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We are currently developing a novel gas embolotherapy technique that involves th
lective, acoustic vaporization of liquid perfluorocarbon droplets in or near a tumor a
possible treatment for cancer. The resulting bubbles can then stick within the tu
vasculature to occlude blood flow and ‘‘starve’’ the tumor. The potential developme
high stresses during droplet vaporization is a major concern for safe implementatio
this technique. No prior study, either experimentally or theoretically, addresses this
portant issue. In this work, the acoustic vaporization procedure of the therapy is inv
gated by direct numerical simulations. The nonlinear, multiphase, computational mod
comprised of an ideal gas bubble surrounded by liquid inside a long tube. Convectiv
unsteady inertia, viscosity, and surface tension affect the bubble dynamics and a
cluded in this model, which is solved by a novel fixed-grid, sharp-interface, mo
boundary method. We assess the potential for flow-induced wall stresses to ruptu
vessel or damage the endothelium during vaporization under a range of operating
ditions by varying dimensionless parameters—Reynolds, Weber, and Strouhal num
inertial energy and initial droplet size. It is found that the wall pressure is typica
highest at the start of the bubble expansion, but the maximum wall shear stress occ
a later time. Smaller initial bubble diameters, relative to the vessel diameter, resu
lower wall stresses.@DOI: 10.1115/1.1824131#
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1 Introduction
Embolotherapy, which involves the occlusion of vessels us

foreign bodies for therapeutic reasons, is a potential means to
a variety of cancers, such as hepatocellular carcinoma~HCC! and
renal carcinoma. Currently, these methods are primarily used
last resort when conventional therapies have failed. Although
bolotherapy has only recently attracted significant interest, it d
back to 1904 when Dawbain et al. described the preoperative
jection of melted paraffin-petrolatum into the carotid arteries
head and neck tumor patients@1#. In 1960, Lussenhop and Spenc
@2# injected spheres of methyl methacrylate into the common
rotid artery of a patient suffering from an arteriovenous malf
mation fed by the middle cerebral artery@1#. In the 1970s, interes
in embolization grew considerably due in part to improvements
catheter technology and embolic agents. These improvemen
technology allowed radiologists to deliver embolic agents in
selective manner. Researchers placed silicon tubing and ball
into vessels to occlude the blood flow@3,1#. Since these early
experiments, a variety of materials have been introduced thro
intravascular catheters and percutaneously to occlude blood
Some examples include absorbable materials, such as blood
cellulose and gelatin sponge~Gelfoam!, or nonabsorbable materi
als, such as particulates, coils, balloons and streamers.

Boehm et al. @4# demonstrated that cancer cells can
‘‘starved’’ to death by restricting blood flow to tumors. A hig
density of large~40–50mm! solid emboli has proven effective a
starving the blood supply to tissue and producing permanent
sue damage@5#. For example, HCC has been treated effectiv
using embolotherapy in which localized drug delivery was
cluded in the procedure@6,1#. HCC is the most common form o
liver cancer, occurring in 2–30 per 100,000 males each year,
causes an estimated 1,250,000 deaths worldwide every year.
has been difficult to treat with traditional methods because
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accompanying liver cirrhosis makes most patients~70–85%! in-
eligible for treatment by resection@6#. The results of systemic
chemotherapy have been disappointing with no appreciable
pact on survival rates@6#. One study indicated successful trea
ment by embolotherapy including 78% tumor necrosis@1#, sug-
gesting that partial necrosis is sufficient for remission. Re
carcinoma is the most common cancer in the urinary tract,
counting for;3% of malignancies overall, and may also be we
suited for treatment by embolotherapy@1#.

Most previous embolotherapy work has involved procedu
that are complicated, requiring either surgical exposure of ves
near the target region or very selective catheter placement to m
mize embolization of tissue collateral to the tumor. One of t
major factors in the success of embolotherapy in treating tumo
the ability to direct and confine treatment to the target area. Th
difficulties are partially responsible for embolotherapy’s use a
last resort after conventional methods have failed.

We are developing a novel gas embolotherapy technique th
minimally invasive and provides highly selective delivery of th
emboli to the tumor, minimizing the risk of damage to healt
tissue. In contrast to previous embolotherapy techniques
mainly use solid emboli, this technique uses gas bubbles, w
are formed from liquid droplets, as emboli. Although the proc
dure has not yet been implemented in patients, current in v
experiments have shown promise@7#. In this gas embolotherapy
procedure, small~;6 mm diameter! DDFP ~dodecafluoropentane
C5F12) droplets are first prepared in a solution of saline and al
min. The surface active albumin forms a shell around individ
droplets. The droplet suspension is then injected into the vasc
system at a convenient location and the droplets are subsequ
transported by the blood flow. Since DDFP has a boiling point
29°C at atmospheric pressure, the droplets of DDFP are su
heated at body temperature. However, the albumin shell prev
spontaneous vaporization of the injected droplets. The droplets
imaged using standard ultrasound, and then vaporized using

-
p V.
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intensity ultrasound~acoustic droplet vaporization, or ADV! at the
desired location for selective delivery of emboli to the tum
Although the droplets are small enough to pass through capi
ies, the resulting bubbles are large enough to become stuck in
tumor vasculature and have a long enough lifetime, O~days!, to
cause infarction.

ADV is a fast process (,O(1026) s) @8#, and the phase chang
of droplets to bubbles and their subsequent rapid expansion
confined space may potentially result in sufficiently large norm
and shear stresses to rupture blood vessels and/or damag
vessel endothelium. Ultrasound-induced collapse of contrast a
micro-bubbles, a different phenomenon than ADV, has b
shown to result in rupture of capillaries@9–12#, which may lead to
angiogenesis@13#. Neither of these is a desired effect in g
embolotherapy.

The physiological impact of the shear stresses is also a conc
The endothelium, which is the inner layer of the blood vess
adapts to chemical and mechanical stimuli from the blood incl
ing hemodynamic shear stresses@14#. As a result, vasculature
morphology @15–20#, cytoskeleton organization@21–23#, ion
channel activation@24–26#, and gene expression@27,19,28#
change with the hemodynamic shear stresses. Vessel wall s
may also be relevant to the development of certain patholog
conditions, including atherosclerosis@29#.

In order to determine in which size vessels PFC droplets sho
be targeted for ADV, to determine whether smaller PFC drop
should be used, and to assess the safety risk, it is necessa
obtain detailed, quantitative information regarding the w
stresses that result from this process. While we do not fore
targeting ultrasound on specific, individual capillaries, target
larger vessels rather than targeting entire capillary beds is an
tion. Although the previous work has focused on PFC droplets;6
mm in diameter because they will pass through capillaries,
technique described above can be used to produce smaller
larger droplets.

