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Abstract

A model for the condensation sink term in an interfacial area transport equation (IATE) was developed. In the model, a bubble nucle-
ation due to a wall surface boiling and a bubble collapse due to a condensation were assumed to be symmetric phenomena. Based on this
consideration the condensing region for a subcooled condition can be divided into two regions: the heat transfer-controlled region and
the inertia-controlled region. In the heat transfer-controlled region, the condensation Nusselt number approach is appropriate. On the
other hand, in the inertia-controlled region, the resultant mechanical force may be balanced through an interface between a bubble and
an ambient liquid. The modeled condensation sink term in an IATE in this study was evaluated against existing data which had been
obtained from a bubble condensation in a subcooled water flow through a non-heated annulus. The evaluation result showed that
the present model could predict the axial distribution of the interfacial area concentration accurately.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The existence of interfacial transfer terms is one of the
most important characteristics of a two-fluid model formu-
lation. Generally, these interfacial transfer terms are
expressed as the product of an interfacial area concentra-
tion (IAC) and a driving force. Thus an accurate prediction
of an IAC is one of the most important factors in a two-
fluid model. Recently an interfacial area transport equation
(IATE) was introduced to predict an IAC mechanistically
[1]. The general form of an interfacial area transport equa-
tion [2] has various source and sink terms which include a
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bubble breakup, a bubble coalescence, an expansion or
shrinkage due to a phase change and a pressure change,
a bubble condensation, and a wall nucleation.

For a general application of an IATE to a two-phase
flow, reliable constitutive relations for the relevant source
and sink terms should be developed. For an adiabatic
two-phase flow, some models for these source and sink
terms have been developed based on the mechanisms of
a coalescence and a disintegration of fluid particles by sev-
eral researchers for various experimental conditions and
test geometries [3–7]. Significant efforts have been made
for a one-group IATE, which is applicable to a bubbly
flow, by using various modeling approaches [3,4], and
recently a one-group IATE was evaluated by the data
taken from an adiabatic air–water bubbly flow in a verti-
cal annulus [5]. Furthermore, in order to capture the effect
of a bubble size on a flows’ nature, a general approach to
treat the bubbles of two groups, namely spherical and dis-
torted bubbles as a group-I bubble, and cap, slug and
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Nomenclature

Ac cross-sectional area of the flow channel [m2]
Ab interfacial area of a bubble [m2]
ai interfacial area concentration [1/m]
D bubble diameter [m]
Db bubble diameter at the region boundary [m]
Dc critical collapsing bubble diameter [m]
Dd bubble diameter generated during nucleation

[m]
Dsm Sauter mean bubble diameter [m]
f bubble generation frequency from active nucle-

ation sites [1/s]
hc condensation heat transfer coefficient [W/(m2 s)]
hfg latent heat of vaporization [J/kg]
k thermal conductivity [W/(m K)]
_mc condensation mass flow rate [kg/s]
Ncn active nucleation site density [#/m2]
Nuc condensation Nusselt number [–]
P pressure [Pa]
pc fraction of bubbles in the inertia-controlled re-

gion [–]
R gas constant [J/(mol K)]
Rph the change rate of the bubble number due to

phase change [#/(m3 s)]
T temperature [�C]
t time [s]
tc bubble collapsing time [s]
vb volume of a bubble [m3]

Greek symbols

a void fraction [–]
at thermal diffusivity [m2/s]
b non-dimensional bubble diameter (=D/D0) [–]
bb non-dimensional bubble diameter at the bound-

ary (=Db/Dsm) [–]

Cg mass transfer rate per unit mixture volume [kg/
(m3 s)]

nh heated perimeter of the boiling channel [m]
gph volume change rate per unit mixture volume [1/

s]
r surface tension [N/m]
/ the change rate of bubble number per unit mix-

ture volume [#/(m3 s)] or the change rate of the
interfacial area concentration [1/(m s)]

Subscripts

a area averaged
b bubble
BB bubble breakup
BC bubble coalescence
CD total condensation
CO condensation in the inertia-controlled region
f liquid
i interface
in inertia-controlled region
g gas
PC condensation in the heat transfer-controlled re-

gion
ph phase change
PV volume change due to the pressure change
RC random collision
sub subcooled
sat saturation
TI turbulence impact
th heat transfer-controlled region
v vapor
WN wall nucleation
0 practical incipience boiling point
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churn turbulent bubbles as a group-II bubble, has been
proposed [2]. The basic concept of a two-group IATE
was demonstrated for the interactions between two groups
of bubbles at the transition from a bubbly to a slug flow
[6] and it was also solved for a confined gas–liquid two-
phase flow, which is applicable to bubbly, cap-turbulent,
and churn-turbulent flow regimes [7]. The two-group
IATE is reduced to a one-group IATE in a bubbly flow
regime where no group-II bubbles exist. More recently,
one-group and two-group IATEs available for an adia-
batic two-phase flow were reviewed including the evalua-
tion results obtained through extensive experimental
studies [8].

