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A numerical method has been developed for direct simulation of bubble dynamics
with large liquid-to-vapor density ratio and phase change. The numerical techniques
are based on a fixed-grid, finite volume method capable of treating the interface as
a sharp discontinuity. The unsteady, axisymmetric Navier–Stokes equations and en-
ergy equation in both liquid and vapor phases are computed. The mass, momentum,
and energy conditions are explicitly matched at the phase boundary to determine
the interface shape and movement. The cubic B-spline is used in conjunction with
a fairing algorithm to yield smooth and accurate information of curvatures. Nondi-
mensional parameters including Reynolds, Weber, and Jakob numbers are varied
to offer insight into the physical and numerical characteristics of the bubble dy-
namics. Based on the present sharp interface approach, bubble dynamics for den-
sity ratio of 1600 or higher, with and without phase change, can be successfully
computed. c© 2001 Elsevier Science
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1. INTRODUCTION

Liquid–vapor phase change phenomena abound in daily life and in the power, chemical,
petroleum, and electronics industries. The central mechanism of heat transfer during nucle-
ate boiling is the so-called ebullition cycle: a complete process of liquid heating, nucleation,
bubble growth, and departure [10]. Hence understanding and prediction of vapor bubble
behavior is of substantial interest in the research community. The interaction between the
dispersed phase (bubbles) and the continuous phase (liquid) involves exchanges of momen-
tum, thermal energy, and mass. The interactions are two-way coupled, which means that
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the bubble behavior is affected by the liquid flow and the liquid flow is also modulated
by the presence of the bubbles. These two-way coupled interactions include stress balance
via the Young–Laplace equation [65], energy exchange due to heat transfer, as well as latent
heat release and mass transfer during phase change.

In spite of the substantial efforts made in the past several decades [6, 12, 16, 20, 23, 26, 34,
40, 43, 45, 49–51, 57–59, 63, 67, 71, 76], a fundamental understanding of bubble dynamics
with phase change is far from complete. A major reason for this unsatisfactory state of
knowledge the lack of adequate tools to facilitate detailed investigation of the underlying
physics. From a computational point of view, as reviewed in [66], development of numerical
techniques for simulating flows with dynamic, moving interfaces is a challenging task. In
addition to the well-known fact that with moving boundaries, the shape and movement of
the interface, and hence the geometric configuration of each phase, needs to be computed
as part of the solution, the large property jumps often associated with phase change add
substantial additional burden to the computational task.

For a single bubble rising in a liquid, previous theoretical results are largely limited to
very small deformation at either low or high Reynolds numbers. For example, at very low
Reynolds numbers, there exists the theoretical model by Taylor and Acrivos [70] based
on the asymptotic theory. At high Reynolds numbers, only boundary-layer approximations
[27, 44] and semi-empirical models [47] are available. All of the above assume that the
bubble maintains a spherical shape, which is rather unrealistic at high Reynolds or We-
ber numbers. Ryskin and Leal [58] have reported the first successful theoretical solution
for motion of bubbles with a finite degree of deformation using body-fitted, moving grid
techniques. In their model, the interface is treated as having zero thickness; the shape is
explicitly determined by the stress balance at the interface. However, the problems they
considered involve one viscous fluid surrounding the bubble and a void bubble withρv = 0
andµv = 0. There is no flow field inside the bubble. So the interfacial conditions involve
forces on only one side of the bubble interface. Later, Dandy and Leal [12] extended the
numerical method of [58] to consider the deformable drop problems involving two viscous
fluids both inside and outside of the drop. In both [58] and [12], only steady-state problems
are considered. Furthermore, orthogonal, body-fitted coordinates are adopted to generate the
moving grid system. For cases involving phase change and substantial volumetric change
between phases, the moving grid method can encounter difficulties. Alternatively, fixed grid
techniques [8, 29, 46, 48] can be devised. In recent years, many numerical simulations of the
bubble motion that have been reported in the literature are based on such approaches. How-
ever, in many cases, the interface is not sharply defined, and the stress balance is enforced
across several computational cells, instead of at precisely defined locations. Examples in-
clude the immersed boundary method, the level-set method, the phase field method, and the
volume of fluid method [3, 4, 7, 8, 25, 29, 31–33, 38, 39, 46, 48, 56, 62, 64, 68, 69, 72, 75].

For a large density ratio, the disparity of the fluid property across the interface makes
the computation stiff and often leads to numerical instabilities. Our opinion is that it is de-
sirable to develop sharp-interface computational capabilities for problems involving large
property jumps, such as density and viscosity, and geometry-dependent characteristics, such
as curvature-related interfacial dynamics, for accuracy and stability enhancement. For the
sharp-interface approach, Udaykumaret al. [73] have presented a method for simulating
capillarity/conduction-controlled solidification dynamics (i.e., with no convection) based
on a finite difference discretization. Based on a different approach, to overcome certain dif-
ficulties, such as spurious pressure oscillations at the interface, experienced by the level-set
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method, and to sharpen the interface representation, Fedkiw and co-workers have developed
the Ghost Fluid method for tracking the moving interface of discontinuity [18, 19, 35, 42].
They used so-called ghost cells in conjunction with an isobaric fix technique to keep the
density profiles from being smeared out.

Property jumps and discontinuities are also encountered in many other physical problems,
such as combustion. Qianet al. [52] and Helenbrooket al. [28] have developed techniques
to track the moving interface due to premixed flames. Helenbrooket al. [28] indicate that
their method does not introduce artificial smoothing of the changes in fluid properties across
the surface of discontinuity. A main limitation of their approach is that the jump condition
cannot be a function of the spatial derivatives of the flow variables at the discontinuity. The
approach of Qianet al.[52], on the other hand, is based on the smeared interface treatment.

For the liquid–vapor phase change problem considered here, the momentum effect is pre-
dominant. The exact interface location is subject to the combined momentum balance from
both liquid and vapor phases as well as surface tension. While there have been successful
attempts reported in the literature to simulate multiphase dynamics involving liquid–vapor
and phase change [e.g., 32, 67, 76], the need for alternative methods for solving such
problems continues to exist. Juric and Tryggvason [32] and Welch and Wilson [76] have
simulated cases with large density jumps between phases, while Son and Dhir [67] have
focused on near critical conditions where the density variations are modest. In terms of
the numerical techniques, Juric and Tryggvason [32] have adopted the immersed boundary
method, Son and Dhir [67] have employed the level-set method with modification to ac-
commodate the axisymmetric horizontal film boiling and spherical bubbles, and Welch and
Wilson [76] have modified the volume of fluid method to track the advection of the inter-
face with a conservation equation. All three resulted in the interface definition smeared over
more than one computational cell. With the above review, it seems that no sharp-interface
method for treating phase change problems with large property jumps has been reported in
the literature.