No previous studies have reported wall stresses resulting f
droplet vaporization in a tube. Given the extremely short ti
scale and complex dynamic characteristics of ADV, it is diffic
to conduct experiments to investigate such phase change phe
ena directly. The closest experiments are those reported by K
gans et al.@8# on a potential gas embolotherapy from an over
perspective. Although the bubbles in these experiments bega
droplets, the ADV process itself was not the focus. Instead,
total bubble volume increase from the initial droplet volume w
measured over a time@1026 s. The total volume increase in
cludes contributions from both phase change and gas diffu
across the bubble interface. Experimental studies of mic
bubbles as contrast agents for ultrasound techniques~e.g., @30–
33#! have concentrated on acoustic effects on preexisting bubb
Other work has investigated the collapse of cavitation bubbles
were typically formed by lasers, localized heating, or flo
induced regions of low pressure. The formation of jets during
late stages of bubble collapse near a planar wall has been
served for bubbles in experimental and theoretical investiga
@34,35#. Significant differences between that condition and the o
reported here are that the bubble here is superheated and thu
not completely collapse, the bubbles in those studies reached
on the 1 mm scale, much larger than those considered here
those bubbles were not confined in a tube. The work of G
et al. considered the use of cavitation bubble expansion and
lapse in a tube whose diameter varied between;0.5 and;1 mm
for pumping @36#. None of the experiments investigated close
the ADV process and stresses on the blood vessel wall du
ADV.

Theoretical studies, especially direct numerical simulatio
~DNS!, of such problems with phase change, strong nonlinea
746 Õ Vol. 126, DECEMBER 2004
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and inertia in conjunction with an unknown free interface a
challenging, and the confined spatial domain inside a tube in
case compounds the complexity. The closest theoretical work
study of bubbles as a means of pumping liquids in micro devi
@37# in which it was shown that bubbles can generate apprecia
flows in such devices. However, no results regarding flow stres
were reported.

The objective of the present theoretical investigation is to p
vide quantitative insights into the flows and stresses that re
from bubble growth and collapse in a narrow, rigid tube. T
simulated processes correspond to ADV and the bubble evolu
that immediately follows ADV before the bubble reaches an eq
librium state.

2 The Computational Model

2.1 Geometry and Assumptions. The model geometry and
computational domain are shown in Fig. 1. The expansion o
DDFP bubble in a vessel is modeled by a single, spherical bub
initially located at the center of a rigid cylindrical tube. The tub
with length,L, and inner diameter,D, is filled with an incompress-
ible liquid, which is at rest initially. The tube opens, at both en
to the liquid reservoir at pressure,P*̀ .

As reported in@8#, the vaporization takes place within approx
mately 1029 s, and the phenomenon entails processes rang
across molecular, microscopic and macroscopic scales. In thi
vestigation, a similar approach to that used by Ory et al.@37# is
adopted in which the phase change process is modeled as i
droplet completely vaporizes before it expands. Immediately a
the phase change, the bubble has an initially high pressure,Ph*
@P*̀ , and the same volume as the original droplet. The sub
quent bubble growth and collapse processes are largely driven
controlled by this pressure and the liquid inertia. We determine
bubble evolution starting from this initial condition. At time
greater than zero, the bubble pressure obeys the ideal gas
under the isothermal condition. The bubble pressure varies in
sponse to the combined effects of liquid inertia, liquid stress,
surface tension. The process is assumed to be isothermal be
bubbles originate from very small droplets whose temperatu
have equilibrated with the temperature of the surrounding fluid
summary, the present isothermal process of the inertia-dri
bubble growth and collapse in a tube begins with an internal p
sure of the bubble,Ph , which is much higher than the saturatio
pressure,pv , i.e., the vapor pressure at the interface.

In light of the complexity of the real physical process, the wo
presented here is considered an initial model in our series of
vestigations. Future models will be extended to incorporate o
significant physiological features. Some other physical mec
nisms which are part of an ultrasound application involvi
bubbles@8#, but are not vaporization related phenomena, are
included in this model. One example is the slow mass diffus
across the bubble interface after droplet vaporization. The m
diffusion is responsible for the further expansion of the bubble
influx of gases, and is also largely responsible for the even
disappearance of the bubbles in the blood. However, it is no
phenomenon associated with the vaporization and occurs
much slower time scale. Thus it is excluded in our computatio
model.

Fig. 1 Schematic of the model geometry „left … and the compu-
tational domain „right …
Transactions of the ASME
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2.2 Governing Equations. The symbolic conventions use
in the following descriptions are as follows: subscript ‘‘l’’ stands
for liquid phase, ‘‘v ’’ for vapor phase, ‘‘int’’ for interface, ‘‘wall’’
for wall boundary, ‘‘n’’ for normal direction at interface pointing
from vapor to liquid phase, and ‘‘r’’ for reference scales used in
the nondimensionalization process. We also denote dimensi
variables by superscript ‘‘* ’’.

The fluid dynamics of the liquid are governed by the unstea
viscous, incompressible Navier–Stokes equations, which re
sent conservation of mass and Newton’s second law~momentum
conservation principle! on a differential fluid element in a Eule
rian framework. With constant thermodynamic and transport pr
erties in the liquid phase, the mass and momentum conserva
equations in the liquid phase can be written as

“* "u* 50 (1)

rF]u*

]t*
1“* •~u* u* !G52“* p* 1“* •~m“* u* ! (2)

where u* , r, p* and m are the velocity, density, pressure, an
viscosity of the liquid, respectively.

The gas phase is considered inviscid and is governed by
isothermal ideal gas law:

Pv* Vv* 5const (3)

where Pv* , Vv* are the pressure and the volume of the bubb
respectively. The flow is assumed to be axisymmetric and
governing equations are considered in cylindrical coordinates

2.3 Boundary and Interfacial Conditions. Referring to
Fig. 1, the boundary conditions specified for solving the Navie
Stokes equations are: pressure conditions at the left and
boundaries, an impermeable, fixed tube wall (uwall* 50), and sym-
metry conditions for all variables at the tube centerline. At t
bubble interface, mass and momentum conservation gives ris
interfacial jump conditions. For an interface moving at a veloc
uint* , the mass conservation condition on the interface stipula
that

uint* "n5ul* "n (4)

In this study, the surface tension is assumed to be constan
the force balance across the interface is expressed as

pv* n5pl* n2tl* "n1sk* n (5)

wheretl* represents the liquid viscous stress tensor,s is the sur-
face tension, andk*5¹*•n is the interfacial curvature.

Note that Eq.~5! is in vector form where the liquid viscou
term,tl* "n, is a vector with components~zero or nonzero! in both
interface normal and tangential directions. By expanding the
uid viscous term, Eq.~5! can be written as

pv* n5pl* n2@~tl* "n!nn1~tl* "n! tt#1sk* n (6)

where (tl* "n)n and (tl* "n) t are magnitudes in normal and tange
tial directions of the vector,tl* "n, respectively.t denotes the in-
terfacial tangential vector.

One can decompose Eq.~6! into two component~scalar! equa-
tions. The normal component of Eq.~6!, by collecting all terms in
n, is

pl* 2pv* 1sk* 5~tl* "n!n (7)

The tangential component from Eq.~6! is

~tl* "n! t50 (8)

which is the only term remaining in the tangential direction,t. If
the vapor phase is viscous, there is a similar term, (tv* "n) t , in the
Journal of Biomechanical Engineering
nal

dy,
re-

p-
tion

d

the

le,
the

r–
ight

he
e to
ity
tes

t, so

iq-

-

vapor. If the surface tension is not constant, the surface ten
gradient along the tangential direction,]s/]t, balances the shea
stress jump in the tangential stress balance. The condition of
shear stress at the interface in the liquid follows from the invis
~ideal gas! bubble and constant surface tension assumptions.