However, for a boiling or condensing flow, the appro-
priate source and sink models to account for a phase
change have not been developed as yet. The source term
due to a wall nucleation can be expressed by the relation
between an active nucleation site density, a bubble lift-off
diameter, and a bubble lift-off frequency [9]. However, reli-
able models for a bubble lift-off diameter and a bubble lift-
off frequency have not been properly proposed until now.
Recently, an active nucleation site density has been mod-
eled mechanistically [10] and forced convective subcooled
boiling flow experiments have been conducted in a BWR-
scaled vertical upward annular channel to formulate the
dimensionless form of a bubble lift-off diameter [11]. The
modeling work for a condensation sink term has also been
limited thus far. In boiling and condensing flows, the
condensation sink and nucleation source terms are
expected to be dominant. Thus extensive efforts to model
these two terms are required to develop a general IATE
in the future.

As a part of developing a reliable IATE which can be
applicable to a two-phase bubbly flow accompanied with
a phase change, a model for the condensation sink term
in an IATE is proposed in this study. For a collapsing
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bubble, two kinds of collapsing mechanisms are possible.
One is due to the resultant liquid inertia and the other is
due to a heat transfer through the interface [12]. In the
model, the condensation of a bubble is considered to
occur in two subsequent regions: the heat transfer-con-
trolled region and the inertia-controlled region. Based on
the bubble collapse phenomena, these two regions are
identified by introducing the concept of a boundary bub-
ble diameter and then the bubble collapse time in a heat
transfer-controlled region is calculated. The probability
of bubbles in the inertia-controlled region is also calcu-
lated based on a residence time. Finally, a condensation
sink term model is derived based on a steady one-dimen-
sional form of an IATE and the developed model is eval-
uated against existing IAC data [13] which was obtained
from a steam-water condensing flow where no wall nucle-
ation occurred.

2. Interfacial area transport equation

Kocamustafaogullari and Ishii [9] formulated a bubble
number density transport equation in terms of a differential
balance equation which takes into account various effects
such as a bulk liquid nucleation, a wall cavity nucleation
and the bubble collapse rates. Considering a boiling chan-
nel with a constant cross-sectional area and by neglecting a
bulk liquid bubble nucleation and a disintegration and coa-
lescence of the bubbles, a one-dimensional transport equa-
tion for predicting the average bubble number density can
be expressed as

oNb

ot
þ o

oz
ðN bvbzÞ ¼ /WN � /CD ð1Þ

where Nb, t, vbz, /WN, and /CD are the bubble number den-
sity, the time, the average bubble velocity, the bubble
nucleation rate from the active sites and the bubble sink
rate due to a condensation, respectively. The source term
due to a bubble nucleation on a heated surface wall is ex-
pressed as

/WN ¼ ðN cnf nhÞ=Ac ð2Þ

where Ncn, f, nh, and Ac are the active nucleation site den-
sity, and the bubble generation frequency from the active
sites, and the heated perimeter and the cross-sectional area
of the boiling channel, respectively.

They showed that the bubble number sink rate is due to
either a coalescence of small bubbles into a larger bubble or
a re-condensation of the bubbles in a subcooled bulk fluid.
The coalescence was assumed to be insignificant up to a
void fraction of 0.3, beyond which a flow regime transition
to a slug or churn-turbulent flow occurs. The highly sub-
cooled boiling region of a flow channel is of little signifi-
cance as far as the net bubble generation rate is
concerned and its transition point is regarded as the point
of a net bubble generation. They assumed that the bubble
number sink rate could be calculated based on the re-con-
densation rate of the generated bubbles. The fraction of a
re-condensation in the region downstream of a transition
point can be obtained by comparing the rates of a net
vapor generation and an evaporation at a wall’s surface.
The sink term due to a condensation in a subcooled liquid
is expressed as [9]

/CD ¼ ðT sat � T fÞ=ðT sat � T 0Þ � /WN ð3Þ

where Tsat, Tf, and T0 are the saturation temperature, the
bulk liquid temperature, and the bulk liquid temperature
at the practical boiling incipience point, respectively. How-
ever, this modeling approach is not applicable to a bubble
condensation in a subcooled liquid without any heat addi-
tion from a wall.