In the present effort, we detail a fixed-grid, sharp-interface method based on a finite
volume discretization with cut cells, previously presented in Yeet al.[78] for cases involving
one fluid, arbitrary geometries but no moving boundaries, by advancing the capability of
solving two-fluid problems with phase change, surface tension, buoyancy, convection and
viscous effects. The cut-cell approach using the Cartesian grid method has been developed
by numerous researchers [2, 14, 21, 53]. Recent progress in this area has been reported by
LeVeque and Li [41] and Calhoun and LeVeque [9] for single PDEs, and by Forrer and
Jeltsch [22] for inviscid compressible flows. In the present cut-cell approach, by combining
the smaller fragment of a cut cell with a neighboring regular Cartesian cell, for a uniform
underlying grid, the ratio of the dimension of all cells is always less than 3. The smallest
cell is half the size of the regular Cartesian cell, whereas the largest cell is a combination of
a regular cell and a half regular cell which is at most 1.5 times the size of a regular cell (see
Ye et al. [78] for details). This approach can enhance computational accuracy and stability.

Our goal is to develop a technique for calculating the shape and curvature of the liquid–
vapor interface accurately over wide ranges of Reynolds, Weber, and Jakob numbers and
density ratio. The present finite volume method ensures mass conservation in both phases.
The merit of the present approach is its capability of resolving sharp interfaces, mass conser-
vation, large property ratios, and phase change, along with convective–viscous–interfacial
transport. Our primary interest in this work is on bubble dynamics. In comparison, many
of the above referenced works focus primarily on film boiling.
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In the following, we first present the mathematical framework, based on continuum
mechanics, for multiphase dynamics involving phase change, and we introduce the key
dimensionless parameters. The interface tracking strategy and the detailed information for
computing curvatures along several test cases are presented. The procedures for obtaining
the exact, instantaneous interface location and enforcing mass conservation in the vapor
phase are then presented. Selected physical examples including those studied by Ryskin and
Leal [58] for nonevaporating flows, and cases with phase change, are discussed. Information
such as effects of density ratio and grid resolution on convergence and accuracy, respectively,
are also presented. Descriptions of the curvature computation and coupled computational
procedures are given along with numerous case studies to illustrate the performance of
the present approach. Together with the demonstration of the moving boundary solutions in
Udaykumaret al.[73], and fixed boundary, fluid flow solutions in Yeet al.[78], performance
of the various aspects of the present Cartesian-grid, sharp interface technique is assessed.

In this work, we have not considered merger and breakup cases. Typically, the crite-
rion adopted for such scenarios is based on numerical resolution; for example, when two
interfaces coexist in the same computational cell, then merger is declared. While there is
no fundamental difficulty numerically in handling such, situations, it is desirable to devise
physical models based on first principles to guide the numerical procedures. Such a model
will likely require information beyond the continuum level.

2. MATHEMATICAL MODEL

The schematic of the computational model for a vapor bubble rising in a quiescent liquid
with phase change is illustrated in Fig. 1. The motion of the vapor bubble is simulated in a
cylindrical domain filled with liquid of the same substance. The major simplification here
is that the system is assumed to be axisymmetric.

The two-fluid model is adopted as the mathematical basis which governs the liquid–vapor
two-phase flow of a single translating vapor bubble; i.e., a separate set of mass, momentum,
and energy conservation equations are solved for each phase (dispersed vapor phase and
continuous liquid phase surrounding the bubble) while sharp discontinuities of material
properties are maintained across the interface of zero thickness.

The mathematical model adopted in this paper is based on the following characterization
of the problem:

• axisymmetry,
• single component system,
• Newtonian, constant property fluids in each phase.

The dimensionless governing equations and boundary, interfacial conditions in the liquid
and vapor phases can be written as follows [e.g., 15, 30, 36, 59]:

Liquid Phase

∇ · u = 0, (1)

∂u
∂t
+∇ · (uu) = −∇ p+ 1

Re
∇2u, (2)

∂T

∂t
+∇ · (uT) = 1

Pe
∇2T. (3)
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FIG. 1. Schematic of the computational model and corresponding computational domain. For cases involving
stationary bubbles,L/R= 80 andH/R= 40; for rising bubble cases without phase change,L/R= 20 and
H/R= 6; for rising bubble cases with phase change,L/R= 20 andH/R= 8.

Vapor Phase

∇ · u = 0, (4)(
ρv

ρl

)[
∂u
∂t
+∇ · (uu)

]
= −∇ p+

(
µv

µl

)
1

Re
∇2u, (5)(

ρv

ρl

)[
∂T

∂t
+∇ · (uT)

]
=
(

kv
kl

)(
cpl

cpv

)
1

Pe
∇2T. (6)

Here the subscriptsl andv designate the liquid and vapor phase respectively;u is velocity;
p is pressure;T is temperature;t is time;ρ is density;µ is dynamic viscosity;k is thermal
conductivity;cp is heat capacity.

Interfacial Condition

For the mass continuity condition, we have

(un)int =
(un)l −

(
ρv
ρl

)
(un)v

1− ( ρv
ρl

) , (7)
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where the subscriptn denotes the normal component andint denotes a variable at the
interface. Therefore,(un)int means the interface velocity in the normal direction of the local
interface segment.

For the momentum balance condition (the Young–Laplace equation), we have

pl − pv + 1

We
κ = 1

Re

[(
∂un

∂n

)
l

−
(
µv

µl

)(
∂un

∂n

)
v

]
− [(un)l − (un)int] (un)l

+
(
ρv

ρl

)
[(un)v − (un)int] (un)v, (8)

wherepl = pd + 1/Fr · g(zout− z), with Fr = u2
r /gL the total pressure including hydro-

static and dynamics pressure,zout is the level of the liquid pool, andκ is the curvature of
the interfacial curve.

For the energy conservation condition, we have

(un)int − (un)v = Ja
Pe
·
[
∂Tl

∂n
−
(

kv
kl

)(
∂Tv
∂n

)]
. (9)

For the interface temperature condition, the thermal equilibrium condition is applied at
the interface for the temperatures,

Tl = Tv = Tint, (10)

whereTint is the temperature at the phase change interface. A condition on the interface
temperature must be specified to complete the formulation. Juric and Tryggvason [32] pre-
sented a sophisticated interface temperature expression. In this study, a sufficiently accurate
formulation for the interface temperature, taking into account the Gibbs–Thomson effect
owing to the curved interface, is used as

Tint = Tsat

(
1+ σκ

ρlλ

)
, (11)

whereTsat is the saturation temperature of the two-phase mixture at the corresponding
ambient pressurep∞, σ is the surface tension coefficient,κ is the curvature, andλ is the
latent heat of evaporation.

The dimensionless form is written as

Tint = 0κ (12)

with

0 = Tsat

1T

σ

ρlλL
. (13)

The major dimensionless parameters are

Re= ρl ur L

µl
(Reynolds number),

Fr = u2
r

gL
(Froude number),
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Pe= ρl cpl ur L

kl
(Peclet number)

= Re· Pr

Pr = νl

αl
, νl = µl

ρl
, αl = kl

ρl cpl

(Prandtl number),

We= ρl u2
r L

σ
(Weber number),

Ja= ρl

ρv
· cpl1T

λ
(Jakob number).

The reference scales are lengthL: initial bubble diameter, velocityUr , and time:tr = L/ur .
The characteristic temperature scale is1T = Th − Tc = T∞ − Tsat. The velocity scale can
be defined based on the diffusion mechanism:αl/L, buoyancy effect:(gL)1/2, or a bubble
terminal velocity. The choice in each case will be specified individually.σ is the surface
tension coefficient.T∞ andTsat are, respectively, imposed liquid temperature and saturation
temperature.g is the acceleration gravity.λ is the latent heat of evaporation.

