of a high-speed liguid jet that penetrates through the bhubble. This
1s a conscquence of the aceeleration of the water on the upstream side towards the rigid
boundary that causes the upstream surface to involute and forms a jet as shown in
Fig. 8.9(¢) and (f), Fig. 8.13(¢) and (f) and Fig. 8.18(a) and (¢). In turn, it generates
additional compression waves in the air near the upstrcam bubble wall resulting in a
secondary air shock being transmitted into the bubble. The shape of the jet is more
distinet, i.e. sharper, in Case 1 and Case 2 compared to the other four cases where the
shoulder” of the jet is wmore pronounced. Furthermore, owing to the circulation flow near
the upstreamn bubble wall, the liquid jet is concave and consequently the first iinpact of
the jet head on the downstream wall does not occur on the centre line of the bubble as
depicted in the free-fiekd” problem. Since the velocity of the jet on the axis is larger in
Cases 1 and 2 than in Cases 3 to 6 (Fig. 8.5). the concavity of the nose of the jet near
the axis subsides resulting i1 a much sharper jet tip in the two former cases. The smaller
jet tip width in Cases 1 and 2 is also due to the elongation of the collapsing bubble. The
slight elongation of the wall is due to the interaction with the reflected incident shock
which induces the contraction of the top bubble surface.

The concavity of the jet head is highly prominent for ¢ = 1.375 and ¢ = 1.625. The
jet licad is relatively wide and much flatter especially in Cases 5 and 6. and. because
the developient time for the circulating low near the upstreamn surface is larger as the
bubble gets further away from the rigid boundary, the deviation of the jet head from
the axial wereases with incercasing ¢ As the jet accelerates towards the rigid boundary.
the pressure inside the bubble increases rapidly. The liquid jet hits the downstream wall
Detween ¢ = 0.184 s and ¢ = 0.184 us for Cases 1 to 4 and between ¢ = 0.183 us and
1= 0.192 us for Cases 5 aud 6. The time to winimun bubble volume on the other hand
is smaller with decreasing ¢ (Fig. 8.6).

On nnpact, the jet produces an intense blast wave in the swrrounding water. The
maxinnun pressure loading recorded by the transducer on the boundary varies from nearly
7000 M Pa for ¢ = 1.0625 to a wmere 500 M Pa for Case 6 where ¢ = 2.125 (Fig. 8.7). For
Cases 1 and 2, at t = 0.192 ps, the jet has penetrated through the bubble isolating a
toroidal bubble in 3D of trapped air and highly compressed gas (Fig. 8.10(¢) aud (f)). In
Cases 3 to 6, because of the highly concave jet, the impact of the jet on the downstream
wall splits the air bubble uto two, isolating two rings of highly compressed air. separated

by tiny circular gas or bubble fragments. These bubble fragnients originate from the
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air layer trapped between the jet tip and the downstream interface prior to impact. In
addition, the high pressure within the bubble will cause these fragments and lobes of air
to expand.

In Cases 1 and 2, where the collapse occurs very close to the rigid boundary, the fow
of the jet following jet impact is redirected radially along the boundary. The penetration
of the jet induces a circulation in the air inside the bubble. This leads to the formation of
a ring vortex that brings the bubble even closer to the rigid boundary. In Cases 3 to 6, the
formation of the vortex flow is mainly due to the interaction between the high-inomentum
liquid jet and the downstream low-momentum water. The strong spherical blast wave
propagating to the right will impact on the rigid boundary and will be reflected back
into the swrounding fluid. Part of this wave will interact with the expanding bubble.
The daniage potential arising from the collapse of the bubble such as in Cases 3 to 6 is
small as the jet fow and the strong blast wave are dampened by the water separating the

bubble and the solid houndary.

8.2.3 Far-field Calculations

Kirchhoff Results

4 Far-field pressure disturbance signature for {=1.0625

x 10
—— Wilh bubble, 6=270° =60° | ' : ¢ '
~ = No bubble, 8=270¢ 9=60°
i With bubble, 6=270° ¢=30° ]
[ No bubble, 8=270° ¢=30¢
| — With bubbls, 6=270% $=0¢
| = = No bubble, §=270% ¢=0° =
T 4] — Wilh bubble, 6=00° ¢=30° | i % 1
; = = No bubble, =907 ¢=30° 1 \
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Figure 8.20: The far-ficld pressure signature predicted nsing the Kivehhott method ar an
observer positioned 150mm from the initial bubble centre, with ¢ = 1.0625. The resulis
[or various 8 and o are plotted [or comparison.

Fig. 8.20 and Iig. 821 shows the pressure-time history caleulated in the far-ficld for
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< i Far-field pressure disturbance signature for (=2.125
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Figure 8.21: The far-field pressure signature predicted using the Kirchhoff method at an
observer positioned 150 mm from the initial bubble centre, with ¢ = 2.125. The results
for various 8 and ¢ are plotted for comparison.

¢ = 1.0625 and ¢ = 2.125 respectively. Results for various 8 and o are plotted for
comparison in order to determine the variation in the far-field pressure profile at different
observer positions and the dependency on the directionality of the lithotripter shock wave.
The same set of integration surface and CFD input data were used for all calculations.
Similarly to the free-field problem, calculations for bubble-free problems were also carried
out (plotted as dashed lines).

Unlike the free-field problem. the effect of the propagating shock wave is more signif-
icant as the rigid boundary refleets the incident lithotripter shock wave. Therefore. the
propagating incident shock wave are captured twice in the Kirchhoft and FAVH surface
integral. Nevertheless, the blast wave could still he captured as a sharp peak. The riming
of the arvival of the Dlast wave peak relative to the contaunination from the lithotripter
shock wave does not overlap. The far-field pressure waveforms for bubble-free problenis
(plotted as dotted line) clearly show that the blast wave can be unambiguously separated
from the lithotripter signature. For example. the large trongh for ¢ = 1.0625 {solid blue
line) hetween 98.6 ps to 98.75 us can be attributed to the incident shock wave, The large
negative pressure for the free-tield case (dashed blue line) confirms this. The maximum
pressure amplitude predicted for ¢ = 1.0625 is approx 70k Pa and this value decreases
by approximately 10APa when ¢ = 21250 The reduction in the maximun pressure

amplitude is because of the increase in the mitial bubble ceutre distance from the rigid
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boundary.

For ¢ = 1.0625 (Fig. 8.4), the reflection of the blast wave is not very clear. The second
pressure peak is not as obvious as when ¢ = 2.125. This is because the delay hetween
the primary and reflected shocks may be too small to resolve. For ¢ = 2.125, owing to
the distance of the bubble from the rigid boundary, the blast wave has time to develop

into a full spherical pressure wave and is reflected clearly on the rigid boundary.
FWH Results

Far-field pressure disturbance signature for {=1.0625
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Figure 8.22: The far-ficld pressure signature predicted using thie FWH method at an
obscrver positioned 150 mm from the initial bubble centre. with ¢ = 1.0625. The resules
for various 8 and ¢ are plotted for comparisor.