Ishii et al. [1,2] also derived an interfacial area trans-
port equation from a statistical model of a fluid particle
number transport equation. The general form of their
interfacial area transport equation is given by the follow-
ing equation:
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where ai, vi, a, ug, gph, w, Dph, Rj, Rph, and Cg are the inter-
facial area concentration, the interfacial velocity, the void
fraction, the bubble velocity, the rate of volume generated
by a phase change per unit mixture volume, a factor
depending on the shape of the bubbles, the critical bubble
size, the changing rate of an IAC due to a bubble breakup
or coalescence, the changing rate of an IAC due to a phase
change, and the rate of an interfacial phase change per unit
mixture volume, respectively. The total change of an inter-
facial area concentration is expressed in terms of the
changes due to the pressure, the particles interactions and
a phase change. The term gph is negligibly small when com-
pared with the other terms.

For a relatively uniform void distribution with no heat
addition from a wall, a one-dimensional interfacial area
transport equation can be obtained by integrating Eq. (4)
over the flow channel as follows:
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Fig. 1. Variation of the bubble size during the boiling and condensation
process.
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¼ /PC þ /PV þ /BB þ /BC þ /CO ð5Þ

Each term of the above IATE is explained as follows. /PC

and /PV mean the source and sink terms of an expansion or
shrinkage due to a phase change and a pressure change,
respectively. /BB and /BC mean the source term due to a
bubble breakup and the sink term due to a bubble coales-
cence, respectively, and /CO means the sink term due to a
bubble condensation. When the wall nucleation term is
considered, the void fraction may be localized near a wall.
In this case a bubble-layer thickness model [14] can be uti-
lized to avoid covariance terms.

Eq. (5) can be further simplified under steady state con-
ditions for a condensing flow without a wall nucleation as
follows:

o

oz
ðhaiihviziaÞ ¼ /PC þ /PV þ /BB þ /BC þ /CO ð6Þ

The source and sink terms of /BB and /BC have been mod-
eled successfully, particularly in a bubbly flow regime, and
they can be estimated easily by an existing model [4]. The
source and sink terms of /PV are given by an explicit func-
tion of the void fraction, the bubble velocity and the pres-
sure gradient [2–4,15]. The modeling approach for the
condensation sink terms of /PC and /CO is described in
the next section.
3. Mechanism of a bubble collapse

3.1. Simplified mechanism of a bubble collapse

A bubble generation due to a boiling and a bubble
extinction due to a condensation are symmetrical phe-
nomena. Fig. 1 shows a typical variation of the bubble
size during a boiling and condensation process [16,17].
A bubble is generated abruptly from the heated surface
(A ? B) and the initial bubble growth is very rapid
(B ? C), but as the size increases the growth rate slows
down (C ? D). When the bubble attains a maximum
diameter (D) and departs from the superheated region,
it starts collapsing in the ambient subcooled liquid
(D ? E). At a low subcooling the bubble collapse is
mainly controlled by a heat transfer. However, with a
decrease of the bubble size (E ? F) and an increase of
the liquid subcooling the bubble can not sustain its inter-
facial boundary anymore and it is collapsed by inertia
during a short time period (F ? G). From the previous
studies on the behavior of a bubble motion in a subcooled
liquid, it is assumed that there are four regions during the
lifetime of a bubble. Region I is the bubble generation
region in an ambient superheated condition, Region II
the bubble growth region in a superheated condition,
Region III the bubble shrink region in a subcooled condi-
tion, and Region IV the bubble collapse region in a sub-
cooled condition. Regions I and IV have very short
periods of a residence time. In Fig. 1, Dd is the bubble
diameter at point B which is attained through an iner-
tia-controlled bubble growth process during a nucleate
boiling, Db is the bubble diameter at point F when the
bubble becomes controlled by the inertia during a bubble
condensation, and Dc is the critical collapsing bubble
diameter at point G. As shown in Fig. 1, the condensing
region in the subcooled condition can be divided into two
regions: the heat transfer-controlled region (Region III)
and the inertia-controlled region (Region IV). In the heat
transfer-controlled region, the Nusselt number approach
is appropriate. However, in the inertia-controlled region
the bubbles are collapsed by the inertia of the surrounding
liquid during a short time period.