3. NUMERICAL METHOD

In the present approach, we employ a combined Eulerian–Lagrangian strategy. The
fixed Cartesian grid is used as the Eulerian framework of the algorithm to facilitate the
field equation computation. Within this framework, separate marker points, connected by
piecewise polynomials, are adopted to represent the interface to form the Lagrangian por-
tion of the method. The interface can be either fixed solid boundaries with irregular shapes
[78] or moving phase boundaries [73]. With moving boundaries, the motion of the inter-
face is tracked through the translation of the marker points over the stationary, Cartesian
grid. In each phase, a finite volume, fractional step method [11, 37, 79] is employed to
solve the coupled governing equations of momentum, energy, and mass transfer. A cut-cell
approach is developed in [78] to handle arbitrary intersections between an interface and
the grid line. In the interface region, the grid will be recombined to form non-Cartesian
cells. Consistent interpolation formulas are chosen for estimation of the fluxes along any
of the cell surfaces. Both inviscid and viscous terms can be handled to maintain a globally
second-order-accurate algorithm. Here, this approach is further extended to treat liquid–
vapor interaction. The numerical method is thoroughly described in [77]. Consequently, the
key elements of the present approach are summarized in the following.

3.1. Interface Representation Using C2 Cubic B-Spline

A representative schematic of the present fixed grid method is depicted in Fig. 2. The grid
is Cartesian and does not conform to the body surface, and the interface is explicitly defined
by geometric curves in the computational domain. Basic elements involved in defining the
interface are marker points and curves connecting the markers. The markers define the
terminal points of the interfacial curves. Given a set of markers, finding a curve which
fits all markers is a geometric interpolation process. Depending on geometric conditions
imposed at the marker points, there are various ways to define numerically the interface
characteristics. For example, one can define a piecewise circular arc or piecewise parabola
for three consecutive markers [65, 66, 74].
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FIG. 2. Schematic of Cartesian grid and interfacial marker points.

In the present work, theC2 cubic B-spline curve is employed to fit a set of marker points.
The B-spline curve refers to a set of B´ezier curves glued together at the marker points to
represent the interface. As discussed in details by Farin [17], there are efficient algorithms
to do curve manipulation and geometric calculations.Cr denotes the smoothness conditions
at the junction points of piecewise B´ezier curves, requiring that a composite curve isr times
continuously differentiable at the junction points.C2 thereby means that the composite curve
has continuous second derivatives at any marker point. To achieve this level of smoothness,
the individual Bézier curve must be at least a degree 3 (cubic) polynomial to have continuous
second derivatives, and second derivatives computed from both sides of the junction point
have to be equal. This mathematical requirement of the two polynomials yields a smooth
global curve to represent the entire interface.

Once the B-spline fitting curve of the interface is constructed, the geometric information
such as location and curvature of any point along the entire interface can be easily obtained.
The translating, deforming, expanding, or shrinking of the interfaces is realized through the
motion of each individual marker point, which in turn is determined from the flow quantities
on the underlying fixed grid, using, e.g., normal stress balance condition. With the movement
of the markers, the instantaneous B-spline representation of the interface is reconstructed
accordingly to keep track of the interface. For an interface in motion, the curvature calculated
based on the continuously constructed B-spline may exhibit numerical oscillations [17]. To
extract the correct curvature values along the interface, a fairing algorithm [17] is adopted.
The combination of the cubic B-spline and the fairing algorithm results in a robust and
accurate method for tracking highly distorted interfaces in terms of location as well as
curvature.

The interface representation using the B-spline is based on the marker locations computed
at every time instant. The interfacial marker points are indexed sequentially and can represent
any number of open or closed interfaces based on the assigned connectivity between them.
The locations of the marker points are defined by coordinatesX(s), which is parameterized
in terms of arc lengths and a distance ratio based on the grid spacing. In our investigation,
the marker spacing is initially assigned to be the same as the grid spacing,h. In the course of
computation, markers are redistributed after each time step according to the initial criterion.
For the problems considered here, the two phases are designated as phase 0 and phase 1.
The convention adopted by the present algorithm in indexing the marker points is that by



BUBBLE DYNAMICS METHOD 789

FIG. 3. Illustration of immersed interfaces, marker points, and normal convention.

choosing the normal of the interface to point from phase 1 to phase 0, phase 1 always lies to
the right as one traverses the interface along the sequence of the marker points, as illustrated
in Fig. 3.

In the following, we describe the construction ofC2 cubic B-spline curves and the so-
called fairing algorithm which is used to remove numerical noise to recover the accurate
information of the curvature of the interface. Based on spline theory [1, 17], to construct
aC2 cubic B-spline curve interpolating a set of data pointsx0, . . . , xL with corresponding
parameter values (or knots)u0, . . .uL , the verticesdi of the B-spline control polygon have
to be determined first, as shown in Fig. 4. In this example, five pointsx0, . . . , x5 are assigned
initially. The corresponding knot sequenceu0, . . . ,u5 is chosen as the chord length at each
point. The example here illustrates a closed curve, sox5 = x0. The relationship between
the data pointsxi and the control verticesdi is [see 17]

(1i−1+1i ) xi = αi di−1+ βi di + γi di+1, (14)

FIG. 4. Cubic interpolatory spline curve of five points along with its B-spline control polygon and B´ezier
control polygon.
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where we have1i = 1ui = ui+1− ui and

αi = (1i )
2

1i−2+1i−1+1i
,

βi = 1i (1i−2+1i−1)

1i−2+1i−1+1i
+ 1i−1(1i +1i+1)

1i−1+1i +1i+1
, (15)

γi = (1i−1)
2

1i−1+1i +1i+1
.

Using the periodic condition, we obtain a linear system of the form
β0 γ0 α0

α1 β1 γ1
. . .

αL−2 βL−2 γL−2

γL−1 αL−1 βL−1





d0

d1
...

dL−2

dL−1

 =


r0

r1
...

rL−2

rL−1

 (16)

where the right-hand sides are of the form

r i = (1i−1+1i ) xi .

Equation (16) can be solved using the procedure described in, e.g., Ahlberget al. [1],
yielding the verticesd0, . . . ,d5 as shown in Fig. 4.

Then the vertices of the control polygon for piecewise cubic B´ezier curves can be obtained
with this B-spline control polygon. Based on this procedure, the two vertices on each leg of
the B-spline control polygon can be determined. As shown in Fig. 4, each of the piecewise
Bézier curves is defined by four control vertices, including the two marker points, denoted
by solid circles, and, between them, two vertices to be decided from the B-spline control
polygon. Therefore all four B´ezier curve control vertices are

b3i = xi ,

b3i−2 = 1i−1+1i

1
di−1+ 1i−2

1
di , (17)

b3i−1 = 1i

1
di−1+ 1i−2+1i−1

1
di ,

where1 = 1i−2+1i−1+1i . The indexi denotes thei th vertex of the B-spline control
polygon, and the total number of B´ezier control vertices is 3i , corresponding to vertexi of
the B-spline control polygon for a closed curve.