As in the Kirchhoff problem discussed above, the integration snrface is located 150 mm
from the initial bubble centre. The caleulation is performed on 90 control points placed
along the half circnimference of the axisymmetrie control surface. The results of the
predicted far-ficld noise nsing the FWH method for control surface radii of 0.2 mm is
shown in Fig. 8.22. The results for R = 0.2mm is in agreement with that of the
Kirchhoff results (Fig. 8.20). The results for Reg = 0.2 mm are identical and the peak
pressures of using the FWH method nrateh really well with that plotted in Fig. 8.20.
The variation of the pressure wavetorms for different observer position also agrees well.

The results show that there is no difference i the two methods ability to distinguish
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Case || Initial Radius, | Shock Strength, | Distance, | Stand-off distance,
Ro (pm) P (MPa) d (pm) ¢

7 40 60 30.0 0.75

8 40 60 35.0 0.875

9 40 60 38.0 0.95

Table 8.3: Various cases for 'stand-off distance study of pre-attached bubbles

thie lithotripter signature from the blast wave signature. The problem has high degree of
noulinearity owing to the incident shock wave, its reflection on the rigid boundary and
the high pressure amplitude of the blast wave. As some degree of nonlinearities are taken
into account by the surface mtegrals in the FWH formulation, the FWH method gives
a more cousistent and acceptable results regardless of the control surface position. In

addition, the cost of calculations is the same for both methods.

8.3 The interaction of lithotripter shock wave with
an attached bubble

In this section, numerical simulations are carried out in order to study the interaction
of a pre-attached bubble on a rigid boundary with a lithotripter shock wave pulse. The
initial layout and specifications of the computational domain is similar to the problem
near a solid boundary discussed in previous section, but with the distance of the initial
hubble centre d smaller than the initial radius of the bubble, Ry, i.e. ¢ < 1. The initial
properties for both air and water are at ISA sea-level conditions. A planar lithotripter
shock wave, with Pt = 60 M Pa and P~ = —10 A Pa, propagates through the water
from left to right.

A pressure recording point is positioned at the solid boundary on the axis of symunretry
and therefore lies within the air bubble. The paraneters of the current problems are given

in Table 8.3. Tiwe is measured from the moment of shock impact in each case.

8.3.1 Results and discussion

The upstreamn bubble wall time history is given in Fig. 8.23. Initially. the velocity of
the upstream wall increases gradually. It then accelerate as it approaches the final stage
of collapse. The end the curves represents the point at which jet iimpact on the solid
boundary occurs. The veloeity variation for ¢ = 0.875 and ¢ = 0.95 are almost identical.

while for ¢ = 0.75 the upstream wall velocity deviates fromn that of the former at around
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0.1 ps. Consequently, the collapse rate for Case 7 is higher than Case 8 and 9 as depicted
in the bubble volume time history curves in Fig. 8.24. The relationship of the impact
wall pressure and the dimensionless stand-off distauce is shown in Fig. 8.25. It is clear
that the maximum pressure loading on the wall decreases with increasing ¢ The initial
pressure rise at the bottom of the curves originated from the impact of the sccondary
alr shock on the rigid boundary. The impact wall pressure, when ¢ = 1.0625 is nearly
7000 M Pa (Fig. 8.7). For < 1, where the bubble collapses with some parts touching the
wall, the impact pressure decreases to a minimum (2~ 4000 A Pa for ¢ = 0.95). However,
if ¢ is reduced even further, the maximum unpact wall pressure hegins to increase again.

This trend was observed experimentally by Shima [80].

Upstream Wall Velocity Time History For Attached Bubbie

2500 ) ; :
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Figure 8.23: Upstream and downstream wall velocity time history for a pre-attached
bubbles. Comparison for different stand-off distance, ¢, as given in Table 8.3.

The next few figures presented here are preliminary results. A more detailed analysis
1s required in order to determine the right contact angle between the attached bubble
surface on the rigid boundary as a consequent of surface tension. In the following study,
the effect of surface tension is neglected and the contact angle is assumed to be at right
angle to the rigid boundary. For any given solid/liquid interaction, there exists a range
of contact angles which may be found. The value of the contact angle is dependent on
the surface tension and the boundary surface roughness.

The evolution of the pre-attached bubble with different stand-off distance (¢ < 1) is
depicted in Fig. 8.26 - Fig. 8.29. Pressure contours are plotted in air and water from

which the reflection. trausimission and refraction of the shock waves near the bubble are
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investigated to provide a clear view of the bhubble response. The heavy line in the figures

represents the bubble interface.

Attached Bubble Volume Time History
1 ; ; ;

— 8SD=0.75
0.9r — 8SD=0.875
— SD=0.95

T

0 L I L !
0 0.05 0.1 0.15 0.2 0.25

Time us

Figure 8.24: Pre-attached bubbles volume time history. Comparison for different stand-off
distance, ¢, as given in Table 8.3.

The sequence starts 0.02 us after shock iinpact. The impact of the lithotripter shock
on the bubble wall transmit a weak shock into the bubble and a stroug expansion wave
into the suwrrounding water. The carlier stages of the bubble collapse is similar to the
case where ¢ > 1. At this carly stage. the deformation of the bubble wall and dynaniies
of the Aow around the bubble are identical for the three different stand-off distances for
¢ <1 as well as the six cases where ¢ > 1 discussed earlier.

The sequence shown in Fig, 8.27 shows that the pressure gradient in the water near
the upstream side of the bubble increases as time progresses. The first apparent differ-
ence between the three cases is the swetted arca™ of the attached bubble fncreases with
deereasing ¢ This is true from ¢ = 0 aud is an artefact of the initial geonietry of the
bubble.

At about t = 0.163 s, the upstream bubble wall starts to involute to fornr a liquid jet
running to the right along the symmietric axis (Fig. 8.28(b).(f) aud (j}). Like the previous
cases. secondary compression waves are induced inside the bubble due to the high detor-
mation of the upstream wall by the jet and the Targe pressure gradient{Fig. 8.28(d).(Ir)

and (1)), This secondary shock will impact directly onto the solid boundary and the

"The circular area of the bubble attached to the rigid boundary.
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Pressure Loading Time History On Solid Boundary For Attached Bubble
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Figure 8.25: Pressure loading time history recorded on the solid boundary for different
stand-off distance for pre-attached bubbles as given in Table 8.3.

time at which the impact oceurs varies with stand-off distance, e, at t = 0.176 us for
¢ =0.75; at t = 0.180 us for ( = 0.875 and at t = 0.184 ps for ( = 0.95. This is funda-
mentally different from the previous cases. In cases where ¢ > 1, the shock reflects from
an air-water interface, where as here the shock impacts directly on the boundary which
could he a kidney stone. and thus could be a potential daniage mechanisn.