When a vapor bubble in a saturated condition is sur-
rounded by an ambient subcooled liquid, a condensation
occurs through an interface. In the beginning, the conden-
sation phenomena are controlled by a heat transfer
through this interface. As the condensation process contin-
ues through the interface between the vapor bubble and the
ambient liquid, the bubble diameter decreases and so does
the vapor temperature inside the bubble. When the bubble
size reaches a boundary bubble size (F), the size does not
decrease gradually by a heat transfer through the interface
but it collapses very rapidly due to mechanical inertia. An
arbitrary cut-off diameter of the bubble can be used to
identify the sudden collapse of a bubble from a gradual
decrease of the bubble size. At the end of the inertia-con-
trolled region, the critical collapsing bubble size can be cal-
culated in terms of the liquid temperature from the
resultant mechanical force balance. After the bubble size
decreases to the critical collapsing bubble diameter (G), it
disappears. A certain amount of a pressure difference
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between the bubble and the ambient liquid is necessary to
maintain a bubble shape during the condensation process.
If the pressure difference is considerably small, the bubble
can not survive any longer and it disappears. The critical
collapsing bubble size can be calculated from the pressure
balance between the vapor bubble and the ambient liquid,
which is described in Appendix A.
3.2. Region identification and boundary bubble diameter

When the bubble size decreases gradually, it is in the
heat transfer-controlled region. If the changing rate of a
bubble diameter increases rapidly, the bubble is in the iner-
tia-controlled region. The criteria of a transition can be
determined from previous theoretical and experimental
observations [18–20]. A spherical shape is unstable for a
rapidly collapsing bubble near the end of its collapse [18].
From the analysis of a collapsing vapor bubble in liquids
[19,20] the decreasing rate of the bubble size is very rapid
at the end of its lifetime. It is assumed that the bubble is
in the inertia-controlled region after the bubble size starts
to decrease very rapidly.

There are two possible criteria to separate the inertia-
controlled region from the heat transfer-controlled region.
One is the decreasing rate of a bubble size and the other is
the size of a bubble itself. As the change of a bubble size
is not easy to handle, the non-dimensional bubble diameter
is used to determine the boundary between the regions.
From the Rayleigh solution [19], a rapid change of the
bubble size occurs when the non-dimensional bubble
diameter is between 0.4 and 0.6. Fig. 2 shows the time his-
tory of a collapsing bubble in a subcooled liquid. Here, it is
assumed that the non-dimensional bubble diameter is 0.4 at
a regions’ boundary. The bubble collapse time of the
Rayleigh solution [19] is a little shorter than that of Zwick
and Plesset [20]. It is due to the fact that the latter considers
the heat transfer effects.
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Fig. 2. Time history of the collapsing bubble in a subcooled liquid.
3.3. Bubble collapse time in the heat transfer-controlled

region

The bubble collapse time is derived from the energy bal-
ance through a bubble interface. From the energy balance
for the interface of a collapsing bubble, the following rela-
tionship is derived:

_mchfg ¼ hcabðT sat � T fÞ ð7Þ

where _mc, hfg, and hc are the mass transfer rate due to a
condensation, the latent heat, and the condensation heat
transfer coefficient, respectively.

The terms in the left- and right-hand sides in Eq. (7) are
expressed as indicated by Eqs. (8) and (9), respectively.

_mchfg ¼ �qghfg

dvb

dt
¼ � p

2
qghfgD2 dD

dt
ð8Þ

and

hcabðT sat � T fÞ ¼ Nuc

kf

D
� pD2 � ðT sat � T fÞ ð9Þ

After matching Eqs. (8) and (9), the following equation is
derived:

dt ¼ � 1

2

qghfgD

Nuc � kfðT sat � T fÞ
dD ð10Þ

An integration of Eq. (10) from the initial bubble diameter,
or the bubble diameter at point D in Fig. 1, to the bound-
ary bubble diameter Db gives a bubble’s residence time in
the heat transfer-controlled region.

tc ¼
D2

sm � D2
b

4

qghfg

Nuc � kfDT sub

ð11Þ

where tc, Dsm, and DTsub are the bubble residence time, the
Sauter mean bubble diameter, and the liquid subcooling,
respectively. In the present modeling approach the interfa-
cial heat transfer coefficient or the Nusselt number plays a
key role. The existing correlations for the interfacial heat
transfer coefficient and Nusselt number are reviewed and
evaluated based on the available experimental data in
Appendix B.

