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Abstract

A non-spherical model for bubble formation coupled with phase change at a submerged nozzle in a flowing subcooled liquid is
presented. The interface element approach is applied to describe the dynamics of bubble formation. The bubble is assumed to be
surrounded by a thin thermal boundary layer, in which the saturated steam condenses partially as the bubble grows. The effect of a
parallel flowing liquid is taken into account by pressure analysis of surrounding liquid. The results computed from present model are
compared with the experimental data in the literature as well as with the results computed from other models. The results are in
good agreement and show a significant improvement over other models. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

In order to enhance the rate of transport between the
phases in many direct contact heat and/or mass exchange
processes, a condensable gas is often injected into a liquid
through a submerged orifice or nozzle. When the liquid tem-
perature is below saturation, i.e., subcooled, some condensable
vapor would condense at the interface during bubble growth.
It is therefore of interest to investigate both the dynamics and
transfer phenomena of a vapor bubble formation in a sub-
cooled liquid.

Gas bubble formation at a submerged orifice without ac-
companying heat and mass transfer at the bubble interface has
been extensively studied both experimentally and theoretically.
Also, considerable research has been done on vapor bubble
growth in a boiling process. A recent comprehensive review of
these two subjects has been undertaken by Sadhal et al. (1997).
However, few reported investigations have been published on
the combined effects of these two basic phenomena on the
vapor bubble in a subcooled liquid.

Denekamp et al. (1972) and Cho and Lee (1990) have re-
ported models of steam bubble formation at a nozzle in a
flowing liquid. In general, these models have assumed the
bubble to be spherical, i.e., its geometry is completely de-
scribed by its radius and by the height of its center above the
orifice. Two equations, one governing radial growth, the other
governing vertical translation were formulated to compute the
bubble growth. However, experimental results have shown
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that bubble shapes during formation are generally non-
spherical. Typically, a bubble starts off as a hemisphere, then
becomes approximately spherical as it expands, and finally
attains the shape of an irregular ellipsoid with a neck. More-
over, both Denekamp et al. (1972) and Cho and Lee (1990)
employ artificial detachment criteria to determine the termi-
nation of bubble formation.

The objective of the present work is to study theoretically
steam bubble formation at a single submerged nozzle in sub-
cooled parallel flowing water. A realistic non-spherical model
for bubble formation coupled with phase change is described.
The model attempts to calculate the instantaneous shape of the
steam bubble during its formation and to determine the bubble
size at detachment, frequency of bubble formation, total steam
flow rate as well as steam condensing rate. The effects of
flowing liquid velocity, total temperature difference between
injected steam and the subcooled liquid will be discussed.

2. Model development

The system under investigation consists of saturated steam
that is injected vertically upwards at pressure P. (or tempera-
ture T;) through a nozzle submerged in subcooled water (bulk
temperature 7y,) of depth 4. The water flows upward at a ve-
locity v, parallel to the nozzle axis. The steam flow rate is
controlled by the pressure drop between the injected steam and
the bubble.

The non-spherical bubble formation model proposed by
Tan and Harris (1986) is modified to calculate the movement
of the interface elements in parallel flowing water. This ap-
proach assumes instantaneous bubble shape is axial symmetry
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Notation

Ay surface area of steam bubble, m?

C orifice constant, dimensionless

C, steam condensation coefficient, dimensionless

Gy pressure coefficient defined in Eq. (16) and Fig. 2(a),
dimensionless

g acceleration due to gravity, m/ s’

h height of liquid above the nozzle tip, m

j mass flux condensing in boundary layer, kg/(m? s)

k thermal conductivity of liquid, W/(m K)

L latent heat of evaporation, J/kg

; differential added mass, kg

M molecular weight, kg/mol

n number of interface elements

P, vapor pressure of bubble, Pa

P. injected steam pressure, Pa

P liquid pressure distribution on bubble surface, Pa

P, system pressure, Pa

P liquid pressure at infinity, Pa

AP pressure difference between bubble pressure and
liquid pressure at interface, Pa

q volumetric flow rate of steam through orifice, m3/s

r fixed cylindrical radial coordinate from axis of
bubble, m

I virtual cylindrical radial coordinate from axis of
bubble, m

e radial coordinate measured from centroid of bubble,
m

R equivalent radius of irregular bubble (based on
equivalent spherical volume), m