2.4 Nondimensionalization. The governing equations an
boundary conditions are nondimensionalized as follows.Lr , ur ,
and t r5Lr /ur are the length scale, velocity scale, and time sca
respectively. The dimensionless variables are defined ax
5x* /Lr , u5u* /ur , t5t* /t r , p5p* /(r lur

2), r5r* /r r , m
5m* /m r , where the liquid properties are chosen to be the re
ence properties, i.e.,r r5r l , m r5m l .

The dimensionless mass and momentum conservation equa
for the liquid phase are

“"u50 (9)

St
]u

]t
1“"~uu!52“p1

1

Re
“

2u (10)

where

Reynoldsnumber Re5
r lurLr

m l

Strouhal number St5
Lr

urtr

Note that the Reynolds number is the ratio of inertial and v
cous forces, and the Strouhal number is the ratio of time dep
dent inertial force to convective inertial force.

The gas phase observes the ideal gas law

PvVv5const (11)

At the bubble interface, the mass and momentum jump~bal-
ance! conditions become

~un! int5~un! l (12)

and

pl2pv1
1

We
k5

1

ReS ]un

]n D
l

(13)

S ]ut

]n D
l

50 (14)

respectively, where

Weber number We5
r lur

2Lr

s

The Weber number represents the ratio of inertial force to s
face tension force.

The length scale,Lr , is taken to be the tube diameterD, which
is assumed to have a typical dimension of 36mm for arterioles.
The choice of velocity scale,ur , is less obvious as there is n
apparent velocity scale in the system. The peak velocity of
interface is an appropriate velocity scale. To compute the p
velocity, which increases with initial bubble pressure, one has
integrate the interfacial acceleration, which is largely determin
by the pressure, over time. This requires the knowledge of
pressure variation in time, which is part of the solution, and u
known a priori. Therefore, we estimate the peak velocity by
suming that the initial bubble pressurePh* is maintained invariant
for a short durationDt(51026 s), during which the two liquid
columns of length 1/2Lt are pushed back by the expandin
bubble, whereLt denotes the tube length. It then follows that th
approximate peak velocity of the bubble interface can be ca
lated as
DECEMBER 2004, Vol. 126 Õ 747
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Note that this velocity scale results in a slightly higher Re
nolds number than that based on the instantaneous bubble ti
locity during the majority of the bubble lifespan. The correspon
ing time scale,t r , is Dt.

3 The Numerical Method
The biofluid dynamics model outlined in Section 2 involves

deforming fluid interface. Such multiphase flows abound in ap
cations, and pose unique challenges to the solution methods.
merous computational approaches have been developed to
with this type of flow. To highlight the properties required in
numerical method to solve the present problem, we briefly
scribe the existing methods. The boundary element method
been demonstrated to provide high accuracy for interfacial flo
@38# because the governing equations are transformed to
boundaries, including the interfaces, and thus only the bounda
discretized. However, this method requires additional terms wi
the domain in order to consider flows which are not Stokes
potential flows@39#. Here, we only consider solution techniqu
for the full Navier–Stokes equations.

Two classes of methods have been used to solve interfa
flows governed by the full Navier–Stokes equations: moving-g
and fixed-grid approaches. Moving mesh/grid methods experie
difficulty in handling large deformations or topological chang
encountered in applications. The fixed grid methods there
dominate recent development. Fixed-grid numerical methods
clude the single-domain~single-fluid! and the multiple-domain
~multi-fluid! method.

The majority of current methods are single-domain metho
such as the volume of fluid~VOF! method @40#, the interface-
tracking/immersed boundary method@41#, the level-set method
@42#, the phase-field@43#, the ghost fluid method@44#, and possi-
bly others. Continuous and smeared interface treatment is
main characteristic of the single-domain method. The basic p
ciple of the single-domain method is to solve one set of govern

Fig. 2 Illustration of a fixed Cartesian grid and interface mark-
ers. The markers are the basic elements of the interface
scheme. The interface cuts through some cells and divides the
domain into two phases.
748 Õ Vol. 126, DECEMBER 2004
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equations to account for all phases. The interfacial forces, e.g.
surface tension force, are modeled by a continuous interface t
nique @45# in which extra body force terms are added to the m
mentum equations at relevant grid cells. So the single-dom
method is relatively easy to implement by extending single-ph
flow methods, and has been widely used. The downside is tha
field solution is continuous across different phases in the dom
Consequently, the order of accuracy of the overall solution is
duced to first-order or even lower@46#. This is the continuous
aspect of the single-domain method. The extra body force term

Fig. 3 Illustration of markers „empty circles …, B-spline curves
fitting these markers and the normal convention of the inter-
face scheme. Here s denotes the arclength for parameteriza-
tion. There can be multiple interfaces and multiple phases
separated by the interfaces.

Fig. 4 An illustration of finding a C2 cubic B-spline interpola-
tory curve „inner circle in thicker line …, given, say, 5 points Xi
„solid circles …. Here Xi are interfacial markers to be fitted by the
B-spline curve. B-spline control polygon d i „empty squares …

and Bé zier control polygon b i „empty circles … are necessary
intermediate points to generate the final B-spline curve. Be-
tween any two points Xi „solid circles …, there is a piece-wise
Bézier curve „thicker line …, which is a cubic polynomial curve.
C2 means these piece-wise Be ´zier curves are continuous up to
second derivatives at their junction points, Xi . See Farin †50‡
for details of the algorithm.
Transactions of the ASME
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the single-domain method are added at a band of grid cells
closing the interface. The effect of the interface is smeared o
several grids. The ‘‘smearing’’ is required in order to alleviate t
numerical stiffness associated with large property ratios across
interface. Adding the extra body force terms within a band of g
cells constitutes a finite-thickness interface treatment. This is
‘‘smearing’’ aspect of the single-domain method. Because of
continuous nature of the single-domain method that resulted f
solving a single set of equations, it is not trivial to specify diffe
ent models for liquid and vapor phases in different regions of
computational domain. That poses challenges to the present m
involving an ideal gas model in vapor phase. More importan
the pressure difference across the capillary interface is smoot
diffused by the continuous interface treatment of the sing
domain method@47# because of continuous and smearing nat
of the method. In this case, the single-domain method would
derestimate the liquid pressure due to excessive numerical d
sion, yielding a lower wall pressure. However, an accurate pre
tion of the wall stresses is critical in our investigation. Therefo
the single-domain method is not suitable for the present stud

The multi-domain, or otherwise known as cut-cell, meth
overcomes these drawbacks, and treats any type of interfac
sharp~as opposed to smeared! and discontinuous~as opposed to
continuous!. In the multi-domain method, interfaces, typical
represented by polynomial or spline curves~surfaces in 3-D!, in-
tersect with the grid and split the computational domain into m
tiple subdomains. Each subdomain represents one phase/ma
Mathematical models can be specified separately for each ph
material. Multiple sets of governing equations are solved as
posed to one set in the single-domain method to maintain
discontinuity of the solution and eliminate the source of the er
neous diffusion. Moreover, cut cells are reshaped to conform
the interface to enable sharp interface treatment. The boun
conditions on the internal interfaces, such as stress condition
fluid-fluid interfaces, are applied at the interfaces directly inst
of on the underlying grid. The use of multi-domain, shar
interface methods is rare in part because of implementation c
lenges and higher computational cost.