4. Modeling of the condensation sink term

4.1. Derivation of the condensation sink term

As the two condensation-related sink terms of /PC and
/CO are based on different physical phenomena, they
should be modeled separately in an interfacial area trans-
port equation. The term /PC is based on an interfacial heat
transfer between bubbles and their surrounding liquid but
the term /CO is based on a mechanical force balance
through a bubble–liquid interface.

Once a bubble enters the inertia-controlled region, it is
assumed to disappear through a total collapse. The fraction
of bubbles with a smaller size than the boundary bubble
size in the inertia-controlled region is defined as follows:
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pc ¼ probabilityðD < DbÞ ð12Þ

where pc and Db are the fraction of the bubbles in the iner-
tia-controlled region and the bubble diameter at the re-
gion’s boundary, respectively. If the boundary bubble
diameter Db and correspondingly the probability pc can
be calculated in this modeling approach, these two terms
can be calculated separately. D is the bubble diameter
and Db may be chosen as the minimum bubble size in the
thermal-controlled region. After these two terms are calcu-
lated separately, the /CO term of our model can be com-
pared with Kocamusfaogullari and Ishii’s model [9] for
the bubble number density equation.

The probability can be calculated based on the bubble
residence time of both regions. The time history of the col-
lapsing bubble was calculated by Rayleigh [19] who used a
hydrodynamic approach and arrived at the following
expression for a non-dimensional time t* as a function of
the non-dimensional bubble diameter b, which is defined
as D/D0.

t� ¼ t

D0

ffiffiffiffiffi
3qf

8P

q ¼
Z 1

b

ffiffiffiffiffiffiffiffiffiffiffiffiffi
b3

1� b3

s
db ¼ f ðbÞ ð13Þ

where D0 is the initial bubble diameter which is assumed to
be the Sauter mean bubble diameter, Dsm, and f(b) can be
calculated from the curve in Fig. 2. Zwick and Plesset [20]
considered the effect of a heat transfer and suggested simi-
lar results to Rayleigh [19], as shown in Fig. 2. The resi-
dence times of the collapsing bubble both in the heat
transfer-controlled region and the inertia-controlled region
are calculated separately, if we can separate them by using
the boundary bubble size.

The non-dimensional bubble diameter at the boundary
is defined as bb = Db/Dsm. The residence times both in
the heat transfer-controlled region and in the inertia-con-
trolled region can be calculated by using Eq. (13).

Dtc;th ¼ D0

ffiffiffiffiffiffiffi
3qf

8P

r Z 1

bb

ffiffiffiffiffiffiffiffiffiffiffiffiffi
b3

1� b3

s
db ¼ D0

ffiffiffiffiffiffiffi
3qf

8P

r
� f ðbbÞ ð14Þ

Dtc;in ¼ D0

ffiffiffiffiffiffiffi
3qf

8P

r Z 1

0

ffiffiffiffiffiffiffiffiffiffiffiffiffi
b3

1� b3

s
db�

Z 1

bb

ffiffiffiffiffiffiffiffiffiffiffiffiffi
b3

1� b3

s
db

 !

¼ D0

ffiffiffiffiffiffiffi
3qf

8P

r
� ½f ð0Þ � f ðbbÞ� ð15Þ

where Dtc,th and Dtc,in are the residence times both in the
heat transfer-controlled region and in the inertia-controlled
region, respectively.

The probability that the bubble is in the inertia-con-
trolled region can be calculated as follows:

pc ¼
Dtc;in

Dtc;th þ Dtc;in

¼ f ð0Þ � f ðbbÞ
f ð0Þ ð16Þ

The condensation sink term of an IATE can be divided
into two parts: one is related to a bubble collapse or disap-
pearance, /CO ¼ pD2

bRph, when the bubble size is below the
boundary bubble size, and the other is a volume contrac-
tion due to a condensation through a bubble interface,
/PC ¼ 2

3
ai

a

� � Cg

qg
, as shown in Eq. (5). The former term ac-

counts for a variation of an IAC by a number density
change due to an entire bubble collapse and the latter term
represents a variation of an IAC with a constant bubble
number density and a changing bubble size. When a bubble
collapses, only the interfacial area changes until the bubble
diameter reaches a boundary bubble diameter. During this
initial stage the bubble number density is not changed.
After the bubble diameter is below the boundary bubble
diameter, the bubble number density is changed.