The collapse time of these bubble are very short, less than 0.1s ps for ¢ = 0.75.
Therefore, it is immediately apparent that the collapse process of the gas bubble by the
lithotripter shock wave is very violent. The acceleration of the liquid jet will continne until
it eventually impacts directly onto the solid boundary, The tinie to impact inercases with
increasing ¢. A close up of the liquid jet impact on the boundary is given in Fig. 8.30.
It is clear from the Figo .30 that the jet diameter decreases with decreasing ¢ The
liquid jet impact cmits a very strong asvininetric blast wave into the surrounding water
which subsequently interacts with the isolated toroidal bubble. causing it to collapse even
further as shown in Fig. 8.29((¢), (h), (k) and (I)). Prior to jet impact the sccondary air
shock forms an oblique reflection at the top bubble wall (Fig. 8.30(a) and (b)). At the
final stages of collapse, the radial velocity at the hase of the gas bubble attains a high
value. Due to the presence of thie boundary. the jet flow is redirected radially outward
and consequently forms a radially spreading sheet of water (radial jet) which propagates
along the rigid boundary. The formation of this radial jet was not expecied. thus no

measurcnient was made on its velocity. However. it is believed that the jet achieved a
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Ligh velocity upon impact on the top wall, as a strong ‘hemispherical’ ring blast wave is
cinitted into the water due to the liquid-liquid impact. It is postulated that this could
be a potential additional damage mechanism for shock wave lithotripsy. This secondary

jet is also much narrower than the primary jet (Fig. 8.30(d), (e) and (f)).
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I'igure 8.26: Pressure contours of an attached bubble with initial radius Ry = 40 um collapsed by a lithotripter shock wave with
strength of Pt = 60 M Pa. Comparison for different stand-off distance, ¢. Top row: ¢ = 0.95; Middle row: ¢ = 0.875; Bottom row:
¢ =0.75.
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Figure 8.27: Pressure contours ol a bubble with initial radius Rg = 40 pm collapsed by a lithotripter shock wave with strength of
P* =60 M Pa. Comparison for diflerent stand-off distance, ¢. Top row: ¢ = 0.95; Middle row: ¢ = 0.875; Bottom row: ¢ = 0.75.
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Figure 8.28: Pressure contours of a bubble with initial radius Ry = 40 um collapsed by a lithotripter shock wave with strength of
Pt =60 M Pa. Comparison for different stand-off distance, ¢. Top row: ¢ = 0.95; Middle row: ¢ = 0.875; Bottom row: ¢ = 0.75.
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Figure 8.30: Close-up of secondary liquid jet and resulting blast wave due to jet impact
on the top bubble wall. Initial radius is 40 gm and shock wave strength of P* = 60 A Pa.
Comparison for different stand-off distance, . Left column: ¢ = 0.95: Niddle column:
¢ = 0.875: Right column: ¢ = 0.75.

8.4 Conclusions

The numerical simulations of asymuietric cavitation bubble collapse, induced by a lithotripter
shock wave, usiug the Free-Lagrange method have been successfully carried out. Various
problews have been investigated for different stand-off distance. The results show the

general features of asymmetric bubble collapse. These include,

e the formation of a high-speed liquid jet that penetrates the interior of the bubble.

The direcetion of the jet is normal to the incident shock and towards the rigid
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boundary when the collapse occurs near the proximity of a solid wall. It would
be intercsting to see the jet direction if the shock and the solid boundary are not
aligned, but this would require a full 3D simulation, which is outside the scope of

the present work.

e the cmission of a blast wave as a result of a liquid-liquid impact when the high-speed

liquid jet impacts on the downstream bubble surface.
e the clongation of the bubble for sinall values of .
e the generation of a secondary air shock for bubble collapse near solid boundary.

e the formation of a radially spreading shect of water in the pre-attached problems.
The jet is induced by the radial flow of the primary jet on the rigid boundary. The
impact of this jet on the top bubble wall generates a relatively strong blast wave

into the smrounding fluid.

e The air shock propagates through the bubble with increasing strength, and for
cases where ¢ < 1.375. the shock converges near the downstream bubble wall and
influences the direction of the fluid flow within the bubble. For cases where { >
1.375, the air shock will impact on the downstream bubble surface and is reflected

back into the bubble.

e The incident shock is reflected by the boundary and the impact on the downstrean

and top bubble wall causes lateral compression of the bubble.

e The plots for upstream and downstream bubble wall velocity variation with time
show that there exists a transition value for ¢ at which the contribution of the solid
boundary on the bubble behaviour is significant. The study showed that for Pt ~

60 A Pa and Ry = 40 pm. this transition point lies between 1.125 < ¢ < 1.375.

e The jet has a concave tip such that the leading annular front of the jet will actually

inipact on the downstreain wall earlier than the jet centreline.
o In addition, the rate of collapse of a bubble near a solid boundary iucreases with
decreasing (.

e The maximumn pressure registered on the rigid boundary decreases with increasing ¢
due to the characteristics of a spherical shock where the strength decreases rapidly

with increasing radial distance from the ceutre of the shock source.
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e For problems involving pre-attached bubbles, where { < 1, the maximum impact
pressure on the wall falls to a minimum, but increases back again as ( is decreased

even further.

e Numerical simulations on the interaction of a pre-attached bubble with a lithotripter

shock also showed the formation of a radially spreading liquid jet.
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Chapter 9

Multi-bubble Simulations

In practical cases, where cavitation or two-phase flow occurs, cavitation bubbles seldom
exist as a single bubble, and as a result they interact with each other. This is especially
so in cases where clouds of bubbles exist. The degree of influence of a bubble on its
ucighbours is dependent on their separation distance. In this chapter, simulations of
the response of an array of air bubble to a lithotripter shock wave using the Vucalm
Free-Lagrange method are presented.

The objectives of the current simulations are:

1. to model the mteraction of a lithotripter shock wave with two stable spherical
bubble, and to observe:
e the reflection, transmission and refraction of the shock waves
e the collapse of the spherical bubbles in free-field
e the formation of the high-speed liquid jet and its velocity-time history

o the effect of the bubble separation distance and degree of influence of neigh-

bouring bubbles

e Dhubble wall position time history for both air bubbles

2. to predict the far-field pressure wave signature emitted from a cloud of bubbles

9.1 Lithotripter shock wave-bubble array

interaction in Free-field

The problem studied in the present work comprises two spherical air bubbles iimmersed
in water (Fig. 9.1). The water is represented by the Tait Equation of State (EOS) and

is initially at ISA sca level couditions, i.e. the pressure, temperature and density are
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Figure 9.1: The geometry of the problem (Not to scale).

101.325 kPa, 288.15 K and 1000 kgm ™2 respectively. The bubbles are assumed to contain
air, which is represented by the ideal gas EOS. Thus the ratio of specific heat, «, is 1.4.
The initial temperature, density and pressure for the air are 288.15 K, 1.2246 kgm ™2 and
101.325 kPa respectively. A planar lithotripter pulse, similar to the one used in Chapter
7, with Pt = 90 M Pa and P~ = —10 M Pa, propagates through the water from left to
right. The lower domain boundary represents the axis of symmetry. All elapsed times
arc nmcasurcd from the first shock/bubble impact. The lithotripter pulse is introduced by
imposing a time-dependent pressure boundary condition on the left boundary. The top
and right boundarics arce non-reflecting at all thnes.