R, equivalent radius of irregular bubble (calculated to

give the same area with a circular cross-section), m
R, gas constant, J/(mol K)
Ry nozzle radius, m

S cross-sectional area of bubble envelope, m?
t bubble growth time, s

Ty vapor temperature of bubble, K

T, injected steam temperature, K

T liquid temperature within boundary layer, K

s bulk liquid temperature, K
T liquid temperature at bubble interface, K

U, horizontal velocity of element based on virtual
coordinate, m/s

U, vertical velocity of element based on virtual coordi-
nate, m/s

o upward velocity of bulk liquid, m/s

Vgr radial velocity of liquid, m/s

Vi volume of liquid displaced by the element since the
beginning of its movement, m?

128 steam bubble volume, m?

z fixed axial coordinate from orifice (nozzle) horizon-
tal level, m

z virtual axial coordinate from orifice (nozzle) hori-
zontal level, m

Ze axial coordinate of bubble centroid, m

Greeks

o added mass coefficient, dimensionless

o thermal diffusivity of liquid, m?/s

p angle defined in Eq. (3)

0 thickness of thermal boundary layer, m
0; angle defined in Fig. 2(a)

Do density of vapor inside bubble, kg/m?
Pe density of injected steam, kg/m?

0y density of liquid, kg/m?

o surface tension, N/m

oy non-gravitational liquid pressure on bubble surface,
Pa

® non-gravitational liquid pressure at infinity, Pa

and divides the bubble surface into a finite number of small
elements. Each element is assigned an added mass that corre-
sponds to the mass of liquid displaced. The instantaneous
coordinates of the interface elements at each timestep are
calculated by numerical solution of the equations of motion
for each element over a small time increment.

Saturated steam is assumed to condense only within the
thermal boundary layer, with the temperature at the bubble
interface assumed to be in equilibrium with the vapor within
the bubble. Following Denekamp et al. (1972), we assume a
quadratic temperature profile within the thermal boundary
layer. Heat transfer is accounted for by an energy balance
equation for the boundary layer.

The effect of a parallel flowing liquid is modeled theoreti-
cally by pressure analysis of surrounding liquid. A pressure
correction term corresponding approximately to the experi-
mental pressure distribution around a sphere in a steady,
laminar, uniform and axisymmetric flow is applied to each
element on the bubble surface.

2.1. Basic equations

Assuming an inviscid liquid, each element at the bubble
interface moves as a result of forces due to pressure difference
and surface tension. In dynamic formation the resultant of
these forces is equal to the rate of change in the liquid mo-
mentum, assuming that the gas momentum is negligible. And
the momentum of the liquid may be calculated using the

“added mass” concept and the velocity of the interface. Thus,
a force balance at each element generates a set of differential
equations of motion in cylindrical coordinates:

¥AP dr — o d(¥Sinp) = % (U.m),, (1)
, , , dzZ ] d _
¥ AP dZ + o |d(# Cosp) Snf = (U 2

where #/, Z’ are virtual radial coordinate from axis of the bubble
and axial coordinate from nozzle horizontal level, respectively,
as shown in Fig. 1(a), AP is the pressure difference between
bubble pressure P, and the liquid pressure P, at each interface
element. f§ is an angle defined by

o7
— a1
f = tan e 3)
The term 7; is the differential added mass
m; = (op, + py) Vi 4)

where o is the added mass coefficient, taken as 0.5, and this is
regarded to be an average value during the whole formation
process, V; is the volume of liquid displaced by the element
since the beginning of its movement. This simplified approach
has been successfully applied by Tan and Harris (1986), Liow
and Gray (1988) and Wilkinson and van Dierendonck (1994).
The detailed procedure proposed by Tan and Harris (1986) is
adopted to calculate the differential added mass.
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Fig. 1. Physical model of the steam bubble formation: (a) non-spherical growth; (b) heat transfer through the thermal boundary layer.