Once we have identified the control vertices for each local B´ezier curve, we can then
define a local parameter 0≤ t ≤ 1 for the interval [ui , ui+1] as t = (u− ui )/(ui+1− ui ),
to express the piecewise cubic B´ezier curve in the form

b(t) =
3∑

i=0

bi B
3
i (t), (18)

where Bernstein polynomialB3
i (t) is defined by

B3
i (t) =

(
3
i

)
t i (1− t)3−i (19)
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with binomial coefficient (
3
i

)
=
{

3!
i !(3−i )! if 0 ≤ i ≤ 3,

0 otherwise.

Using Eq. (18), geometric information such as normal and curvature can be evaluated
using analytical formulas as

nx = − yt(
x2

t + y2
t

)1/2 ,

ny = xt(
x2

t + y2
t

)1/2 , (20)

κ = xtt yt − ytt xt(
x2

t + y2
t

)3/2 .

For axisymmetric geometries, the total curvature is the sum ofκ in Eq. (20) and the other
principle curvature, i.e.,xt/y(x2

t + y2
t )

3/2.

3.2. Fairing Algorithm

Although curves look apparently smooth, using B-spline fitting, the curvatures obtained
by Eq. (20) can be contaminated by numerical noises. The curvature formula involves the
second derivatives as well as nonlinear products of the first derivatives and is prone to
suffer from numerical noise. As an example, Fig. 5 shows an interface curve taken from a
simulation conducted in this study. The corresponding curvature plot based on the B-spline
is shown in Fig. 6. There are substantial oscillations in the curvature profile, indicating that
noise associated with the numerical procedures are substantial. Such phenomena are well
known in computer-aided geometric design [17]. To treat this difficulty, so-called curve
fairing (smoothing) algorithms have been developed in the literature [17, 61].

FIG. 5. A sample interfacial curve from one simulation case.
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FIG. 6. Curvature plot obtained from B-spline fitting for the interfacial curve in Fig. 5.

One such algorithm, in theC2 cubic spline case, makes the local spline curve segment
three times differentiable, which is one order higher than that required by the original cubic
spline. The basic idea is to adjust the vertex locations to make the local curve segments
around them become three times differentiable. Since the curvature involves only first and
second derivatives, this extra differentiable requirement will ensure that the curvature be
differentiable, and it prevents discontinuity in the slope of the curvature, as shown in Fig. 7.

The formula for obtaining the new B-spline control vertexd̂ j is

d̂ j = (u j+2− u j ) l j + (u j − u j−2) r j

u j+2− u j−2
, (21)

where the auxiliary pointsl j andr j are given by

l j = (u j+1− u j−3)d j−1− (u j+1− u j )d j−2

u j − u j−3
,

(22)

r j = (u j+3− u j−1)d j+1− (u j − u j−1)d j+2

u j+3− u j
.

FIG. 7. Curvature plot obtained before and after fairing operation for the curve in Fig. 5.
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The geometric interpretation and detailed discussions can be found in [17, 61].
In practice, typically one fairing operation is not sufficient, and the fairing procedure will

be repeated multiple times. For the curve in Fig. 5, the resulting curvature plot after 100
iterations of fairing operation is shown in Fig. 7.

It is noted that the fairing algorithm is a geometric operation. It obtains correct curvatures
by removing the numerical errors in constructing the interfacial geometry, not by manipu-
lating the formulas for computing the curvature of a given geometry. In the latter case, one
can resort to an averaging procedure [65] or the removal of high wave number components
using FFTs [73]. On the other hand, attention needs to be paid to ensure that the interfacial
marker locations, as well as the volume/surface enclosed by the interface, are satisfactorily
preserved. A critical criterion of developing a satisfactory fairing algorithm is that with
arbitrary number of fairing iterations, the geometric information can be maintained at an
asymptotically constant state without being continuously smeared. For the case shown in
Figs. 5–7, the interface shape and curvatures settle down, as depicted in Fig. 7, without
further evolution.

To further validate the computational techniques adopted for geometric representation,
we examine the expansion of a circle on a 162× 162 grid as shown in Fig. 8. Initially,

FIG. 8. (a) Shapes of expanding circle at equal intervals of time. (b) Corresponding curvatures along the curve
at the same time instants as in (a).
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the circle has a radius of 1, and it expands at a constant speed. The curvature of the circle
at any given time is a constant. Figure 8a shows the interfacial shapes at equal intervals
of time. Figure 8b shows the curvature computed by the aforementioned formulas, at the
corresponding time instants as in Fig. 8a. As shown there, the interfacial curvature is a
constant while, by regulating the spacing between two neighboring markers, the number of
markers increases as the circle expands. The results shown in Fig. 8 are obtained from the
B-spline fitting algorithm only. No fairing operation is needed for this case; by applying
fairing, no impact is observed, either.

As another example for variable curvatures, Fig. 9a shows an initial interfacial curve shape
expressed in the form ofYi = 2.0+ (1− cos(2πXi /10)). The curvature plot is found to
be smooth using a B-spline fitting for the initial shape, as shown in Fig. 9b. Given the
normal velocity of each marker point asVni = Yi − Y1, the interface moves as depicted in
Fig. 10a. If the fairing is not applied, the curvature obtained from B-spline representation,
in Fig. 10b, exhibits oscillations near both ends of the curve after the interface evolves into
a new shape. After 10 fairing operations, the shape and curvatures at the final time instant
are shown in Fig. 11. The curvature profile in Fig. 11b is free from the artificial spikes at

FIG. 9. (a) The initial shape of two fingers. (b) The corresponding curvature of two fingers using B-spline
fitting.
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FIG. 10. (a) The shape evolution of two fingers until the later stage of the development when fairing is not
applied. (b) The curvature corresponding to the final shape denoted by the solid line in (a).

the ends. Furthermore, with a periodic curve, the curvature should be periodic as well. As
shown in Fig. 9b, initially, the computed curvature is periodic; however, without fairing,
Fig. 10b shows that the computed curvature for a moved interface is no longer periodic.
After fairing, as shown in Fig. 11b, the periodicity is restored again.

The shape preservation of the fairing algorithm is confirmed by Fig. 12, which shows
the corrections on coordinates of markers by the fairing operation at various time instants
from the beginning to the end of the development of the interface. All corrections of co-
ordinates are small, which is the reason why the two shapes before and after the fairing
operations are virtually identical to each other. The number of marker points increases as a
result of a reorganizing process to follow the increasing arc length caused by the interface
movement.

3.3. Cartesian Grid Method for Sharp Interfaces

In the following, we summarize the key elements to treat the interplay between the
Cartesian grid and the interface.
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FIG. 11. (a) The shape evolution of two fingers until the later stage of the development when fairing is applied.
(b) The curvature corresponding to the final shape denoted by the solid line in (a).

As already mentioned, the interfacial marker points are indexed sequentially and
distributed onto multiple interfaces as shown in Fig. 3. TheC2 cubic B-spline curve is
employed to represent the interfaces based on the marker points.