The separation distance hetween the initial centre of the bubble is given by L. Simula-
tions for four different L were studied and are discussed in this chapter, e, L = 0.0585 mm,

L=009mm, L =01mmand L = 0.2mm. The mitial air bubble radius. Rp is 0.04 mm.

9.1.1 Results and discussion

The results for the lithotripter shock wave-bubble array interaction problein i free-field
arc given in Fig. 9.2-9.5. The shock waves moves from lefe to right. The bubbles are
separated by 0.09 mm. The svibols AP, is incerements between contours in the water,
while AP,; and AP, incdicate the increnents between contours in the air in bubble 1
and bubble 2 respectively.

At t = 0.111 s, the incident shock has traversed the two bubbles (Fig. 9.2(a)). The
interaction between the shock and expansion waves originating at the bubble surface
results in weakening and curvature of the shock. The dynamics of the collapse of bubble
1 is nearly identical to the problem for a single air bubble in free-field. Bubble 1 is

collapsed by the shock wave and a stroug air shock propagates in bubble 1, while a weak
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= 0.175 s t = 0.183 ps
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Figure 9.2: Pressure contours for an array of air bubbles impacted by a lithotripter
shock. Separation distance, L is 0.09 mm. Figure shows the collapse of the bubbles and
the formation of a liquid jet in bubble 1 (left).

pressure wave is transmitted in the air of bubble 2. During the time that bubble 1 is
collapsing. bubble 2 has been shielded from the initial incident shock wave and has onlyv
experienced a slight lateral compression (see Fig. 9.2(¢) onwards). The liquid jet begins to
for in bubble 1 Fig. 9.2(1), developing in amplitude by Fig. 9.2(¢). The jet travels across
the bubble and reaches the downstream wall at approximately ¢ = 0.182 us (Fig. 9.2(d)).
At this time, bubble 2 shows no sign of liquid jet formation.

At t = 0.191 s (Fig. 9.3(a)). the air cavity of bubble 1 is drawn into the vortex core
while the blast wave continues to propagate outwards radially from the bubble. The blast
wave arising from the liquid-liquid jet impact of bubble 1 impacts on the upstream wall
of bubble 2, causing it to collapse to produce a jet (Fig. 9.3(c¢)-(d)). On impact. the
strength of the blast wave is caleulated to be approximately 0.5 GPa. A stroug air shock
s also transmitted i bubble 2. The strength of the blast wave deereases as it propagates
into the surrounding water. It is clear that the collapse of hubble 2 1s greatly amplified

by the blast wave originating from the collapse of bubble 1. Following jet iimpact. the
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t = 0.191 us

Y nrn,’(« it y
. G

(a) AP,; = 500Pa, AF,; =4 Pa (b) AP,; = 500 Pa, APa2 = 5Pa
AP, =200 Pa AP, =200 Pa
t = 0.215us \t = 0.231 pus
f? = ™
| , A / e N L
(C) APal = QOPG,, APaz = 10 Pa (d) APal = IOPG,, APaz = 10 Pa
AP, =50 Pa AP, =50 Pa

Figure 9.3: The blast wave generated by bubble 1 impacts on bubble 2, leading to the
formation of a liquid jet (L = 0.09 mm).

ligh pressure in bubble 1 causes it to expand.

-~ t = 0.239 us t =0.247 us

(a) AP,; = 500 Pa, AP,; =100Pa
AP, =200Pa AP, =200Pa

Figure 9.4: The liquid jet pierces through bubble 2 and impacts on the downstream wall.
Scparation distance. L, is 0.09 mom.

By ¢t = 0.239 us (Fig. 9.4(a)). bubble 1 has expanded to a volume greater than the

collapsing bubble 2. The pressure gradient near the upstream of bubble 2 coutinues to
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increase with time. A high speed liquid jet is formed and impacts on the downstream
wall of bubble 2 at 0.239 us. As a result of the lateral compression experienced by bubble
2 carlier in the collapse process, the liquid jet that is formed is narrower than that of
bubble 1. On impact, the jet produces an intense blast wave in the surrounding water
(Fig. 9.4(1)). This blast wave will interact with the expanded bubble 1, and cause the
latter to undergo a sccondary collapse. At ¢ = 0.248 us, the jet has penetrated through
the bubble isolating a lobe of trapped air and highly compressed gas that resembles a
tear-drop (Fig. 9.5(b)).

It is believed that if a third bubble is positioned downstream of bubble 2. a chain
reaction would occur and the third bubble would collapsed in a similar manner by the
collapse and rebound of the second bubble. This situations for bubble collapse and jet
formation are likely to take place during typical cavitation conditions, since pressure
waves from the collapse and rebound of some bhubbles will pass over neighbouring bub-
bles. Thercfore. it is necessary to carry out a study to investigate how the collapse of
neighibouring bubbles are affected Dy their mutual interactions. It is shown here. that for
L = 0.09mm. bubble 2 is shiclded from the incident lithotripter shock wave. However.
the blast wave originating from the collapse of bubble 1 interacts with bubble 2. This is
analogons to an incident shock wave passing over bubble 2, causing a jet in the direction
of the shock. The study here is limited to axisymnetric geontetries and the bubbles are
positioned in a line normal to the ncident shock wave. Dear & Field [30] carried out
experimental work to study the behaviour of triangular arrays of 20 cavities. where the
cavities arc staggered in a three, two and one array. It was observed that a chain reaction
of collapse oceurs. Unlike the results shown here. the second cavity is only partly in the
shadow of the first cavity and therefore the incident shock wave impacts on the second
bubble asvimmetrically.  As a result, the liquid jet formed by cavity two is not so well
formed and 1s not normal to the incident shock wave.

Three other cases for different separation distance. L, were studied. and the results
arc depicted i Fig. 9.6. The bubble wall time history for bubble 1 is plotted in black.
The continuous lines depicts the upstreain wall of the bubble whilst the dashed lines
refors to the downstream bubble wall. The point where the two line meet is where the
liquid-liquid jet impact occurs that produces an intense blast wave in the surrounding
water. For bubble 1, this point of impact is labeled X', The wall position of bubble 2
for the four cases are plotted in colour. The plotted curves make it easier to observe the
effect of separation distance on the bubble wall motion. for bubble 2 in particular.