In this work, we employed a multi-domain, sharp-interfa
method@48,49,47# that allows us simulate flows with moving in
terfaces on fixed Cartesian grids. The need for an accurate t
ment of the interface in order to obtain accurate wall stres
necessitates the use of this approach.

3.1 Overview of Multi-Domain, Sharp-Interface Method.
The current combined Eulerian–Lagrangian method consists

Fig. 5 Illustration of an interface, an underlying fixed grid, cut
cells and reshaping of cut-cells to form trapezoidal cells „shad-
owed …. Notice that two fluids are separated by the interface.
The trapezoidal cells conform to the interface for a sharp inter-
face treatment.
Journal of Biomechanical Engineering
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fixed Eulerian grid, and Lagrangian geometric entities repres
ing the interfaces as illustrated in Fig. 2. The field solution
obtained on an underlying fixed grid while the interfaces are
plicitly tracked by B-spline curve schemes. To deal with the no
linear coupling between the Eulerian~field solution! and Lagrang-
ian ~interfaces! elements, an implicit, iterative procedure is use
The present method has second-order accuracy in computing
ous flows with embedded interfaces or boundaries@48,49,47#.

3.2 Interface Scheme and Curvature Calculation. The in-
terface is explicitly tracked using Lagrangian marker points. Fr
these markers, we can determine the shape and location o
interface, and its curvature and other geometric parameters, e
nating possible ambiguity in estimating the interface otherwi
The movement of the interface on the fixed Eulerian grid is
termined by the kinematic or dynamic conditions. This meth
can be applied to fixed solid boundaries with irregular shapes@48#
or moving phase boundaries@49# ~see Fig. 3!.

A C2 cubic B-spline curve, which is a composite curve com
prised of piecewise cubic Be´zier curves joined at the marke
points, interpolates a set of marker points@50# to construct the
interfaces.C2 denotes the degree of the smoothness of the c
posite B-spline curve, where the superscript ‘‘2’’ in this case
dicates that any two neighboring Be´zier curves have equal secon
derivatives about the parametrization at their joint. In other wor
the B-spline curve is continuous in zeroth~curve itself!, first and
second derivatives at any marker~Fig. 4!. Since each Be´zier curve
segment is defined by only four markers, the composite B-sp
curve can fit complex~with large curvature variations! shapes
supported by the entire set of markers. The translation and de
mation of the interface is accomplished through the motion
individual marker points, which is determined by the interfac
boundary conditions computed from flow quantities on the und
lying fixed grid.

The curvature, which involves second-derivatives of the int
face parametrization, is commonly known to suffer severely fr
spurious oscillations as a result of finite-precision floatin
arithmetic on digital computers@50#. It is true even with aC2

B-spline curve interpolation. In continuum interface methods,
excessive diffusion, albeit detrimental to accuracy, helps
dampen out the numerical noises in the curvature profile. Ho
ever, sharp interface methods eliminate erroneous numerical
fusion, leaving numerical stability of the solution process prone
noises in the curvature profile. Our solution is to use a fair
algorithm to obtain an accurate and smooth curvature pro
@51,50# without compromising the benefits derived from o
method. The curve smoothing is analogous to high wave num
noise filtering in the frequency domain using signal processi
For the lower wave number, real signals are retained. The filte
is required because~1! numerical noise~roundoff error! is inevi-
table in computer simulations, and~2! the curvature involves sec
ond derivatives about the parametrization~coordinates!. There are
two ways to cope with the noise associated with the interf
tracking: spectral and geometrical smoothing. In our method,
use a geometrical fairing algorithm that operates on the cu
itself to reduce the noise in the computed curvature. The ‘‘fairin
algorithm makes the piece-wise curve three-times differentiabl
the problematic marker points by adjusting the corresponding
tex of the spline control polygon. The resulting correction~in
terms of changes in coordinates of the marker points! of the
smoothing algorithm to the curve is negligibly small so that cur
itself does not have perceivable differences before and after
ing. Such correction in a fairing procedure to a randomly cho
curve is examined and plotted in@49#. This approach is widely
used in engineering design of perfect curves, and it ensures
the smoothing of the curvature does not alter the geometry. P
spectral filtering is subject to the disassociation of the curvat
DECEMBER 2004, Vol. 126 Õ 749
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Table 1 Summary of dimensionless parameters used in the simulations

Case Re We St Initial pressurePh Initial diameterdi

1 427.59 6.93 10.47 176.39 (Ph* 520 bar) 0.1
2 106.90 6.93 10.47 176.39 (Ph* 520 bar) 0.1
3 427.59 3.46 10.47 176.39 (Ph* 520 bar) 0.1
4 202.39 1.55 22.11 393.66 (Ph* 510 bar) 0.1
1-1 427.59 6.93 10.47 176.39 (Ph* 520 bar) 0.3
1-2 427.59 6.93 10.47 176.39 (Ph* 520 bar) 0.5
1-3 427.59 6.93 10.47 176.39 (Ph* 520 bar) 0.7
1-4 427.59 6.93 10.47 176.39 (Ph* 520 bar) 0.9
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from the underlying geometry~such as normal and tangent o
the curve!, a probable accuracy degradation warranting furt
examination.

3.3 Cartesian Grid Method for Flows With Fixed Inter-
faces. Unlike a usual body-fitted grid method for flows wit
embedded interfaces, in our fixed Cartesian grid method, the
lines do not conform to the interfaces, eliminating the need
regenerate the grid as the bubble interface evolves. To solve
flow field, one needs to discretize equations on cells cut by
interfaces and to specify the boundary conditions at the interfa
We employ a merged cut-cell approach. That is, the cells cu
the interface are split into two parts: the partial cell containing
center of the original Cartesian cell and maintaining the initial c
index, and the remaining portion merged with a neighboring c
belonging to the same phase. As illustrated in Fig. 5, this pro
dure results in irregular and trapezoidal shaped cells around
interfaces. Away from the interfaces, computational cells
structured and Cartesian. In this algorithm, the nominal structu
grid index system is maintained. A special interpolation schem
devised to discretize the reshaped cut-cells to second-order a
racy. To impose boundary conditions, we employ an extrapola
algorithm at the interfaces.

Interfaces cut the computational domain into multiple su
domains that represent different phases/materials. Each
domain is coupled with the neighboring subdomains via inte
cial boundary conditions. Because of the merging practice,
current method does not result in small cells, thus is free from
problems associated with small cells, a typical issue of other
cell methods. For example, the normalized cell sizes of the en
computational domain range from 0.5 to 1.5 for a uniform grid
the present method.