Once the interface is defined, one needs to identify in which phase each computational
cell lies so that correct transport properties can be assigned. Furthermore, for any two
neighboring cells between which a interface passes through, there may be a discontinuity
in transport properties such as density and viscosity. Those boundary cells are reshaped to
maintain flux conservation around the interface. A major goal of the present approach is to
adopt a finite volume formulation for all computational cells so that mass, momentum, and
energy conservation is honored in all resolvable scales, including the computational cells
intersecting with phase boundaries. Once a cell intersects an interface, it is split into two
parts; with the partial cell containing the center of the original Cartesian cell maintaining the
initial cell index, and the other merged into a neighboring cell belonging to the same phase.
As illustrated in Fig. 13, this procedure results in irregular, trapezoidal shaped cells around
the interfaces. Away from the interfaces, computational cells are structured and Cartesian.
In such an algorithm, while a nominal structured grid index system is maintained, the flux
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FIG. 12. (a) The corrections of the interface location by fairing algorithm at time instants corresponding to
shapes shown in Fig. 11a. (b) The corrections of the interface location by fairing algorithm at the same markers
as in (a).

FIG. 13. Illustration of the resulting situation when the cut-cell approach is applied; i.e., fragments of cells
which are cut by the interface are absorbed into neighboring cells. The newly formed cells are shown by dashed
lines on both sides of the interface.
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calculation across the surface is conducted based on interpolation of varying degrees of
polynomials. The resulting flow solver needs to account for both Cartesian and trapezoid
cells, using a fractional step method. The details of all assembly and flux computation
procedures are described in Yeet al. [78] and will not be repeated here.

The translating, deforming, expanding, or shrinking of the interfaces is realized through
the motion of each individual marker point, which in turn is determined from, e.g., normal
stress balance condition if no phase change is involved. Such a procedure has been previously
reported; see, e.g., Ryskin and Leal [58] and Rao and Shyy [55]. In both approaches, a body-
fitted coordinate system is adopted to facilitate a more straightforward delineation of the
interface location. In [58], a stream-function–vorticity formulation is adopted in orthogonal
coordinates, in which the pressure needs to be processed after the flow field is computed.
In [55], the velocity, pressure, and temperature fields are computed with no requirement for
orthogonal coordinates, while the dynamic Young–Laplace equation is integrated over the
finite domain in a manner analogous to the discretization of the transport equations over
the finite volume. In the present work, the method described in [58] is implemented in the
context of the fixed Cartesian grid method where the pressure field is computed. In essence,
this approach takes the local imbalance between the total normal stressτn, which includes
both static and dynamic pressure, viscous contributions, and capillary forces,

5(s) ≡ τn − 1

We
κ, (23)

to drive the movement of the interface, via the individual markers, in the normal direction.
The magnitude of the local displacement is proportional to5(s). Thus

xn+1,k+1
int = xn+1,k

int + β5k(s) · nx,
(24)

yn+1,k+1
int = yn+1,k

int + β5k(s) · ny,

whereβ is an underrelaxation factor, to be determined by numerical experiment; its typical
values areO(10−4 to 10−3) in our computations.

In cases where an interface completely encloses one of the two fluids, e.g., a bubble in
our study, the local increment in the location of interface marker points must be done in
such a way to satisfy the global mass conservation constraint; i.e., the bubble volume is
preserved if density is fixed. Various procedures to enforce global mass conservation have
been reported in [55, 58, 72]. The procedure employed in the present context, similar to
that in Ryskin and Leal [58], is summarized as follows.

We know that in two dimensions, the change in the area between thekth and(k+ 1)th
iterations is ∫ s

0

[(
xn+1,k+1

int − xn+1,k
int

)2+ (yn+1,k+1
int − yn+1,k

int

)2]1/2
ds, (25)

where the integral is taken along the interface. Since[(
xn+1,k+1

int − xn+1,k
int

)2+ (yn+1,k+1
int − yn+1,k

int

)2]1/2 ∼ 5k(s) (26)

we have the mass constraint ∫ s

0
5k(s) ds= 0. (27)
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This constraint determines a free constant of the pressure field in the total normal stressτn

at each iterationk so that Eq. (27) is satisfied.
Even after this constraint has been satisfied, the bubble may still change volume slightly

at each iteration due to higher order numerical errors. The error in the relative change
in bubble volume is typicallyO(10−3). To prevent these small errors from accumulating
and becoming significant after a number of iterations, a simple scaling of the interface
as employed by Ryskin and Leal [58] is done following Eq. (24) to conserve the volume
down to the level of1V/V < 10−7. One should note that the volume correction is also
incorporated into the computational loop of the field equations and the interfacial conditions.
Consequently, the solution is obtained with the mass, momentum, and energy transfer
between phases conserved. The uniform scaling magnitude1 of the interface location in
the normal direction can be determined from∫ s

0
1l · ds= 1V, (28)

where1V is the error in the volume. This simple scaling is very effective: normally one or
two iterations of this process is sufficient to bring the percentage error in the volume down
to 10−5%.

The global iterative process to update the interface location using normal stress balance
within each time step is therefore as follows.

(1) For a given shape of the bubble, the flow field is computed by solving the Navier–
Stokes equations with a small number of iterations on the Poisson pressure equation.

(2) Knowing the flow field, the normal stress balance at the interface is checked. If it
is not satisfied, the interface shape is modified according to Eq. (24) so as to reduce the
imbalance between the stresses.

(3) After each interface update, mass conservation is enforced by rescaling the interface
using Eq. (28).

(4) The interface normal velocity is calculated from the kinematic condition

un+1
int =

(
xn+1

int − xn
int

)/
1t.

(5) Return to step 1 and repeat until all equations and boundary conditions are satisfied
to a predetermined level of accuracy.

3.4. Determining Interface Shape with Phase Change

The interface movement due to normal stresses and surface tension is computed according
to the procedures outlined in the previous section, and that due to mass transfer associated
with phase change is computed according to the energy balance discussed below. Together,
these two components offer a complete procedure to update the interface movement and
shape.

The interface velocity component owing to phase change in the normal direction is given
in Eq. (9), i.e.,

(un)
n+1
int,p = (un)

n+1
int − (un)

n+1
v = Ja

Pe
·
[
∂Tl

∂n
−
(

kv
kl

)(
∂Tv
∂n

)]
, (29)
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where the superscriptn+ 1 on the left-hand side denotes the(n+ 1)th time step while the
right-hand side uses the field values at time stepn. The subscriptp on the left-hand side
means that this is the interface velocity component due to the phase change effect. So the
interface movement in the normal directiondriven bythe phase change is

xn+1
int,p · n = xn

int · n+
(
un+1

int,p · n
)
1t. (30)

After we have arrived at the new location of the interface, we can use the process described
in the previous section to further determine the shape satisfying the momentum balance con-
dition. The final interface velocity at time stepn+ 1 obtained from the kinematic condition
is the combination of the components owing to phase change and momentum balance.
Hence, the vapor phase velocity at the interface in the normal direction is given by

(un)
n+1
v = (un)

n+1
int − (un)

n+1
int,p, (31)

which is the boundary condition for solving the flow field in the vapor bubble.
The liquid phase velocity at the interface in the normal direction, according to Eq. (7), is

(un)
n+1
l = (un)

n+1
int

[
1−

(
ρv

ρl

)]
+
(
ρv

ρl

)
(un)

n+1
v , (32)

which is the boundary condition for the liquid phase.