As the imeident shock wave hits the upstream wall of bubble 1 (black lines). the up-
stream wall collapse gradually and then accelerates towards the downstream wall, forming

a high-speed liquid jet. However, throughout the duration of the collapse. the downstream
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Figure 9.5 Near spherical blast wave emitted from the liquid-liquid impact as the jet
impacts on the downstream wall of bubble 2. The time is 0.248 us, AP, = 500 Pa.
AP =5 Pa; AP, = 200 Pa and L = 0.09mm. Fig. (b) is a magnification of bubble 2
in (a).

x 10" Bubble wall position time history for two bubble array problems
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Figure 9.6: Bubble wall position time history for bubble 1 and 2.

wall appears to remain alinost stationary. However, if the collapse of the bubble 1T was
to be exanined closelv. it was found that the collapse of the downstream wall does take
place (Fig. 9.7). For L = 0.085 mm, the upstream wall of bubble 2 is shiclded by hubble
1. The collapse of the former only oceurs following the liquid jer iimpact of bubble 1. Tr is

apparent that the collapse is initiated by the blast wave that is generated by the liquid-
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liquid impact at point. X on the curve. Similar trend can be observed for L = 0.09 mm
(yellow lines) and L = 0.1mm (green lines). The influence of the incident lithotripter
shock wave on the upstream wall of bubble 2 gradually increase at large value of L. For
L = 0.2mm, the collapse of the upstream wall motion increases gradually and accelerates
towards the end of the collapse phase where a liquid jet is formed. The motion of the

wall is similar to that of bubble 1.
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Figure 9.7: Bubble 1 wall position time history for various L.

From Fig. 9.7, it is clear that the bubble wall time history of bubble 1 are different
for all four cases towards the end of the collapse phase. The upstream wall collapse at
the same rate while the degree of collapse of the downstream wall varies with separation
distance L. It is apparent that bubble 2 shields the downstream wall of bubble 1 from the
incident shock wave. For L = 0.085 mm where the bubbles are very close to one another,
the inward collapse motion of the downstream wall is minute in comparison to the case
when L = 0.2mm (dashed blue line). As a consequent of this motion of the downstream
wall, the time to jet impact decreases with increasing L.

It 1s believed that there is a critical value of L above which bubble 2 behaves like an
isolated bubble in free-field with no mutual interactions with bubble 1. This is depicted
by plotting a dimensionless parameter 4; against the normalised separation distance

L/Ry. This is given in Fig. 9.8. The parameter Ay is given by the following equation.

Ap = (L/(Vs),.f!(fj‘z == t_jl)) (9.1)
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Figure 9.8: Bubble array interaction study. Normalised parameter A; against separation
distance L.

where L is the bubble initial separation distance, U, is the incident shock wave velocity,
and t;5 and t;; are the time to jet impact for bubble 2 and bubble 1 respectively. It is clear
from Fig. 9.8 that Ay reaches an asymptotic value for large value of L. If the separation
distance is greater than 0.2mm, it can be assumed that the two bubbles are sufficiently
far apart that they do not affect the dynamnics of one another. This information will
be used in the next section, where the far-field pressure wave signature from a cloud of
cavitation bubbles are carried out. If L/Ry ~ 5. the bubbles can be neglected from the

calculation.

9.1.2 Far-field Pressure Signature From Cavitation Cloud

In this section, the Kirchilioff solution for a single bubble in free-field is extended to a
multi-bubble problent. A Gaussian normal distribution is used to randomly distribute
the bubbles in water, with high bubble density concentrated around the focal point of
the converging incident lithotripter shock wave (Fig. 9.9 and Fig. 9.10).The focal size
is commmonly used to deseribe the spatial pressure distribution of the acoustic field of
a lithotripter.  In water, the region of the focal point coincides with thie position of
high temporal peak negative pressure. In this study, the focal region of the lithotripter

shock wave is approximated to be of a cigar-shaped voluine, 60 mm long and 10 mm in

o2
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Figure 9.9: Cigar-shaped lithotripter shock wave focal point. A normal distribution of
the bubbles relative to the focal point.

Although it is described here that air bubbles are distributed randomly, it is actually
the Kirchhoff control surface for an an isolated air bubble that is distributed based on
a normal distribution about the focal point of the shock wave (Fig. 9.11). Hence. each
control surface represents a single bubble in free-field, each emanating an identical far-
ficld pressure signature to that shown in Fig. 7.15 in Chapter 7. In the study here. 1000
bubbles are randomly generated and the observer is positioned 500 mm from the bubble
cloud centre, where § = 270° and ¢ = 45°.

A nunber of assumptions have been made for the prediction of the far-field bubble

cloud pressure signature. They are as follows:

1. Highest density of bubbles is necar the focal point of the lithotripter shock wave and

that the distribution is approximated as a Gaussian distribution.
2. There is no shielding effect between bubbles, as discussed in previous section.

3. The collapse of the bubbles is caused by the incident lithotripter shock wave and

not the blast wave emanated from liquid jet impact of neighbouring bubbles.

4. The pressure peak positive amplitude seen by each bubbles is identical at Pt =
90 A Pa. i.ce. the strength of the shock wave remains constant as it traverses through

the cloud of bubbles.

"These values are used as the limits when distributing the bubbles using the normal distribution.
The bubble cloud size generated is therefore < 60mme in the X-direction and < 10mm in the Y and
Z-direction.
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Figure 9.10: Three-dimensional plot showing the bubble (Kirchhoff control surface} dis-
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Figure 9.11: Random bubble distribution in X-Y and X-Z plane.

5. The cloud of bubbles is initiated from cavitation nuclei by a preceding lithotripter
shock wave. The bubbles then undergo a series of expansion and collapse phase
before reaching a stable equilibrium size of 40 um. The far-field acoustic wave of
the bubble cloud predicted here is for the interaction of these stable bubbles with

the subsequent incident lithotripter shock wave.

6. The pressure signature of the bubble eloud at the observer point is given by a linear

sunimation of the pressure signatures of the individual bubbles.
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7. Any scattering and attenuation by soft tissues or fluid are neglected.

8. The collapse time of the bubbles is staggered to simulate the finite time taken for

the shock to sweep through the cloud.

x 10° Far-field pressure signature (1000 bubbles)

5 T T T — T T

Pressure disturbance [Pa]
- o — ] w
T : ; T :

'
N
T

310 320 330 340 350 360 370 380
Time [us]

Figure 9.12: Predicted pressure signature emanated from a bubble cloud which consists
of 1000 bubbles.

The far-field pressure signature shown in Fig. 9.12 is calculated by taking a linear
sunmnation of the pressure signatures of individual bubble. Thus, the high pressure
region of the far-field signal (between 335 us - 355 us) corresponds to the region of high
bubble density. Pressure waveforms originating from a single bubble can also be clearly
seen in Fig. 9.12 around ¢ = 320 ps and ¢ = 370 ps. It is also apparent that the duration
of the signal is highly dependent on the position of the observer, the distribution of the air
bubbles and the size of the bubble cloud. If the results shown in Fig. 9.12 are comparable
to the results calculated from the Gilinore model, then one could argue that there are only
minor discrepancies between the results from the spherical collapse and the asymmetric
collapse. It is postulated that the distribution of the bubbles and size of the bubble cloud

in experintental study can be approximated using the method described above.
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Chapter 10

Conclusion and Future Work

This chapter sumimarises the work conducted in this research, including all important
findings related to the validation of the Free-Lagrange method and its application in
shock-bubble interaction studies. In addition, suggestions for possible future work are

presented.