The IAC sink term due to a condensation in the heat
transfer-controlled region can be calculated as follows:

/PC ¼ ð1� pcÞ � nb �
dAb

dt
¼ ð1� pcÞ � nb � 2pDsm

dDsm

dt
ð17Þ

where nb and Ai are the bubble number density and the
interfacial area, respectively.

As the bubble number density and a change of the bub-
ble diameter are expressed by

nb ¼ w � a
3
i

a2
ð18Þ

and

Dsm �
dDsm

dt
¼ �Nuc �

2 � kf � ðT sat � T fÞ
qghfg

; ð19Þ

then the condensation sink term in the heat transfer-con-
trolled region can be expressed as follows:

/PC ¼ �4p � ð1� pcÞ � nb � Nuc �
kf � ðT sat � T fÞ

qghfg

¼ �4p � ð1� pcÞ � w �
a3

i

a2
� Nuc � Ja � at: ð20Þ

where at is the thermal diffusivity and the Jakob number is
expressed as follows:

Ja ¼ qf � cp;f � ðT sat � T fÞ
qghfg

ð21Þ

where cp,f is the specific heat of the liquid.
As the residence time of the inertia-controlled region

calculated by Eq. (15) is very small when compared with
that of the heat transfer-controlled region calculated by
Eq. (11), the residence time in the heat transfer-controlled
region is considered to be the total residence time. As a
result the IAC sink term due to a condensation in the iner-
tia-controlled region can be calculated as follows:

/CO ¼ Rph � pD2
b ¼ �pD2

b � w �
a3

i

a2
� 1

tc

ð22Þ

The total IAC sink term due to a condensation is a sum of
the condensation sink terms in both regions, as expressed
in Eqs. (20) and (22), and it can be expressed as follows:

/CD ¼ �p � nb � ½4ð1� pcÞ � Nuc � Ja � at þ 1=tc � D2
b� ð23Þ
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4.2. Simulation results and discussion

There is a lot of data on the boiling phenomena but
there is very little data on the condensation phenomena
in a non-heated section. Zeitoun’s experimental data [13]
is available to evaluate an IATE modeling approach for
a condensation. The test section is a vertical concentric
annular test section. The inner tube, which has an outer
diameter of 12.7 mm, consists of three axial sections. The
middle section of the inner tube is a 30.6 cm long, thin-
walled stainless-steel tube (0.25 mm thickness) that is
electrically heated. This heated section is preceded and
followed by two thick-walled copper tubes, 34 and 50 cm
long, respectively. The outer tube is a 25.4 mm inner diam-
eter plexiglass tube that permits a visual observation. There
are eight sets of experimental data for the condensation
phenomena in an unheated section but only three cases
are available for an evaluation of a condensation modeling
approach. Those three data sets provided void fraction and
IAC data from the inlet to the outlet of the test section,
while the other five data sets only provided very limited
data points, which made it difficult to evaluate them. Table
1 shows the initial values used in the evaluation of the
developed condensation sink term of an IATE. The con-
densation Nusselt number should be utilized to calculate
the condensation sink term in the heat transfer-controlled
region. In this simulation the following empirical correla-
tion developed by Zeitoun [13] is used:

Nuc ¼ 2:04 � Re0:61
b � a0:328 � Ja�0:308 ð24Þ

where Reb, a, and Ja are the bubble Reynolds number, the
void fraction, and the Jakob number, respectively.

Fig. 3 shows the calculated IAC changes and the sepa-
rate contributions of a pressure change, a bubble breakup
by a turbulence impact, a bubble coalescence by a random
collision, and a condensation in the heat transfer-con-
trolled region and in the inertia-controlled region for the
case of Test Run C6 of Zeitoun [13]. For the case of Test
Run C6 with an inlet pressure of 0.170 MPa, total mass
flux of 492 kg/(m2 s), and an inlet void fraction of 0.240,
the contributions of a turbulence impact and a random col-
lision are negligibly small when compared with the others.
A bubble coalescence is considered to occur due to a ran-
dom bubble collision induced by a turbulence in an ambi-
ent liquid and a bubble breakup is considered to occur due
to a collision of a turbulent eddy with a bubble [4]. As these
tests are performed for a low liquid velocity and a low void
Table 1
The initial values used in the IATE simulation