4. RESULTS AND DISCUSSION

Referring to Fig. 1, unless otherwise mentioned, all the cases reported above are computed
with a 250× 75 uniform mesh. The initial and boundary conditions for the cases presented
below are as follows: At the three far sides of the boundary, the outflow (zero gradient
of velocity) is specified for the velocity and the temperature is set to the isothermal value
of 1. At the line of symmetry, the mirror condition for all variables is used. Owing to the
low underrelaxation parameterβ in Eq. (24) used to update the interface shape at each
inner iteration within every time step, a fairly large number of interface updating iterations,
typically 50, are required at each time step.

The solution procedure for the Navier–Stokes equations using a fractional step method
is briefly described as follows. First an advection–diffusion step is carried out where the
momentum equations without pressure gradient terms are solved to obtain an intermediate
velocity field. The advection–diffusion step is followed by the pressure-correction step to
obtain the final velocity field at the new time step. The constraint that the final velocity
field must satisfy the mass conservation condition leads to a Poission equation for pressure,
which is solved in between the advection–diffusion and pressure-correction steps. The
residual computed in each cell, from the finite volume formulation, is divided by the area
of that cell. The largest value among all cells is then selected as the indicator. The criteria
for determining the convergence are that the error indicator must be less than 10−6 for
momentum equations at the advection–diffusion step, 10−4 for the Poisson equation for
pressure, 10−6 for the energy equation in phase change cases, and 10−3 for evaluating the
normal stress balance at the interface. When these convergence criteria are satisfied, the
error indicator of mass conservation for the entire flow field is less than 10−3.

A grid dependency test will be presented later along with the results and discussion.



BUBBLE DYNAMICS METHOD 801

4.1. Buoyancy-Driven Bubble Motion

To help assess the performance of the present method, we first make a direct comparison
with the results reported by Ryskin and Leal [58] for the bubble motion at different Reynolds
and Weber numbers. It is noted that the results of [58] agree well with the experimental
studies of Saffman [60] and Bhaga and Weber [5]. The steady state is considered in these
studies by requiring that the buoyancy force be balanced by the hydrodynamic drag. We
compute the solutions forRein the range of 1≤ Re≤ 100 and forWefrom 0 up to 20 for
Re≤ 20 and up to 10 forRe≥ 50. All computations are performed in a time-dependent
manner.

To facilitate direct comparison, the condition of balance between the drag force and
buoyancy force used in [58] is employed in the present study to determine the Froude
number in the pressure term of Eq. (8). The relation used by [58] is

2Rg

U2
= 3

4
CD, (33)

whereR is the bubble radius,U is the terminal velocity of the bubble, andCD is the drag
coefficient.

The left-hand side of Eq. (33) is actually 1/Fr. For each case, we use Eq. (33) to find the
Froude number from a givenCD value. This procedure ensures that the scaling processes
between the current and that used in [58] are consistent. Of course, the drag coefficients are
computed from the solution obtained. The drag coefficients obtained in the present study,
given in Table I, are those when the bubble reaches a constant rising velocity.

The effect of grid resolution on the solution accuracy is examined first. Unless otherwise
mentioned, all simulations reported in this work employ the same grid resolution around the
interface; that is, the number of cells across the initial bubble diameter is 25. To assess the
grid dependency of the solution, we have conducted computations for one case:Re= 100,
We= 4, andρv/ρl = 0.001, using (i) a 250× 75 grid with 25 cells across the initial bubble
diameter and (ii) a 500× 150 grid with 50 cells across the initial bubble diameter. Figure 14
shows the time history of the aspect ratio of the bubble. The aspect ratio is defined as the
length along the major axis divided by that along the minor axis. As can be seen in Fig. 14,
the difference on the two grids is small.

The drag coefficients obtained by our simulations and by Ryskin and Leal [58] are
summarized in Table I. Also included in the table is the error estimate reported in [58],
based on an energy dissipation analysis of their numerical simulation. This information
helps one gain a sense of the accuracy level in that work.

Figure 15 compares the steady bubble shapes at three density ratios. The differences
observed are small. The reason for this phenomenon is that by fixingReandWe, the only
impact from the density ratio is via the unsteady and convection terms in the momentum
equation in the vapor domain. For a rising bubble, since the fluid dynamics inside the
bubble is induced by the interface movement, for the presentReandWe(defined based on
the properties of the liquid phase), the impact from the vapor portion of fluid dynamics
is limited. Accordingly, only minor differences are observed in Fig. 15. Nevertheless, it is
reasonable to observe that, as the density ratio increases, the bubble becomes less deformed.
Figure 16 shows the bubble shapes at selected time instants for the three density ratios.
These observations have been reported previously in other studies, including Dandy and
Leal [12]. The drag coefficients for these three cases from our simulations are 1.29, 1.32,
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TABLE I

Comparison of Drag Coefficients from Present Simulations (First Row) with Those Obtained

by Ryskin and Leal [58] (Second Row) Using Integration of the Forces at the Surface

We

Re 2 3 4 6 8 10 12 15 16 20

2 10.9 — 11.4 — 11.6 — 11.8 — 11.9 —
10.6 — 11.0 — 11.1 — 11.2 — 11.3 —

2% — 2% — 3% — 4% — 6% —

5 5.0 — 5.5 — — 6.1 — — — —
5.00 — 5.48 — — 5.99 — — — —
0.2% — 0.5% — — 4% — — — —

10 2.9 — 3.4 — 4.1 — 4.4 — — —
2.92 — 3.41 — 4.00 — 4.25 — — —
0% — 0.5% — 3% — 8% — — —

20 1.7 — 2.2 2.6 3.0 3.3 — 3.7 — 3.7
1.74 — 2.16 2.56 2.94 3.22 — 3.55 — 3.60
0.5% — 1% 2% 5% 10% — 5% — 4%

50 0.9 — 1.2 — 2.3 — — — — —
0.88 — 1.23 — 2.18 — — — — —
0.5% — 0% — 12% — — — — —

100 0.5 — 0.8 — — — — — — —
0.54 — 0.81 — — — — — — —
0.5% — 1% — — — — — — —

Note.The third row shows the relative deviation of drag coefficients computed via energy dissipation in Ryskin
and Leal’s computations. In Ryskin and Leal’s computations, the bubble is consider to be a void, while in the
present case,ρl /ρv = 1605 andµl /µv = 22.

and 1.34 for density ratios of 0.1, 0.01, and 0.001, respectively. The drag coefficient reported
in [12] for varying density ratios under the corresponding Reynolds and Weber numbers
is 1.29.

To further illustrate the effect of density ratio on the computational performance, Fig. 17
compares the convergence histories between two cases with different density ratios. The

FIG. 14. Comparison of the aspect ratio for the rising bubble forRe= 100, We= 4, ρv/ρl = 0.001, and
µv/µl = 1.0 on the 250× 75 grid and the 500× 150 grid.
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FIG. 15. The steady shapes for cases withRe= 100, We= 4, Fr= 1, ρv/ρl = 0.1, 0.01, 0.001, and
µv/µl = 1.

residues of both the Young–Laplace equation, Eq. (8), and the Poisson pressure equation,
at a given time step, are shown. The residues are based on the sum of the absolute value
of the residue computed in each cell. The levels shown in Fig. 17 are not normalized. The
figure demonstrates that the present method is robust in terms of handling the large property
variations across the phase boundary.