10.1 Conclusions

The newly developed axisymmetric version of the Free-Lagrange code Vucalm has been
used to simulate the interaction between a shock wave and a spherical air bubble. This
nicthiodology has been chosen as it allows the material interfaces to be sharply resolved
at all times. Since material interfaces are always stationary relative to the mesh. no
additional interface tracking or modeling algorithm is required in multi-material prob-
lems. The method also hielps to reduce munerical diffusion at the material interface as
well as ensuring exact conservation of mass. In addition, Lagrangian niethods allow the
time history of individual parcels of fluid to be tracked. including. for reacting flows.
their chemical history. The use of the Free-Lagrange method for simulations involving
multi-phase flows is attractive because it avoids mesh tangling issues experienced by
conventional fixed-connectivity schemes such as conventional Lagrangian schenies.
Validation of the axisymmetric version of the Free-Lagrange, Vucalm code has been
carried out in order to show the ability of the code to solve flow problems in axisvinmetric
form. The validation was performed by carrving out two munerical simulations involving

multi-phase flows. The two problems are

o shock-induced collapse of a splierical air bubble by a planar step shock (Ding and
Graceswki [35])

e the interaction of a shock with a water colunn (Igra and Takavama [52])
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In the comparison with the present work and Ding and Graceswki’s, the numerical
simulation agrees with the previously published numerical data in that the jet speed is
independent of the initial gas cavity size, but depends on the applied shock strength. The
results also show good agreeinent in the pressure contours, Mach contours and velocity
vector. The shock-cavity interactions is shown to be physically complex. The interaction
of a planar shock wave with a water colunn was presented in the second part of Chapter 6.
Isopyenics and interferograim iimages at two different stages of the flow were obtained from
reference [52] and were compared with that using the vucalm code. The results obtained
agreed well with the munerical and experimiental findings of Tgra and Takayama. Both
results show the Mach stems and triple point as well as secondary triple point at later
stages of the flow. The interferogram at ¢ = 43 us not only revealed a high pressure region
downstreamn of the water column but also a vortex flow. The fringe number and spacing
in air agreed quite well with the experiniental interferogram images.

The numerical simulations of asynunetric cavitation bubble collapse induced by a
lithotripter shock wave in free-field as well as for nine different stand-oft distance have
Deen successfully carried out. The results show the general features of asymmetric bubble

collapse. This include:
e The formation of high-speed liquid jet that penetrates the interior of the bubble.

e The cmission of a blast wave as a result of a liquid-liquid impact when the high-

speed liquid jet impacts on the downstream bubble surface.
e The elongation of the bubble for small value of ¢.
e The generation of a sccondary air shock for bubble collapse near a solid boundary

e The induced radially spreading sheet of water along the solid boundary in the pre-

attached bubble problems.

e The formation of a concave liquid jet head which is thought to be caused by the

interaction of the collapsing bubble with the reflected incident shock wave.

e In the bubble array study, it was found that mutual interaction between neighbour-

ing bubbles is niinimal when the separation distance, L, is over 5FRg.

e For SRy, shiclding of the incident lithotripter shock wave on one bubble (bubble
2) occurs. Furthermore, if the separation distance is small enough. the blast wave
generated from the collapse of one bubble can enhanced the collapse of neighbouring

bubbles.
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The work presented here includes the development and implementation of two aeroa-
coustic codes for the study of shock-bubble interaction to predict the acoustic signature
in the far-field. The two acoustic formulations implemented are the Kirchhoff’s method
and Ffowes-Williams-Hawkings method. When coupled to the Free-Lagrange code, cach
method can be used to obtain the far-field pressure signatures of cavitation events. Both
numerical codes have been validated against analytical results in predicting the far-field
pressure signature emitted from an oscillating solid sphere.

The Kirchhoff’s and FWH integral formulations allow the radiating sound to be evalu-
ated based on quantities on an arbitrary near-field control surface. The idea is to solve the
non-lincar probleins in the near-field, using Vucalm, and a surface integral of the solution
over the control surface then gives enough information for the analytical calculation in

the far-field. Tt was clearly shown that two methods work well. To summarise:

o The FWH requires the storage of (p,p’ and pu;) for each control point. while
(p, Op/On and dp/dt) are required by Kirchhoff.

e The Kirchhoff method is simpler, and easier to implement. However. the method
puts more stringent requirements on the CFD method to reach to the linear acoustic
ficld.

e The porous FWH method allows for nonlinearities on the control surface. whereas
the Kirchhoff method assumes a solution of the linear wave equation on the surface

S.

e The predicted far-field waveform clearly captures the radiated expansion wave and

the sharp peak of the blast wave, generated from the liquid jet impact.

e The variation of the pressure waveform for different observer position using the two

methods agree well for R, = 5R,.

e The results of the predicted far-field pressure signature of a bubble cloud show that

the density of the signal is highly dependent on the bubble distribution.

10.2 Future Work

The axisymunetric Free-Lagrange code, which has been used and developed here offers a
lot of potential for future exploitation. This includes physical and computational aspects.

Possible future works inelude:
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10.2.1 Physical aspects

e Simulations of shock-induced collapse of an air bubble with different initial radius

and shock strength.

e Simulations near an clastic/plastic boundary or a material with strength such as

copper, steel or materials that can be used to represent kidney stones.

e Simulations with different surface geometry, e.g. notch shapes and sizes, for a range

of stand-off distances.

10.2.2 Computational issues

Figure 10.1: Bubble cloud problem diagram. Region 1: Free-field: Region 2: ¢
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and Region 3: ¢ = 1.0625.

e Incorporate the long expansion and subsequent collapses into the CFD simulations.
As discussed in Chapter 2, the interaction of the shock wave with the bubble will
catse it to collapse. and alter which, the negative tail of the driving waveform
mitiates a long expansion pliase of the bubble. Following the long expatision phasc.
the overgrown bubble will undereo a violent inertial collapse. Subsequent eveles of
rebound and collapse will occur until the hubble reaches an equilibrivm state with
the surrounding water. In the current work, numerical simulations are stopped
{ollowing pritnary collapse of the bubble by the lithotripter shock wave. Current
siinulations show that the time to collapse is about 0.18 ps and. according to the
Gilmore-Akulichev model| the interaction of the tensile part of the lichotripter shock

with the collapsed bubble will induce an expansion phase for over 200 s, Modeling
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this long expansion phase is therefore time consuming and very expensive. One
way of modecling the expansion phase is to incorporate the Gilmore model. The
idea is to used the Free-Lagrange code to numerically simulate the primary collapse
of the bubble, then incorporate the Gilmore model to calculate the long expansion
phasc and obtained lmportant parameters which will then be incorporated back
into Vucalm to simulate the secondary collapse of the over-expanded bubble. The
geometry of the bubble need to he simplified to a sphere for the period when the
Gilmore model is used. The third stage of the work is quite similar to an underwater
explosion or laser-induced cavitation problem, but the simulation starts from the
stage at which the bubble has already reached its maximum size and is at the point

of collapsing.