In the liquid phase, a finite volume, fractional step method@52–
54# is employed to solve the Navier–Stokes equations. The
cretization procedure deals with both Cartesian and trapezo
cells. The reshaping procedure maintains flux conservation aro

Fig. 6 History of the bubble aspect ratio obtained on two dif-
ferent grids for case 1 in Table 1. It confirms the grid chosen
has sufficient resolution.
, DECEMBER 2004
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the interface, so the conservation laws~mass and momentum! are
honored at all resolvable scales, including those computatio
cells intersecting with phase boundaries. Consistent interpola
formulas are used to compute the fluxes along any of the
surfaces including a linear-quadratic interpolation to handle
non-Cartesian cell faces@48,49#. Both inviscid and viscous terms
are discretized so as to create a globally second-order acc
algorithm. For time-integration~of the unsteady term! in the
Navier–Stokes equations, the convective terms are treated ex
itly using a second-order Adams–Bashforth scheme, and the
cous terms are treated semi-implicitly with a Crank–Nichols
scheme. An algebraic multigrid solver is employed to solve
discretized pressure Poisson equation. Since the stencil on t
grid cells cut by the interface is slightly larger than the stand
five-point stencil, the algebraic multigrid method avoids the dif
culties encountered by the geometric multigrid method in unstr
tured geometry. The computational code is parallelized us
OpenMP.

3.4 Iterative Algorithm for Flows With Moving Interfaces.
For flow problems subject to moving interfaces/boundaries,
need to solve the system within each time step such that, sim
taneously, the flow field satisfies the Navier–Stokes equations~9!
and ~10!, and interfacial conditions~12! and ~13! are enforced at
the interface. During this procedure, the interface location ha
be obtained as part of the solution. Solution of the Navier–Sto
equations is a boundary-value problem on a domain bounded
the gas-liquid interface which moves and deforms because of
flow. This gives rise to a nonlinear coupling between the flow fie
and the interface. One way to deal with this nonlinear coupling
to use a prediction-correction type iterative procedure. The
plicit iterative algorithm to solve for flow fields and interface
using the normal stress boundary condition within each time s
is outlined by the following steps.

Fig. 7 Bubble shapes at different times during growth „left
graph … and collapse „right graph … for case 1 in Table 1, Re
Ä427.59, WeÄ6.93, StÄ10.47, PhÄ176.39 „Ph*Ä20 bar …, d iÄ0.1.
Only half of the bubble is shown because of the symmetry.
Time interval between successive shapes is 1 dimensionless
unit „10.5Ã10À6 sÕunit …. The computational domain extends to
16 in both directions on the z axis.
Transactions of the ASME
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Fig. 8 „a… Pressure and „b… shear stress along the top wall of
the tube at various times for case 1 in Table 1, Re Ä427.59, We
Ä6.93, StÄ10.47, PhÄ176.39 „Ph*Ä20 bar …, d iÄ0.1. The horizon-
tal axis indicates axial position, z. Only the significant portion
of the tube, zÏ4, for shear stress is shown. The dimensional
stress is 11,338.8 N Õm2 per dimensionless unit. „c… Bubble
shapes at times presented in „a… and „b….

Fig. 9 Streamline plot at tÄ10 for case 1 in Table 1, Re
Ä427.59, WeÄ6.93, StÄ10.47, PhÄ176.39 „Ph*Ä20 bar …, d iÄ0.1.
Half of the domain is shown.
Journal of Biomechanical Engineering
1. For a given shape of the bubble, the flow field is first co
puted by solving the Navier–Stokes equations. During t
step, only a small number of iterations on the pressure P
son equation are needed. At the first iteration of current ti
step, the bubble shape is obtained from last time step.

2. After the flow field is solved, the normal stress bounda
condition at the interface, Eq.~13!, is checked. If it is not
satisfied, the interface shape is corrected based on the
sidual of Eq.~13!:

xint
n,k115xint

n,k1bS tn2
1

We
k D k

n

wherex stands for the interfacial marker location,n for time step,
k for the inner iteration count within a time step,n for normal
direction. (tn2(1/We)k) is the residual form of Eq.~13! by mov-
ing all terms to the right hand side of the ‘‘5’’ sign, with tn
representing all terms except the capillary term.b is the under-
relaxation factor used in the computation, whose optimal va
depends on the problem and is typically in the range
1026– 1022 in our simulations.

After each interface updating step, the mass conservatio
checked. If it is not satisfied, it is enforced by a rescaling pro
dure, as detailed in@49#.

If all equations and boundary conditions are satisfied wit
roundoff tolerances, the iteration of this time step is comple
and the computations move on to next time step to repeat
process.

4 Results and Discussion
Convective and time-dependent inertia, viscosity, surface

sion, initial bubble pressure and initial bubble size play cen
roles in the resulting bubble dynamics. Their relative importan
is indicated by the following dimensionless parameters: Reyno
number, Weber number, Strouhal number, initial bubble press
and initial bubble size. We examined the effects of these par
eters on the wall stress conditions.

The computed cases are summarized in Table 1. The case
organized according to the initial bubble diameter,di . Cases 1–4
all have an initial bubble diameter ofdi50.1 but with different
liquid viscosity, surface tension or initial bubble pressure. Cas
differs from case 1 with a higher liquid viscosity; case 3 has
higher surface tension coefficient than 1; case 4 represents
case with a lower initial pressure,Ph* 510 bar, which results in
the variations in other dimensionless parameters as well. C
1-1, 1-2, 1-3, and 1-4 have the same dimensionless paramete
case 1 except the bubble diameter.

Fig. 10 Bubble shapes at different times during growth „left
graph … and collapse „right graph … for case 2 in Table 1, Re
Ä106.90, WeÄ6.93, StÄ10.47, PhÄ176.39 „Ph*Ä20 bar …, d iÄ0.1.
Only half of the bubble is shown because of symmetry. Time
interval between successive shapes is 1 dimensionless unit
„10.5Ã10À6 sÕunit …. The computational domain extends to 16 in
both directions on the z axis.
DECEMBER 2004, Vol. 126 Õ 751
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The physical dimensions and scales underlying the dimens
less parameters are as follows. The tube diameter is 36mm, which
is the length scale. The tube length is set to be 32 times of
diameter, i.e., 32336 mm51.152 mm. The initial bubble diam
eters considered are 3.6, 10.8, 18.0, 25.2, and 32.4mm, corre-
sponding to 10%, 30%, 50%, 70%, and 90% of the tube diame
respectively. With chosen initial pressure of 10 or 20 bar,
velocity scale is 1.628 or 3.440 m/s. The time scale, ratio of
length and velocity scale, is 10.531026 or 22.131026 s.