The favorable overall agreement in drag coefficients between the two simulations shows
that our method is capable of correctly predicting the dynamic behavior of a coupled system
involving the liquid flow field and vapor bubble.

The computed bubble shapes for selected cases in Table I are shown in Fig. 18. The
shapes are the ones when the unsteady bubble motion reaches the terminal velocity.

FIG. 16. The shape evolution for cases withRe= 100, We= 4, Fr= 1, andµv/µl = 1 at equal time intervals.
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FIG. 17. Convergence paths of the Young–Laplace equation at the interface and the pressure equation in the
entire domain within a time step. Here two different density ratio cases are shown withRe= 100, We= 4, and
µv/µl = 1.

Overall, the trend of bubble shapes changing with increasedWeis in agreement with com-
mon experimental observation: spherical to oblate-ellipsoidal and then to oblate-ellipsoidal/
spherical cap [5].

Figure 19 shows the development of bubble shapes for (a)Re= 5, We= 10, density
ratio= 1605 and viscosity ratio= 22, and (b)Re= 2, We= 16, density ratio= 1605, and
viscosity ratio= 22. The corresponding streamlines for the two cases, plotted based on
the coordinate fixed at the middle of the lower surface of the moving bubble, are shown
in Fig. 20. Two recirculating structures are observed in each case, one inside the bubble,
and the other caused by the interaction between the bubble and the surrounding liquid. It
is interesting to observe that withRe= 2 andWe= 16, the recirculating flow in the liquid
phase is, as expected, attached to the bubble, while forRe= 5 andWe= 10, it tends to
detach from the bubble.

FIG. 18. Computed terminal, axisymmetric shapes of rising bubbles as a function ofReandWewith ρl /ρv =
1605 andµl /µv = 22.
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FIG. 19. Development of bubble shapes: (a)Re= 2, We= 16, ρl /ρv = 1605, andµl /µv = 22, and (b)Re=
5, We= 10, ρl /ρv = 1605, andµl /µv = 22.

Figure 21 shows the flow structures corresponding to three density ratios, each with
Re= 100,We= 4, and viscosity ratio= 1.0. This figure corresponds to the same parameters
as those shown in Figs. 15 and 16. In all cases, the recirculating wake is detached from the
bubble. Again, there is no significant difference for different density ratios.

4.2. Phase Change

The bubble dynamics with phase change is presented next.
The heat-transfer-controlled bubble growth due to evaporation in a superheated liquid

under either zero gravity or normal gravity conditions, is simulated. The typical thermal–
physical property ratios of liquid and vapor states of water are specified in the simulation
of growth. The density ratio of two phases is thus about 1600.

FIG. 20. Flow structure for cases corresponding to Fig. 19: (a)Re= 2,We= 16,ρl /ρv = 1605, andµl /µv = 22,
and (b)Re= 5, We= 10, ρl /ρv = 1605, andµl /µv = 22. The streamlines are observed on the reference frame
attached to the moving bubble.
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FIG. 21. Flow structure for cases withRe= 100, We= 4, Fr= 1, µv/µl = 1, andρv/ρl = 0.1 (top), 0.01
(middle), 0.001 (bottom). The streamlines are observed on the reference frame attached to the moving
bubble.

Under the zero-gravity condition, the bubble growth phenomenon resembles the ideal
case of a stationary bubble studied in many early papers such as [24], [63], and [51]. In
those studies, the bubble is assumed to maintain a spherical shape; thus a 1-D problem
with the bubble radius as the dependent variable is solved in conjunction with a thermal
boundary layer approximation. The momentum effect in the liquid and vapor phases on the
bubble growth and shape is totally discarded. In doing so, the bubble growth rate (i.e., the
radial velocity) depends only on the Jakob number. In the Appendix, it is shown by a simple
analysis that the diffusion-controlled steady bubble growth rate is proportional tot1/2. All
those studies also concluded that the time evolution of the growth bubble radius follows a
t1/2 law.

For the heat-transfer-controlled stationary bubble growth, the major mechanism is heat
conduction, and the appropriate scaling for the velocity is based on the diffusion mechanism:
ur = αl/L, whereαl is the liquid thermal diffusivity andL is the initial bubble diameter,
which is set to 0.5 mm in our calculations. Using the diffusion scale for velocity, the Peclet
number is always 1.0.

A simple and effective way to test the current method for stationary bubble phase change
problems is to calculate the bubble growth rate and compare it with thet1/2 law. In Fig. 22,
we plotted the calculated time-dependent growth rate of a stationary ethanol bubble un-
der atmospheric conditions. The thermal properties of ethanol used in the calculation
areρl = 757.0 kg/m3, ρv = 1.435 kg/m3, σ = 0.0177 N/m,λ = 963 kJ/kg, andTsat=
351.45 K, which results in the following values of the corresponding parameters:Re= 0.12,
We= 3.91× 10−7, Ja= 0.1, Pr = 8.37, Pe= 1.0, ρl/ρv = 527,µl/µv = 41, and0 =
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FIG. 22. The dimensionless growth radius for a stationary bubble obtained in the present simulation versus
time forRe= 0.12,We= 3.91× 10−7, Ja= 0.1, Pr= 8.37,Pe= 1.0, ρl /ρv = 527, andµl /µv = 41.

2.8× 10−4. It is clear from Fig. 22 that the stationary bubble growth rate follows thet1/2

law exactly after an initial development period.
Under the terrestrial condition, a vapor bubble will be rising and growing simultaneously

in a superheated liquid pool. As expected, the growth rate would be enhanced owing to
the effects of convection from bubble motion. Based on their analysis, Darby [13] and
Ruckenstein and Davis [57] predict that the bubble growth rates are significantly higher
when there is relative motion between the bubble and its surrounding fluid. Based on
the heat and mass correlation of Ranz and Marshall [54], we have found that the steady
growth rate of a translating spherical bubble, where convection overwhelms conduction, is
proportional tot2/3 as opposed tot1/2 for a conduction-dominated bubble. The detail of the
analysis, which does not include the bubble shape change and moving boundary effects, is
given in the Appendix.

For the rising and growing bubble case, an appropriate scale for the velocity isur =
√

gL,
whereg is gravity andL is the initial bubble diameter. Using this scale, the Froude number is
always 1.0. To test the current method for a translating bubble undergoing phase change, two
cases were computed based on the thermal properties of water and ethanol, respectively.
The dimensionless parameters for the two cases are summarized in the following. The
simulations were conducted in a time-dependent manner and stopped when the thermal
boundary layer around the bubble became fully developed. The dimensionless times when
the two cases were stopped were not the same.