To account for a parallel flowing liquid with upward ve-
locity vy, the apparent vertical translation of each interface
element, dz//d¢, is defined relative to the uniform liquid ve-
locity vy. The relationship between the virtual coordinates »/, 2/
and the fixed cylindrical coordinates r, z yields (Terasaka et al.,
1999)

dZ  dz

- dr Uo (5)
and

dr dr

= 0 6
dr dt ©)
The total mass balance for the vapor inside the bubble is
dhpy .
b — A 7
dr Pcqd — JAb, ( )

where V;, Ay, are the volume and surface area of bubble, re-
spectively, j is the mass flux of steam condensing within the
boundary layer and

P, — P
q = C\nR’ b (8)

C

where C is the experimentally measured orifice constant.
The energy balance equation appropriate for the liquid
phase is

0T, oT, a, O [ ,0T;
E_._Ulra_}/big@_rc(rc@_rc)’ (9)
where r. is the radial coordinate from the centroid of the
bubble, v, is the radial velocity of liquid, 7, is the liquid
temperature and o, is the thermal diffusivity of liquid. As-
suming that a quadratic temperature profile exists in the
boundary layer and that the thickness of the boundary layer is
much smaller than the bubble radius, the above equation can
be simplified to yield (Bornhorst and Hatsopoulos, 1967)

t
(Tiy — To)8°R* = 124, /U (T — To)°R* dt, (10)

where R is the equivalent spherical radius of a non-spherical
bubble defined by

E o

Both the thickness of the boundary layer and the mass flux are
taken as functions of time only. They are related by the
boundary condition, i.e., heat flux continuity at the bubble
wall:

2k(Ty — T) o7, )
0 Yk = = —jL 12
0 k ore ), g+ J5 (12)

where k is the thermal conductivity of the liquid, and L is the
latent heat of evaporation. From vapor-liquid equilibrium at
the interface, we obtain

Ty=Tg =T"(R) or B =P(T)=P(Tr), (13)
where the superscript * indicates equilibrium condition.

The effect of parallel liquid flow (velocity vy) is estimated via
the liquid pressure distribution at the bubble interface as
shown in Fig. 2. The centroid, C, of the bubble envelope is
located by the expression

n
_h Zj dSl

Ze S (14)

For each timestep, the angle 6, for each interface element i is
defined as shown in Fig. 2(a). Although a non-spherical bubble
surface experiences velocity and pressure distribution different
from the potential flow solution (Ryskin and Leal, 1984a), a
related study (Ryskin and Leal, 1984b) concluded that for
Reynolds Numbers greater than O(100), the potential flow
solution provides a good approximation of the physical situ-
ation. Our study of steam bubbles covers Re values predomi-
nantly in the range 1000-7600, and therefore justifies the use of
the potential flow approximation. Fig. 2(b) shows the values of
the pressure coefficient C,, for steady flow around a fluid sphere
(Hamielec et al., 1967). The authors provided the steady-state
solutions of the Navier-Stokes equations for flow around
circulating fluid spheres by using finite-difference methods.
Their results showed that the potential flow solution provided
a good approximation at the front part of a bubble (Clift et al.,
1978). The dashed line is the analytical solution for ideal po-
tential flow, while the solid line was used in present model as a
close approximation to the solution of Hamielec et al. (1967).
In the present model, C,, is estimated as follows:
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Fig. 2. Analysis of liquid pressure distribution: (a) geometry for estimation of liquid pressure distribution; (b) distribution of dimensionless modified
pressure: (— — —) potential flow for spheres and (—) approximation for fluid spheres.
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Thus, liquid pressure distribution on the surface of bubble can
be calculated

1
Q= ¢<)+§szgcp, (16)

where ¢, and ¢, are non-gravitational pressures with reference
to the nozzle tip

@0 = P+ pgz, (17)
¢y =D (18)
Therefore, liquid pressure distribution can be computed by

1
P =h +§sz(2)cp — P82 (19)

where P, is the absolute liquid pressure at the nozzle tip

1
50 :Ps""Pzgh—zl’zU% (20)
and P is the system pressure above the subcooled liquid.

2.2. Initial and boundary conditions

At the beginning of computation, the bubble shape is as-
sumed to be hemispherical, with its radius equal to that of the
nozzle. The steam within the bubble is assumed to be saturated
and the liquid temperature at the bubble interface to be in-
stantaneously equal to the temperature of steam within the
bubble.

Eqgs. (1)—(8), (10)—(15b), (19) and (20) can be solved with the
following initial conditions:

R:R07

M
—C [ M
J 2 2nR,

The initial mass condensing rate ;j is assumed to follow the
widely used Hertz—Knudsen equation (Tamir and Hasson,
1971), where C, is the condensation coefficient taking values
between 0.2 and 1.0. The assumed value of C, used in the
initial estimation of j does not affect the subsequent simulation
in any way for all the cases studied, since heat transfer is
controlled by the liquid thermal boundary layer.