The size of the computational domain is 3231, with 1 being the
tube diameter and 32 being the tube length. After a grid refi

Fig. 11 „a… Pressure and „b… shear stress along the top wall of
the tube at various times for case 2 in Table 1, Re Ä106.90, We
Ä6.93, StÄ10.47, PhÄ176.39 „Ph*Ä20 bar …, d iÄ0.1. The horizon-
tal axis indicates axial position, z. Only the significant portion
of the tube, zÏ4, for shear stress is shown. The dimensional
stress is 11,338.8 N Õm2 per dimensionless unit. „c… Bubble
shapes at times presented in „a… and „b….
752 Õ Vol. 126, DECEMBER 2004
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ment study, a nonuniform, Cartesian grid of 492352 was chosen
for the simulations. For a test case, the computed history of
bubble aspect ratio on this and a finer grid is plotted in Fig. 6. T
two curves are almost identical, indicating that the grid 492352
has adequate spatial resolution. The bubble aspect ratio is de
as the ratio of the bubble diameter versus its length in the z di
tion. Both measures are on the major axes of the bubble.

4.1 Effects of Viscosity, Surface Tension and Initial Pres-
sure. The results presented in this section correspond to an
tial bubble diameter of 0.1, i.e., 10% of the tube diameter. T
includes cases 1–4 in Table 1. In these cases, we examine
effects of changing viscosity, surface tension, as well as ini
bubble pressure while keeping the initial bubble size fixed at 0
The Reynolds number ranges from 106.90 to 427.59, Weber n
ber varies from 1.55 to 6.93, Strouhal number changes from 10
to 22.11, and initial bubble pressure is 10 or 20 bar.

Figure 7 shows the shape evolution of the bubble for case
Re5427.59, We56.93, St510.47, Ph5176.39 (Ph* 520 bar), di
50.1, at different time instants. Only half of the bubble (z.0) is
shown owing to symmetry. The other half of the bubble on t
negativez axis is the mirror image of that in the graph. The tu
extends to616 in thez direction.

Our primary goal in this study is to predict the stress exerted
the tube wall during bubble expansion and collapse processes
stress profiles are shown in Fig. 8 for this case. The symbol N2

in the figure denotes the ISO unit of stress, Newton per squ
meter, and the dimensional stress corresponding to a dimens
less stress of one is indicated. From the results, the pressure d
nates the normal stress on the wall while the liquid viscous st
contribution to the normal stress is negligible. Figure 8~a! shows
the pressure along the top wall of the tube at various times.
horizontal axis is the axial position along the tube from 0 to 1
The center of the bubble is atz50. It is evident that, at the onse
of the bubble growth driven by a high internal pressure, the w
pressure exhibits a linear variation fromz50 to z516, the exit of
the tube. At later times, the wall pressure is much lower as liq
pressure becomes lower. This is typical for an inertia-driven p
cess. The most unfavorable pressure condition occurs at the
beginning of the bubble expansion. The wall shear stress versz
is plotted in Fig. 8~b! for the same times. For better resolution
the shear stress variation near the center of the tube, only a po
of the tube,z<4, is shown. The straight lines in the graph exte
all the way to the tube exit atz516. The uniformity of the shear
stress along the majority of the tube is a result of the bulk flow
the tube, which indicates a nearly constant velocity away from

Fig. 12 Bubble shapes at different times during growth „left
graph … and collapse „right graph … for case 3 in Table 1, Re
Ä427.59, WeÄ3.46, StÄ10.47, PhÄ176.39 „Ph*Ä20 bar …, d iÄ0.1.
Only half of the bubble is shown because of symmetry. Time
interval between successive shapes is 1 dimensionless unit
„10.5Ã10À6 sÕunit …. The computational domain extends to 16 in
both directions on the z axis.
Transactions of the ASME
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center of the tube. Atz50, the bulk motion in the horizonta
direction is very small. The bubble size effect is not significant
the shear stress profile. Before the bubble switches from grow
collapse, the shear stress reverses its direction att510.0. This
indicates a recirculation region has formed between the wall
the core flow in the tube, as seen in Fig. 9. During collapse,
shear stress is in the opposite direction and reaches roughly
same peak magnitude as in the growth stage. In general, the
stress is much smaller than the pressure in magnitude. Figure~c!
shows the bubble shapes at times corresponding to those in
8~a! and ~b!.

Similar illustrations for case 2, Re5106.90, We56.93, St
510.47,Ph5176.39,di50.1, are plotted in Figs. 10 and 11. I
this case, the liquid viscosity is higher compared to case 1,
flected by a lower Reynolds number, 106.90. The maximum v

Fig. 13 „a… Pressure and „b… shear stress along the top wall of
the tube at various times for case 3 in Table 1, Re Ä427.59, We
Ä3.46, StÄ10.47, PhÄ176.39 „Ph*Ä20 bar …, d iÄ0.1. The horizon-
tal axis indicates axial position, z. Only the significant portion
of the tube, zÏ4, for shear stress is shown. The dimensional
stress is 11,338.8 N Õm2 per dimensionless unit. „c… Bubble
shapes at times presented in „a… and „b….
Journal of Biomechanical Engineering
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Fig. 14 Bubble shapes at different times during growth „left
graph … and collapse „right graph … for case 4 in Table 1, Re
Ä202.39, WeÄ1.55, StÄ22.11, PhÄ393.66 „Ph*Ä10 bar …, d iÄ0.1.
Only half of the bubble is shown because of symmetry. Time
interval between successive shapes is 0.6 dimensionless unit
„22.1Ã10À6 sÕunit …. The computational domain extends to 16 in
both directions on the z axis.

Fig. 15 „a… Pressure and „b… shear stress along the top wall of
the tube at various times for case 4 in Table 1, Re Ä202.39, We
Ä1.55, StÄ22.11, PhÄ393.66 „Ph*Ä10 bar …, d iÄ0.1. The horizon-
tal axis indicates axial position, z. Only the significant portion
of the tube, zÏ4, for shear stress is shown. The dimensional
stress is 2540.3 N Õm2 per dimensionless unit. „c… Bubble
shapes at times presented in „a… and „b….
DECEMBER 2004, Vol. 126 Õ 753
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ume of the bubble is smaller than that in case 1~see Fig. 7!.
Additionally, the last bubble shape in the collapse graph does
extend as close to the wall as it does in case 1. These differe
result from the higher liquid viscosity.

The wall pressure and shear stress of case 2 are similar to
1. The maximum pressure occurs at the beginning. The peak m
nitude of the shear stress is higher than that of case 1 due to
higher liquid viscosity. The higher surface tension of case 3, co
pared to that of case 1, gives rise to the shape evolution of Fig
The dimensionless parameters in this case are Re5427.59, We
53.46, St510.47, Ph5176.39, di50.1. The pressure and th
shear stress in Fig. 13 show similar profiles to those of case

In case 4, we specify a lower initial bubble pressure, 10 b
instead of 20 bar. The corresponding dimensionless parameter
Re5202.39, We51.55, St522.11, Ph5393.66, di50.1. The
lower initial pressure results in a much smaller maximum bub
volume when the bubble expands. Since the expansion pro
does not produce as much inertial energy in the liquid as in
previous cases, the bubble experiences much less deformati
the subsequent collapse process~see Fig. 14!. This leads to mul-
tiple growth-collapse cycles. Largely through the liquid frictio
the inertial energy of the high pressure is dissipated in the proc
Eventually, the cyclic process stops and the bubble reache
equilibrium state. The corresponding wall stress conditions wit
one growth-collapse cycle are plotted in Fig. 15. The press
follows a similar pattern to other cases, and achieves its maxim
magnitude at the very beginning of the process. The growth
collapse of the first cycle cause higher wall shear stresses tha
subsequent bubble growth and collapse cycles, simply becaus
kinetic energy decreases with each cycle. The time variation of
shear stress also provides an indication of when the bulk flow
the tube reaches its highest velocity.