e The bubble cloud far-field pressure signature presented in Chapter 9 was generated
from near-field data from the free-field simulation of a single bubble. It would be
interesting to study the predicted far-field waveform generated from the near-field
signatures from different cases, e.g. the near rigid boundary problem with different
stand-off distances. See Fig. 10.1. The ellipsoidal dotted line represents the focal
region of the lithotripter shock wave. Three regions are identified. a free-field region
(Region 1) and two regions near a rigid boundary, e.g. Region 3: ¢ = 1.0625 and
Region 2: ¢ = 2.125. 1000 bubbles are gencrated randomly and three different
solutions will be used to model this probleni.  The rigid boundary represents a
kidney stone. and downstream of this boundary, the fluid is shielded from the
lithotripter shock wave. and therefore no bubble exists. This model will look at the

affects of the rigid boundary on the predicted far-field waveform.

e The far-ficld pressure signature predicted from the collapse of a bubble cloud can
he regenerated by using a delta function of 0.2 us duration as the density frequency
distribution is highly dependent on the bubble density and distribution. As 1 ucalm
solution is expensive. the use of a delta funiction is attractive as it is reproducible
for any cases. For example. the pressure signature emanated from a bubble cloud
studied in Chapter 9 can be taken as a lincar summation of a delta function that
would replace the solution obtain using the Vwucalm and aeroacoustic codes. The
frequency from the predicted far-field pressure signature is approximately 0.5 us du-
ratiol, which gives a frequencey in the order of M Hz. This agrees with experinmental
findings which suggest that the frequency content from the collapse of micro-bubbles
is of the sae order. With this information, the work could usefully he extended

to compare witl experiniental results.
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Appendix A

Conservation Laws for Continuous
Media

A set of conservation equations arising from first principles describes the fluid behaviour.

There exist three fundamental principles of conservation. These are

e Conservation of Mass
e Conservation of Momentum

e Conservation of Energy

Figure A.1: An arbitrary fixed area A bounded by surface boundary S i & — y plane

Consider the detailed Eulerian finite volume model shown in Fig. A.1 and apply to

this model physical principles. Let A be an imaginary face area. enclosed by a surface
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boundary S that is fixed in the z — y plane. Within the control volume and on the
bounding surface, an clemental surface area dA with its centroid ordinate r,, and elemen-
tal surface boundary dS can be constructed respectively. On the elemental line dS with
an ordinate of its middle point r., pressure p is acting inwards into the area A, while a
unit vector, normal to the surface 7, and a velocity vector @ are pointing outwards. Note
that the overbar svinbol denotes a vector. In a Cartesian coordinate system, these two

vectors can be divided into z and y comnponents as illustrated in Fig. A1

v

unit thickness
(a) 2 —dimensional (b) Arisymmetric

Figure A.2: Schematic diagram of (a) 2D and (b) axisymmetric

For a 2D problem (Fig. A.2(a)), the area A and line S represent the volume and
‘circumferential” arca respectively. The flow is planar and is defined as per unit thickness
- in 2D Vucalm code, thickness is taken as 1m.

On the other hand, in the axisymnetric case, the face area 4 enclosed by line S
is rotated about an axis of symmetry. chosen here to be the z-axis. to give a ring-like
control volume as depicted in Fig. A.2(b). The y-axis is equivalent to the r-axis. As a
conscquence, both the volume and surface arca enclosing the control volume are functions
of radial distance 7, measured from the axis of symmetry. Following Pappus theorem [93].
the volume is the product of the tace area A and the cirenmference 0r., and 6 is the angle

of rotation. Thus, the control volume and the wrapping surface area are

Volume = 6 [ r.dA Surface Avea = 6 [ r.dS (A1)

In the derivation of the axisvinnetric governing cquations, the angle of rotation. € is taken
as Tradian. It is important that the surface boundary S enclosing face arca 4 does not
lmtersect with the axis of svimmetry to give an unphysical negative voluie that violates
the axtsymmetrie geometry. It shonld be noted that, because the control volime is Bxed

in the frame i the Eulerian reference frame, both the surface area and control voluine
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are not time dependent parameters. In the next section, the three physical principles are

considered to formulate the governing equation.

A.1 Conservation of Mass - Continuity Equation

Let the first physical principle be - Mass is conserved. For a finite control volume fixed

in space, the following statement can be constructed:

Fluid Occupying Volume =

Rate of change of Mass of
( Through Control Surface

Mass Flux of Fluid )

Euclosed by Surface

For an elemental volume of r.dA, the mass of this element would then be prdA. Hence,
the mass of fluid in the clemental volume is pr.dA. Therefore, the total mass m contained

within the control volume V' is given by the integral

m:/predA (A.2)
A

wlere p is the density. The rate of change of mass m is therefore

. Om 0 .
m = E = at/ApTedS (A3)

and this is the left-hand side of statement A.1. Now, consider the volume flux across the

control surface element r.dS which is

—A - ar.dS (A.4)

Hence, the mass flux through the elemental surface area is given by:

dmyg = —n-pur.dS (A.5)

Siice 1 is by convention positive when pointing outwards from the control volume. the
mass flow is negative or out of the control volume when 7 - @ is positive. It follows that

the net mass flux can be written as

dmys = — ?{ n - pur.dS (A.6)
5

Therefore, by conservation,

o
— / pre dA + j{ n-pur.dS =10 (A7)
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which is the first governing equation and is known as the mass conservation or continuity
cquation. As in this case, a swirl free axisymmetric flow is considered, the gradient in

the circumferential direction is equal to zero,

2
20

In addition, there is no circumferential velocity (v = 0) and hence no net mass flux in

=0 (A.8)

the circumferential direction of the control volume.

A.2 Conservation of Momentum

By definition, momentumn is conserved. Thus we have,

Rate of change of Net Momentum Flux Body Force
Momentum of Fluid | = of Fluid Through + Acting On
Eunclosed by Surface Control Surface Control Volume

This is base on Newton's 27¢ Law which states that the time rate of change of the mo-
mentum in the control volume is equal to the force acting on the control volume.

The forces that act on fluid elements can be categorised into two - body forces and
surface forces. Body forces are forces which act from a distance (external cffects) on the
mass of material contained within the control volume. Examples include magnetic. grav-
itational and clectric forces. Surface forces on the other hand. are due to the pressure
distribution over the control surface as well as viscous forces due to normal and shear
stresses within the material. The viscous forces can be ignored when considering momen-
tum conservation in an inviscid niedia. As in the current work, normal and shear stresses
due to viscosity are excluded. The inclusion of body forces will only be considered for
specifie problem.