For bubble formation at a submerged nozzle, the devel-
oping bubble envelope is allowed to extend below the level of
the nozzle tip, depending on the balance of forces. The re-
quired boundary condition for elements below the nozzle tip is
that the radial coordinate shall not be less than the nozzle
radius, i.c.,

20
Pb:P0+R_0’ Tr =T, =T"(P),

(21)

B P (T) 5:2k(Tb*Téb)
R

z <0,

2.3. Numerical solution

An explicit finite difference method proposed by Tan and
Harris (1986) is extended to solve the equations of bubble
formation. The computational procedure of the basic equa-
tions is summarized in the following steps:

1. Initialize all parameters.

2. Increase time by At.

3. Substitute Egs. (5) and (6) into Egs. (1)~(3) and solve the
equations of motion for each element i to yield new true co-
ordinates of each element.

4. Compute the bubble volume and surface area by numerical
integration of coordinates of all elements.

5. Apply straightforward Runge-Kutta method to solve Eqgs.
(7) and (10) simultaneously to obtain the instantaneous
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steam condensation rate j (or thickness of boundary layer J)
and pressure of vapor inside the bubble P,.
6. Compute the liquid pressure distribution P, at the bubble
interface.
7. Return to step 2 and repeat until reach detachment.
Owing to the high initial bubble growth rates coupled with
high condensation rates, a very small timestep of 10~% s was
used during the computation.

3. Results and discussion

We first verify that the current model can predict the bubble
volumes and bubble shapes in a cocurrently flowing liquid
without heat transfer. As a preliminary test, model simulation
results of single bubble formation in a cocurrently flowing
liquid without heat transfer were compared with the experi-
mental data of Terasaka et al. (1999).

The instantaneous bubble volumes and shapes are shown in
Fig. 3 for the case of N,/water, orifice radius Ry = 0.595 mm,
chamber volume ¥, = 49.7 cm?, gas flow rate Q = 5.11 cm?/s,
flowing liquid velocity vy = 8.67 cm/s. Fig. 3(a) compares the
simulated bubble growth rates with the experimental data and
shows the prediction results correlate well with experimental
data. The corresponding bubble shape obtained by our present
model is shown in Fig. 3(b). The time interval between two
consecutive contours was 4 ms. The bubble detached when the
bubble neck closed. The computed bubble shape agrees with
the shape photographed by a high-speed video camera by
Terasaka et al. (1999).

Simulations of steam bubble formation in water were per-
formed for experimental conditions corresponding to Denek-
amp et al. (1972). These conditions are summarized in Table 1.

Fig. 4 shows the simulated bubble growth sequences based
on the experimental conditions of runs 3 and 4. The conditions
for these two runs were virtually identical except for the liquid
flow velocity, which were 0.112 and 0.314 m/s, respectively.
The time interval between two consecutive contours is 5 ms,
and the final shape shows neck closure and hence detachment.
These sequences clearly show the effect of liquid velocity on
bubble shapes during formation and detachment time. The
bubbles are approximately spherical only in the early stages of
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formation, eventually becoming noticeably non-spherical and
detaching naturally when the neck closes.

The experiments of Denekamp et al. (1972) appear to be
based on an unusual tapering nozzle (their nozzle is a § mm i.d.
Pyrex tube, tapered at its upper end to a small orifice 1.52 mm
i.d.), which may cause converging liquid flow above the bubble
tip, leading to a rather sharply tapered bubble shape. Similar
experiments by other workers using parallel nozzles (for ex-
ample, Terasaka et al., 1999) reveal the more usual rounded
shape at the top, which are closer to our simulated profiles.

The comparison of the bubble growth rate between the
results computed by the present model with the experimental
data of runs 1 and 3 from Denekamp et al. (1972) is shown in
Figs. 5(a) and (b), respectively. The predictions of the spherical
models of Denekamp et al. (1972) and Cho and Lee (1990) are
also shown in Fig. 5. For presentation of results, an area-
equivalent radius R, (calculated to give the same area with a
circular cross-section) is used, following the Denekamp et al.’s
interpretation of their experimental data (cf Denekamp et al.,
1972). The figure indicates that the results computed by the
present model are closer to the experimental data than that by
the other two models.