The first case we simulated is based on the thermal properties of water under atmospheric
conditions. However, for convenience, the Prandtl number is kept as 1.0. The Reynolds
number is 10. The Peclet number is 10 because of the value of the Prandtl number. The
Weber number is chosen as 0.2, which allows for a slight deformation. The Jakob number
is 1.0. With the thermal property values of waterρl = 958.3 kg/m3, ρv = 0.597 kg/m3,
σ = 0.0589 N/m,λ = 2256.7 kJ/kg, andTsat= 373.15 K, other dimensionless parameters
areρl/ρv = 1605,µl/µv = 22, and0 = 3.05× 10−5.

The calculated time-dependent bubble growth rate for water is shown in Fig. 23a. The
result indicates that the steady bubble growth rate falls between the diffusion-controlled case
t1/2 and the convection-controlled caset2/3. The reason is that the Reynolds number for water
is only 10 where the convection is relatively mild and does not dominate the diffusion. For the
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FIG. 23. Growth rate of the bubble radius for a rising bubble obtained in the present simulation for
cases (a)Re= 10.0, Fr= 1.0, We= 0.2, Ja= 1.0, Pr= 1.0, Pe= 10.0, ρl /ρv = 1605, andµl /µv = 22, and
(b) Re= 175,Fr= 1.0, We= 0.42,Ja= 16.43,Pr= 8.37,Pe= 1463.7, ρl /ρv = 527, andµl /µv = 41.

next case, we consider the ethanol bubble with a strong convection effect. In this simulation,
a superheat of1T = 10◦C is considered. The bubble departure diameter is about 1.0 mm
according to empirical correlations [10], which is our initial bubble diameter and thereby
the length scaleL. The velocity scale is thusur =

√
gL = 9.9× 10−2 m/s. With these

reference scales, the dimensionless parameters for this case are listed as follows:Re= 175,
Fr = 1.0,We= 0.42,Ja= 16.43,Pr= 8.37,Pe= 1463.7,ρl/ρv = 527,µl/µv = 41, and
0 = 8.5× 10−7.

The calculated time-dependent growth rate of the translating ethanol bubble is plotted
in Fig. 23b. Since the Reynolds number for this case is 175, convection is certainly the
dominant mechanism. It is clear that the growth rate approaches thet2/3 law after the initial
development period. The slight deviation from thet2/3 law appears due to heat conduction,
bubble shape change, and moving boundary effects.

The corresponding temperature profiles around the bubble for these two cases are shown
in Fig. 24. The thermal boundary layer is formed where the boundary layer is thinner around
the upper surface and thicker around the lower surface of the rising bubble owing to the
relative motion between the rising bubble and the surrounding liquid. It is also clear that
the higher the Reynolds number is, the thinner the thermal boundary layer becomes. The
tail-shaped structure in the wake results from the separation of the boundary layer.

Figure 25 shows the development of bubble shapes, under the influence of phase change
and bubble motion, at selected time instants for three cases. In these cases,Re, We, and
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FIG. 24. The temperature profile at the end of the simulations for cases (a)Re= 10.0, Fr= 1.0, We= 0.2,
Ja= 1.0, Pr= 1.0, Pe= 10.0, ρl /ρv = 1605, andµl /µv = 22, and (b)Re= 175,Fr= 1.0, We= 0.42,Ja= 16.43,
Pr= 8.37,Pe= 1463.7, ρl /ρv = 527, andµl /µv = 41.

viscosity ratio are all fixed, while the density ratio is varied from 0.1 to 0.001. It is
noted that the density ratio directly influencesJa and the interface speed, as indicated in
Eq. (9). Between the density ratios of 0.1 and 0.01, while the bubble size grows faster with a
smaller vapor density, the shapes are similar between the two cases. However, as the density

FIG. 25. Development of phase change shapes forRe= 100, We= 4, Fr = 1, andµv/µl = 1 with different
density ratios.
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FIG. 26. Flow structure for cases withRe= 100, We= 4, Fr= 1, µv/µl = 1, andρv/ρl = 0.1 (bottom),
0.01 (middle), 0.001 (top). The streamlines are observed on the reference frame attached to the moving bubble.

ratio is reduced to 0.001, which is closer to a normal boiling heat transfer case, significant
differences in the bubble growth rate and interface shape are observed. Figure 26 shows the
flow structures at the final stage of each case.

5. CONCLUSIONS

In the present work, a fixed-grid direct numerical simulation method has been developed
for studying single bubble deformation and phase change. The mass, momentum, and
energy balance conditions are satisfied at the interface, and the interface is considered to
be sharp. The field equations are solved numerically using a finite volume method based
on the fractional step method. The geometric representations of the location and curvature
of the interface are handled by theC2 B-spline with fairing. It has been demonstrated that
the present algorithm is capable of accurately handling wide ranges ofRe, We, Ja, Pe, and
property jumps between phase boundaries. For the nonevaporating case, the drag coefficients
for a bubble rising and deforming under buoyancy force are in good agreement with those
reported in Ryskin and Leal [58]. For a stationary bubble growing in a superheated liquid,
the growth rate approachesR(t) ∝ t1/2. The effect of bubble motion causes the growth
rate to accelerate. Accounting for both buoyancy and phase change effects, the density ratio
becomes an important parameter as the vapor density drops below a certain level. Within the
parameter combinations investigated in the present study, the density effect is not significant
if there is no phase change.
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In summary, the present method has offered a new capability for simulating multiphase
fluid dynamics involving phase change, interface movement, curvature variations, and prop-
erty jumps.

APPENDIX

Limits of Heat-Transfer-Controlled Spherical Bubble Growth

For a spherical bubble undergoing heat-transfer-controlled growth, the overall energy
balance for the evaporation at the bubble surface can be expressed as

d

dt

[
4

3
πR3(t)

]
λρv = h1T4πR2(t), (34)

whereR(t) is the instantaneous bubble radius,λ is the latent heat,ρv is the vapor density,
h is the heat transfer coefficient, and1T is the degree of superheat.

To estimateh, we can use Ranz and Marshall’s correlation [54], which considers both
the conduction and convection effects,

Nu= 2+ 0.6Re
1
2 Pr

1
3

= 2+ 0.6

(
ur R

ν

) 1
2

Pr
1
3

= hR

k
, (35)

where the constant 2, the first term on the right-hand side, represents the contribution from
pure conduction and the second term, 0.6Re

1
2 Pr

1
3 , denotes the contribution by convection.

From Eq. (35), we have

h =
[

2+ 0.6

(
ur R

ν

) 1
2

Pr
1
3

]
k

R
. (36)

Conduction-Dominated Growth

If only the first term of Eq. (36) is substituted forh, Eq. (34) becomes

4πR2 d R

dt
λρv = 2

k

R
1T4πR2. (37)

Integration of Eq. (37) yields

R(t) = Ct
1
2 , (38)

whereC includes all parameters that are not functions of time such as thermal properties,
the Prandtl number, and degree of superheat, etc.

Equation (38) indicates that the conduction-dominated growth rate is proportional to the
square root of time.
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Convection-Dominated Growth

With only the second term of Eq. (36) substituted forh, Eq. (34) then becomes

4πR2 d R

dt
λρv = 0.6

(
ur R

ν

) 1
2

Pr
1
3

k

R
1T4πR2. (39)

Integration of Eq. (37) gives

R(t) = Ct
2
3 . (40)

From (40), the convection-dominated growth rate is proportional to the two-thirds power
of time.
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