Henee, the elemental volume r.dA has mass,

predA (A.9)

Hence, thie mowmentum of fluid element is simply the product of the elemental nmass
(Eqn. A.9) and the local velocity @. The total momentum over the whole control volume

1s therefore,

/ piir,dA (A.10)
A
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and the rate of change of momentum is

o
— 7 A1l
- /A pirdA (A11)

The mass flux across the control surface is defined earlier in Eqn. A.6. Its product with
the velocity @ gives the momentum flux. Thus the net momentum flux over the whole

control surface S is the sum of all the elemental momentum flux as follows,

- % n - puar.dsS (A.12)
s
y A y
fo
Top side
a b
A
lext
fa=/PA'\\/f‘ Bottomyside T = PA
ay i /b
re% . .
de¥

v

(a) (b)

Figure A.3: Finite volume of angular extent df

The force that acts on the control surface is categorised into a normal force that is
the total contribution of pressure force and normal stress of materials, and a shear stress
of materials. Now let us consider the forces acting on the surface .5 and let 7 be the
total stress tensor. In the Cartesian coordinate systein where one axis is set as the axis
of symnetry, the components of this stress are given in the x, y and 6 directions. First,

let Fy be the total surface force acting on the boundary surface r.S, then

F = jf Afr.dS (A.13)
S

where the stress tensor 7 is defined in a matrix formn as
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Oz Tay Taz —-p 0 0
T=| Tyz Oy Ty | = 0 —p O =-1Ip (A.14)
Tex Tzy Oz 0 0 —p

The entries 7;; are all zeros as only the pressure distribution is considered. The
13 .
negative sign is hecause the pressure is acting inwards. [ is the unit tensor.
Thus the total surface force Fy acting on the control volume fixed in space can be

written as

F, = —fﬁ]p'rcdS' (A.15)
S

The extra forces arising from the axisymnietric geometry of the problem are classified into
a source term in the governing equations. Now consider Figure A.3 below which show an
arbitrary arca A. presented here as a rectangle for simplicity, is rotated with respect to
the r-axis to give a finite coutrol vohume of angular extent df.

Due to geontetry, the surface area on the outer part of the control volume, a — b. is
larger than the inuer part, a — b. Asa consequent, by assuming a uniform pressure in the
surrounding fluid, the force fyy; is larger than the force f;,. These forces act in opposite
direction to each other and are in equilibrium due to an extra force f..; from contribution
of pressure P acting normal to either side of the control volume (labeled a and b on
Figure A.3). Note that the sides ad and bb have the same area. i.e. Agg = Ay = A As
the arca are the same, f, = fp. It should be noted that, this pressure P. should not be
confused with the p pressure acting on the boundary (wrapping) surface of the control
volume. Although. in the case of a uniform pressure field p = P. f, and f, do not cancel
caclt other out as they are not parallel, but accelerate the control volume in the positive
radial direction.

The radial component of f, and f, gives the extra resultant force, f.;. Since f, =

fo = PA | the radial component of the force acting on sides a and b is given by

1 ,
Jext = 2P Asin (5 d9> (A.16)
For sniall angle approximation, Equation A.16 reduces to

fe:l:t = PAdf (r\l?)

For the entire coutrol voluine of 1 radian rotation, the total extra force in the radial

direction is given by,
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1
Fo= / PAdS = PA (A.18)
0
or in vector notation - p
Fop = / S redA = / gr.dA (A.19)
A Te A
wlere _p
g=2 (A.20)
Te

and &, is the unit radial vector.

This shows that the extra force that exists due to the geometry of the axisymmetric
fow acts only in the radial direction, i.e. y-component of momentum.

Therefore, combining all the expressions (A.10, A.12, A.15, A.19) gives,

é / puredA = — % n - puur.dS — ?{ f - Ipr.dS + / gredA (A.21)
Ot J4 s s A

0
— / puredA + }l{ n- (puu+ Ip)r.dS = / gredA (A.22)
Ot Ja s A

or

A.3 Conservation of Energy

In order to formulate a complete system of conservation laws, the conservation of energy
miust. be considered. This law is deduced from the First Law of Thermodynamics and is

defined as follows:

Rate of change Net Energy Flux Work done on
of Energy of _ | of Fluid into Control the Control

Fluid in B Volume across Volume at the

Control Voluine Control Surface Control Surface

The energy contain within an elemental volume r.dA is,

Epr.dA (A.23)

where,

)
IS
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is the total specific energy (per unit mass), which comprises of € is the specific internal

cnergy and kinetic energy. Therefore, the total energy in the entire control volume is

/ Epr.dA (A.25)
A

Hence, the rate of change of total energy is given by

0
E A.26

The mass flow across the surface element r.dS is

—n - plredsS (A.27)

Hence, the energy flux is the product of energy F and mass flux —n - pur.dS across the

surface element. It follows that

—n - puEr.dS (A.28)

and over the entire control surface, the total energy flow is given by

— ?{ n - puEr.dS (A.29)
s

Now, the rate of work done due to the pressure force acting on the surface element rdS
is given by the principle rate of work done = force x wvelocity. Given the force due to the
pressure distribution on the surface element is —n - pr.dS, the rate of work done in vector
form is —n - pur.dS. Integrating over the entire control surface yields the total rate of

work doue,

- 7{ n - pur.dS (A.30)
S

Henee, the energy equation can be expressed as

0
= / Epr.dA + ?{ n- (puE + up)r.dS =0 (A.31)
ot J4 s

which is the third and final conservation equation. The external force f..;. described
carlier in Seetion A.2, does not do any work since the circumferential velocity is equal
to zero. Therefore, there is no energy term in G. The three conservation equations.
Equation A.7, Equation A.22 and Equation A.31 may be couveniently expressed in a

compact form as follows:
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s / Or.dA + ?{ A FrodS = / GrodA (A.32)
ot Ja s A
where
p pu 0
U= | pu F=1 paa + Ip G = éﬁf (A.33)
pE piE 4+ ap 0

The vectors U and F are the conserved variable vector and flux vector respectively.
The vectors G and H are the source vectors resulting from the consideration of axisym-
metric gecometry. These governing equations (Eqn. A.32 and A.33) are the unsteady,

compressible Euler equations in axisyminetric form.

A.4 Conservation of Volume

Transformmation from Eulerian to Lagrangian reference frame causes the convective terms

in the flux vector to vanish. As a consequence the continuity equation becomes

a%/ApredA =0 (A.34)

wlich is a redundant expression since it states that the mass within the control volume
is invariant with time. Therefore, another physical principle - volume is conserved - is

required to provide a close set of governing equations. The principle states that

Rate of change Volume Changed
of Volume = | due to Movement
in Control Volume of Boundary

Considering a volunme element r,dA and integrating, the volume enclosed bv control

surface r.dS is given by,

V:/ redA (A.35)
A@)

Thus the rate of change of volunie is

V= 2/ redA (A.36)

The voluwie chiange due to the movement of the elemental surfaces is given by
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n - ur.dsS

(A.37)
Integrating for the entire control surface gives,

% n - ur.dsS
s

(A.38)
Equating the rate of change of volume and the total volume change, we have,
0 o
redA + - ur.dS =0 (A.39)
9t Jae) s()

Therefore, the Euler equations in the Lagrangian reference frame can be written in a
compact form as:

/ Ur.dA + jl{ n-Fr.DS = Gr.dA
Ot S S(t) A(t)

(A.40)
Therefore, the vector of conserved variables becomes,
1
U= | pu (A.41)
pE
and the flux vector becomes,
—U
F=| Ip (A.42)
up

Hence, the integral form of the conservation laws for an inviscid, unsteady, compress-
ible Euler equations in the Lagrangian reference frame are obtained.
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