We note that the bubble does not break up during the colla
phase as has been observed for cavitation bubbles near p
walls @34,35#. Unlike in cavitation, the gas bubble in this work
superheated at ambient conditions, and thus does not compl
collapse. The bubble apparently does not become small eno
that bubble pressures are sufficient to induce breakup. In an
perimental investigation of the use of bubble growth and colla
in an expanding tube for pumping@36#, bubble breakup was no
reported during either growth or collapse, and was not appare
the bubble images.

Fig. 16 Bubble shapes at different times for case 1-1 in Table
1, ReÄ427.59, WeÄ6.93, StÄ10.47, PhÄ176.39 „Ph*Ä20 bar …, d i
Ä0.3. The initial bubble diameter is 0.3. Only half of the bubble
is shown because of symmetry. Time interval between succes-
sive shapes is 0.25 dimensionless unit „10.5Ã10À6 sÕunit …. The
computational domain extends to 16 in both directions on the z
axis.
754 Õ Vol. 126, DECEMBER 2004
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4.2 Effect of Initial Bubble Size. The results in this section
demonstrate the effect of initial bubble size. Here, all dimensi
less parameters are identical to those in case 1, i.e., Re5427.59,
We56.93, St510.47,Ph5176.39, except the initial bubble size
di , which ranges from 0.3 to 0.9. For larger initial bubble diam
eters, the bubble interface moves closer to the tube wall du
expansion than for the smaller initial bubble diameters. This
sults in higher local shear stress in the liquid region between
bubble and the tube. The simulations were terminated if

Fig. 17 „a… Pressure and „b… shear stress along the top wall of
the tube at various times for case 1-1 in Table 1, Re Ä427.59,
WeÄ6.93, StÄ10.47, PhÄ176.39 „Ph*Ä20 bar …, d iÄ0.3. The hori-
zontal axis indicates axial position, z. Only the significant por-
tion of the tube, zÏ4, for shear stress is shown. The dimen-
sional stress is 11,338.8 N Õm2 per dimensionless unit. „c…
Bubble shapes at times presented in „a… and „b….
Transactions of the ASME
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bubble interface became too close to the wall. A wall adhes
model is needed to guide the subsequent evolution of the bub
The results from expansion only provide adequate informa
about the maximum wall stresses since these occur early in
expansion phase.

Figures 16 and 17 show the interface shape and the
stresses, respectively, for an initial bubble diameter ofdi50.3.
The pressure is high initially and then decreases~Fig. 17~a!. From
Fig. 17~b!, The shear stress increases to a maximum att51.25,
and drops aftert51.25. Since the bulk shear stress is proportio
to the bulk flow in the tube, this indicates that the peak velocity
the bulk flow is reached beforet51.25. The local shear stres
maximum moves to the right in Fig. 17~b! as time progresses, an
its location corresponds to where the bubble interface is close
the tube wall as shown in Fig. 17~c!. The maximum shear stres
rises as time progresses due to the bubble interface moving c
to the tube wall. The shear stress is positive at allz locations
during the growth process, indicating that a recirculation reg
has not yet formed near the wall.

For an initial bubble diameter of 0.5, the observed behavio
similar to that observed for an initial bubble diameter of 0.3~see
Figs. 18 and 19!. The peak velocity of the bulk flow is reache
before t51.25 as in Fig. 19~b!. The brief negative shear stres
nearz50.75 att56.25 ~solid line! indicates there is a recircula
tion region between the bubble surface and the tube wall. It is
noted that as the bubble moves closer to the tube wall, the m
point (z50) of the bubble is pushed inward, a result of the larg
static pressure of the liquid atz50. Thus the distance between th
bubble interface and the tube wall is not uniform from the m
poing, z50, towards the bubble tip. Computational studies us
the boundary element method have also captured this dimp
behavior for a viscous droplet approaching a planar boundar
Stokes flow@55#.

Pressure versusz, shear stress versusz, and the corresponding
interface shapes are plotted at several times for an initial bu
diameter of 0.7 in Fig. 20. Interface shapes at later times
shown in Fig. 21. Figures 22 and 23 contain plots analogou
those in Figs. 20 and 21, respectively, for initial bubble diame
of 0.9. The peak velocity of the bulk flow for the bubble wi
initial diameter of 0.7 occurs betweent51.25 andt52.5 judging
from the shear stress plot~Fig. 21~b! since the wall shear stress
proportional to the bulk flow velocity. For the bubble with initia
diameter of 0.9, this peak velocity occurs betweent52.5 andt

Fig. 18 Bubble shapes at different times for case 1-2 in Table
1, ReÄ427.59, WeÄ6.93, StÄ10.47, PhÄ176.39 „Ph*Ä20 bar …, d i
Ä0.5. The initial bubble diameter is 0.5. Only half of the bubble
is shown because of symmetry. Time interval between succes-
sive shapes is 0.25 dimensionless unit „10.5Ã10À6 sÕunit …. The
computational domain extends to 16 in both directions on the z
axis.
Journal of Biomechanical Engineering
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53.75~Fig. 23~b!. It appears that the time required to achieve t
peak velocity of the bulk flow is increased as the bubble s
increases.

For initial bubble diameters greater than 0.1~cases 1-1, 1-2, 1-3
and 1-4!, we observed that interfaces become saddle shaped
z50. As the bubble expands toward the tube wall, the liquid
between the wall and the bubble is squeezed out in both di
tions, resulting in nonzero velocity atz.0 andz,0. Because of
symmetry, the horizontal fluid velocity atz50 is zero. Analyzed

Fig. 19 „a… Pressure and „b… shear stress along the top wall of
the tube at various times for case 1-2 in Table 1, Re Ä427.59,
WeÄ6.93, StÄ10.47, PhÄ176.39 „Ph*Ä20 bar …, d iÄ0.5. The hori-
zontal axis indicates axial position, z. Only the significant por-
tion of the tube, zÏ4, for shear stress is shown. The dimen-
sional stress is 11,338.8 N Õm2 per dimensionless unit. „c…
Bubble shapes at times presented in „a… and „b….
DECEMBER 2004, Vol. 126 Õ 755
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by an approximation of the Bernoulli principle, the liquid stat
pressure along the thin film region enclosed by the tube wall
the bubble surface has a local maximum atz50. The variation of
net force along the bubble surface nearz50 is dominated by the
difference in the liquid static pressure because the bubble inte
pressure is uniform and its surface tension is constant. Gove
by the normal stress interfacial condition, the bubble interfa
yields to the larger liquid static pressure atz50, resulting in the
saddle shape. However, this behavior is largely missing in res
from other studies on bubble expansion. As noted earlier, the
tinuous interface treatment of the single-domain numer
method often implemented for interfacial flows tends to smo
out the gradient of the pressure across the interface.