The total mass of steam entering through the nozzle con-
sists of the mass of steam inside bubble and the steam con-
densed as water. The former can be calculated from the vapor
density and volume of bubble at any instant. The latter is equal
to the cumulative mass condensed in the boundary layer, and
can be computed from the instantaneous steam mass con-
densing flux j and the surface area of bubble. The average
steam flow rate, bubble growth rate and steam condensation
rate can be obtained by dividing the total steam mass, bubble
mass and steam condensation mass by the time, respectively.
Fig. 6 shows the computed total steam mass, bubble mass,
condensed mass and average steam flow rate, bubble growth
rate, steam condensation rate based on the experimental con-
ditions of run 1 from Denekamp et al. It can be observed that
at the beginning of bubble growth, average steam flow rate,
steam condensation rate and bubble growth rate increase very
rapidly due to the rapid change of temperature in the bound-
ary layer at the beginning of bubble formation.

The six experimental runs from Table 1 were simulated and
the results are summarized in Table 2. The experimental data

z (mm)

(b)

Fig. 3. Simulated bubble growth curve and shapes for bubble formation in a cocurrently flowing liquid without phase change (based on experimental

conditions from Terasaka et al. (1999)).
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Table 1
Experimental conditions of runs 1-6 from Denekamp et al. (1972)
Run no. System pressure® Liquid height Water temperature Steam temperature Flowing water
P, (Pa) above nozzle 4 (m) T (K) T. (K) velocity vy (m/s)
1 987.94 0.12 323.35 326.05 0.112
2 987.94 0.12 323.35 325.65 0.112
3 983.35 0.12 332.75 334.25 0.112
4 983.40 0.12 332.65 334.15 0.314
5 994.12 0.058 308.05 310.55 0.0762
6 994.15 0.058 307.95 310.45 0.116

#System pressure is equal to the saturation pressure of the steam above the bulk water, that is, P, = P*(T).
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Fig. 4. Computed sequential shapes of steam bubble based on the experimental conditions of runs 3 and 4 from Denekamp et al. (1972): (a) run 3
(Table 1); (b) run 4 (Table 1).
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Fig. 5. Computed and experimental values of instantaneous bubble radius: (a) run 1 (Table 1); (b) run 3 (Table 1).
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Fig. 6. Computed values of total steam mass, bubble mass, condensed
mass and average steam flow rate, bubble growth rate, steam con-
densation rate based on the experimental conditions of run 1 (Table 1).

of bubble radius at detachment, detachment time and the av-
erage steam flow rate are compared with the computed results
by various models. The present model shows a significant
improvement over the other models. Evidently, our present
non-spherical model predicts more realistic bubble shapes and
consequently a more accurate representation of the heat and
mass transfer processes.

Fig. 7 shows the effect of liquid velocity on the instanta-
neous bubble size. The conditions for the three series of sim-
ulations correspond to the conditions of runs 1-3, respectively.
The symbols represent the equivalent radius and time at de-
tachment for different liquid flow velocities. Clearly, the in-
stantaneous bubble growth rate is virtually unaffected by the
flowing liquid velocity. The main effect of liquid velocity is to
affect the detachment time, and thereby the bubble radius at
detachment. With increasing of the liquid velocity, the bubble
is predicted to detach earlier and the radius at detachment is
consequently smaller. This trend was observed experimentally

Table 2

10

Bubble equivalent radius R, (mm)

40

Bubble growth time t (ms)

Fig. 7. Computed detachment time and bubble radius at detachment
for different liquid flow velocities. Other conditions correspond to runs
1-3 of Table 1.

for bubble formation without phase change (Sada et al., 1978;
Terasaka et al., 1999).

Fig. 8 shows the effect of total temperature difference on the
bubble detachment diameter for bulk liquid temperatures of
37°C and 50°C. Since these experimental data by Denekamp et
al. (1972) were not reported with corresponding liquid veloc-
ities, two sets of results have been simulated based on the
maximum and minimum liquid velocities reported in their
work. In Fig. 8, the experimental data can be seen to lie within
the range of the two extremes of computed results.

Fig. 9 shows the effect of total temperature difference on the
average steam flow rate at various values of bulk liquid tem-
perature. In this series of plots, the liquid velocity used in our
model simulations was an average value of 0.2763 m/s, since
the corresponding experimental velocities were not reported. It

Comparison of computed results with experimental data of Denekamp et al. (1972)

Run no. Experimental data Experimental data Computed results
Present model Cho and Lee (1990) Denekamp et al. (1972)
Detachment time (ms) 27.2 27.2 329 35.0
1 Radius at detachment (mm) 7.5 7.6 8.8 9.8
Average steam flow rate (mg/s) 12.17 12.13 11.65 16.33
Detachment time (ms) 27.2 26.3 31.5 32.1
2 Radius at detachment (mm) 4.7 6.6 7.4 8.7
Average steam flow rate (mg/s) 8.67 8.48 7.92 10.67
Detachment time (ms) 27.5 26.5 32.4 34.0
3 Radius at detachment (mm) 6.2 6.3 6.8 7.8
Average steam flow rate (mg/s) 8.83 8.53 7.76 10.00
4 Average steam flow rate (mg/s) 8.83 8.63 5.22 8.50
5 Average steam flow rate (mg/s) 5.00 5.01 4.53 6.33
6 Average steam flow rate (mg/s) 5.00 4.93 4.40 6.67
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Fig. 8. Effect of the total temperature drop on the bubble detachment
size at different bulk liquid temperatures.
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Fig. 9. Effect of the total temperature drop on the average steam flow
rate at different steam injection temperatures.

can be seen that the computed average steam flow rates are in
good agreement with the experimental measurements by
Denekamp et al. (1972).

Fig. 10 shows the effect of total temperature difference on
the condensation ratio (the ratio of the condensate mass to the
total mass of steam injected during bubble formation and
detachment, or the ratio of the average condensation rate to
the average steam flow rate), for several values of liquid bulk
temperatures and flowing liquid velocities. It indicates the
condensation ratio decreases with the increase of the temper-
ature drop, at all values of liquid bulk temperature and liquid
velocity studied. The larger the temperature drop is, the bigger
the driving force (pressure difference between bubble and the
liquid) for bubble formation is. Hence, the bubble size at the
detachment is bigger and a deeper liquid layer is needed to
condense completely, in case of larger temperature drop,

70
60 - ~
. i ~
~
I -
X 50
o i ~
= - ~
o i T~
§ 40 - =
® [ ~
2 ~
[o) F S—
T 30 | =
8 i — T,=37°C, v;=0.2763 m/s
E r — — T,742°C, v;=0.0 m/s
g 204 | T,,=42°C, v,=0.2763 m/s
b — - T,=42°C, v;=0.5526 m/s
a — — T,=50°C, v;=0.2763 m/s
10 -
0 e i e e e e
0 1 2 3 4 5 6 7 8

Total temperature drop T,-T,, (°C)

Fig. 10. Effect of the total temperature drop on the steam condensa-
tion ratio.

leading to a lower condensation ratio (Cho and Lee, 1990).
Concerning the effect of flowing liquid velocity, with the in-
crease of liquid velocity, the bubble is predicted to detach
earlier and bubble size is smaller, while the average steam flow
rate through the nozzle is almost same. During bubble growth,
growth rate is highest in the earlier period of formation,
therefore the average condensation rate is lower for higher
liquid velocity.

4. Conclusions

An improved model for single steam bubble formation at a
submerged nozzle in subcooled flowing water has been devel-
oped. The model predicts the instantaneous bubble shape,
detachment time, average steam flow rate as well as the steam
condensation rate. The simulated results in terms of detach-
ment time, equivalent radius and average steam flow rate are in
good agreement with experimental data from Denekamp et al.
(1972), and show significant improvement over other theoret-
ical models.

The formation of steam bubbles at a nozzle in subcooled
flowing water is an interesting but complex process involving
fluid flow and heat and mass transfer. The results of our model
show that a significant proportion of steam condensation
(typically 30-70%) occurs during the formation process. The
model results also show a decrease in steam condensation ratio
with increase in subcool, indicating a dominance of inertial
and buoyancy effects over heat transfer effects. The effect of
increased liquid velocity is to accelerate bubble detachment,
leading to lower condensation ratio.

The interfacial element method with an overall average
added mass coefficient appears to successfully model the
physical phenomena of fluid flow and heat transfer. In par-
ticular, the model generates realistic bubble shapes during
formation and subsequent detachment, and provides a better
representation of the condensation and heat transfer processes
occurring at the bubble interface.
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