The pressure versusz and shear stress versusz are shown in
Fig. 24 at t52.5 for a variety of initial bubble diameters. Th
influence of the initial bubble size on pressure and shear stre
the wall is significant, with largerdi leading to higher wall
stresses.

4.3 Implication for Embolotherapy and Model Limita-
tions. The simulation results indicate that, for a given initi
bubble size, the maximum pressure at the tube wall increases
the initial bubble pressure, and that the maximum occurs earl
the bubble expansion. The vessel wall is therefore exposed to
highest risk of rupture at the beginning of the bubble expans
The initial bubble size has a more significant effect on shear st
than do the other parameters. To minimize the potential of d
aging the endothelium, smaller bubbles relative to the diamete
the blood vessel are favored. The overall magnitude of the s
stress is much less than that of the pressure.

Although the qualitative information obtained from simulatio
is valuable for the application of the embolotherapy, the quan
tive relevance of the simulation results is dictated by the speci
initial bubble pressure, and perhaps other modeling paramete
well. Specifying a uniform initial bubble pressure is an appro
mation of several concurrent dynamic and thermal phys
mechanisms in the ADV process. There is no direct corresp
dence between this initial bubble pressure and a readily meas
physical quantity.

Nonetheless, such a modeling quantity could be determined
directly from an experiment. A proposed experimental plan is
conduct an experiment with a set of parameters that are iden
to the simulations except for the initial bubble pressure. In
simulation, we can vary the initial bubble pressure while n

Fig. 20 Bubble shapes at different times for case 1-3 in Table
1, ReÄ427.59, WeÄ6.93, StÄ10.47, PhÄ176.39 „Ph*Ä20 bar …, d i
Ä0.7. The initial bubble diameter is 0.7. Only half of the bubble
is shown because of symmetry. Time interval between succes-
sive shapes is 0.25 dimensionless unit „10.5Ã10À6 sÕunit …. The
computational domain extends to 16 in both directions on the z
axis.
756 Õ Vol. 126, DECEMBER 2004
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changing the other parameters. By testing different initial bub
pressures until a match of the terminal size of the bubble fr
experiment and simulation is found, the initial bubble press
could be determined. This process may be regarded as a ca
tion of the simulation. For other settings, the corresponding ini
pressure could be estimated by comparing all parameters with

Fig. 21 „a… Pressure and „b… shear stress along the top wall of
the tube at various times for case 1-3 in Table 1, Re Ä427.59,
WeÄ6.93, StÄ10.47, PhÄ176.39 „Ph*Ä20 bar …, d iÄ0.7. The hori-
zontal axis indicates axial position, z. Only the significant por-
tion of the tube, zÏ4, for shear stress is shown. The dimen-
sional stress is 11,338.8 N Õm2 per dimensionless unit. „c…
Bubble shapes at times presented in „a… and „b….
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calibration experiment. The initial pressure would likely be
function of thermodynamic state whose parameters are mea
able quantities.

A future improvement might be a molecular dynamics simu
tion with multiple time and length scales, combined with t
present continuum simulation. Based on first principles using m
lecular dynamics simulations, the phase change and therm
namic states of ADV at a very early stage could potentially
determined to serve as inputs for the current continuum sim
tions, eliminating the initial bubble pressure modeling. Howev
molecular dynamics simulations of phase transformations in r
tively large spatial and temporal ranges demand extreme com
tational power and currently are under investigation in the
search community.

In addition to the need for calibration of the initial bubble pre
sure, there are several other limitations of the current model. F
most, the blood vessel wall is mechanically compliant, and
adapt itself to the blood flow rate or pressure. This physical f
ture is expected to significantly alter the wall stress. A flexib
wall enhancement is our priority in further investigations
bubble-fluid-structure interaction. When the wall is flexible, p
of the energy from the bubble pressure will be absorbed by
deformation of the vessel wall due to the increased liquid pres
during the bubble expansion.

The vasculature is a closed, branching tube network, and
pressure in the blood vessel is, in general, pulsatile. In this st
the blood vessel is modeled as an open-ended, albeit long,
connecting two reservoirs, each with the same constant pres
The length of the tube and the ambient pressure condition
expected to affect the magnitude and the time phase of the
forces on the tube wall. Examining different lengths and ambi
pressure conditions represents a next step in developing
model.

5 Summary
A computational model is presented to study unsteady, mic

scale bubble dynamics in a tube in order to assess the ris
vessel damage during a potential gas embolotherapy techn
The model consists of a bubble inside a long tube open to liq
reservoirs. A moving interface separates a viscous, incompres
liquid from an ideal gas. The effects of dimensionless parame
Reynolds, Weber and Strouhal numbers, as well as initial bub
pressure and size, were investigated. Since the wall stresse

Fig. 22 Bubble shapes at different times for case 1-4 in Table
1, ReÄ427.59, WeÄ6.93, StÄ10.47, PhÄ176.39 „Ph*Ä20 bar …, d i
Ä0.9. The initial bubble diameter is 0.9. Only half of the bubble
is shown because of symmetry. Time interval between succes-
sive shapes is 0.25 dimensionless unit „10.5Ã10À6 sÕunit …. The
computational domain extends to 16 in both directions on the z
axis.
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determined by localized, small-scale fluid dynamics, a mu
domain, sharp-interface, moving boundary method is employe

For this and similar problems involving a bubble in a tube, th
report is the first systematic presentation of the stress condit
on the tube wall for a range of dimensionless parameters.
normal wall stress is dominated by pressure while the visc
component of the normal stress is negligible. The wall press
typically reaches a maximum at an early time during the exp
sion process, and quickly returns to the ambient level. The m

Fig. 23 „a… Pressure and „b… shear stress on the top wall of the
tube at various times for case 1-4 in Table 1, Re Ä427.59, We
Ä6.93, StÄ10.47, PhÄ176.39 „Ph*Ä20 bar …, d iÄ0.9. The horizon-
tal axis indicates axial position, z. Only the significant portion
of the tube for shear stress is shown. The stress is 11,338.8
NÕm2 per dimensionless unit. „c… Bubble shapes at times pre-
sented in „a… and „b….
DECEMBER 2004, Vol. 126 Õ 757



a
n
h
f

o

p

u
o

r

r

o-
Re-

D.,
Ar-

oem-
rial

-

L.,
er-

P.
p-

8,
y

. J.,
nd
J.

, J.
of
ro-

of
atl.

n-
u-

.,
um

F.,
ear

he-
.,

of
ch.

h-

3,
a-

nd
Fi-

ar

uc-
p-

hear

C.,
s,’’

and

m,’’

ress
in 1

cts

nd
of
on-

ical
mum wall pressure depends weakly on the initial bubble size,
strongly on the initial bubble pressure. Although lower in mag
tude than the pressure on the tube wall, the wall shear stress
strong dependence on the initial bubble size and local flow
tures, e.g., recirculation. Higher initial bubble volumes lead
higher values of wall shear stress. In order to reduce the likelih
of endothelium damage due to the shear stress, smaller in
bubble diameters relative to the tube diameter, and lower liq
density to vapor density ratios, are preferred.
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