Parametersntest cases Run no. C6 Run no. C7 Run no. C8

Inlet pressure (MPa) 0.170 0.180 0.103
Inlet temperature (�C) 102.0 98.3 98.0
Total mass flux (kg/(m2 s)) 492.4 506.2 139.0
Inlet void fraction 0.240 0.204 0.163
Inlet IAC (1/m) 213.8 155.1 166.2
fraction, a random collision does not occur easily between
the bubbles (bubble random collision) and between a bub-
ble and a turbulent eddy (turbulent impact) due to the con-
siderable distance between the bubbles. The contribution of
a pressure change is as low as 2%. The main contribution is
due to a condensation and the portion of the inertia-con-
trolled region is about 16.8% for the case of Test Run
C6. The overall agreement is reasonable between the simu-
lated and measured data.

Figs. 4 and 5 show the contributions of the simulated
IAC source and sink terms and their comparison with the
experimental data of Test Runs C7 and C8 of Zeitoun
[13], respectively. The agreements between the prediction
and the experimental data are also good for the case of Test
Run C7 with an inlet pressure of 0.180 MPa, total mass
flux of 506 kg/(m2 s), and an inlet void fraction of 0.204,
and Test Run C7 with an inlet pressure of 0.103 MPa, total
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Fig. 4. Contributions of the simulated IAC source and sink terms and
their comparison with the experimental data of Zeitoun [13]: Run no. C7.
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mass flux of 139 kg/(m2 s), and an inlet void fraction of
0.163, respectively.

Fig. 6 shows a comparison of the simulated IAC
changes for different non-dimensional bubble diameters
at the boundary with the experimental data of Zeitoun
[13]. The IAC changes are simulated with different non-
dimensional boundary bubble diameters of 0.1, 0.2, 0.3,
0.4, 0.5, and 0.6 for the experimental data of Test Run
C6 of Zeitoun [13]. The simulation result shows that the
agreement is the best with a non-dimensional bubble diam-
eter of 0.4, which justifies the assumption of a threshold
bubble diameter between the thermally-control region
and the mechanically-control region.

Sensitivity analyses are also performed for different Nus-
selt number correlations. Figs. 7–9 show the comparisons
of the simulated IAC changes for the different Nusselt
number correlations with the experimental data of Test
Runs C6, C7, and C8 of Zeitoun [13], respectively, and
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Fig. 6. Comparison of the simulated IAC changes for different non-
dimensional bubble diameters at the boundary with the experimental data
of Zeitoun [13].

number correlations with the experimental data of Zeitoun [13]: Run no.
C7.
Fig. 10 shows an overall comparison of the simulated IACs
for different Nusselt number correlations with the experi-
mental data of Zeitoun [13]. When Zeitoun [13]’s correla-
tion is used to calculate the condensation Nusselt
number, the present model can predict almost all of the
data reasonably well except for the low IAC region where
the condensation process is almost finished. The arithmetic
mean of an absolute error of the predictions of the present
model from the experimental IAC is 13.2%. The arithmetic
mean of an absolute error e is defined as follows:

e ¼ 1

n
�
Xn

i¼1

ai; exp � ai;cor

ai; exp

				
				 ð25Þ

where n is the number of experimental data.
When Zeitoun [13]’s correlation for the condensation

Nusselt number is replaced by Isenberg and Sideman
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[21]’s correlation, the correlation used in the TRACE code
[22], and Chen and Mayinger [23]’s correlation, Akiyama
[24]’s correlation, and Ruckenstein [25]’s correlation, the
standard deviations of their predictions from the experi-
mental IAC are 20.1%, 16.8%, 24.3%, 15.4%, and 24.8%,
respectively. Chen and Mayinger [23]’s correlation, which
is based on the data after a detachment, is used in the pres-
ent comparison as the bulk condensation occurs after the
bubble is detached from the wall. However, Warrier et al.
[26]’s correlation could not be compared as it was
expressed as a function of the Fourier number, which can
not be estimated from Zeitoun’s data. The simulation
results show that the present model should be a promising
modeling approach for the condensation phenomena of
vapor bubbles in a subcooled liquid. The key correlation
to solve this model is the correlation for the condensation
Nusselt number.
When our model is to be applied to a high-pressure con-
dition, the following discussion should be considered.
Brucker and Sparrow [28] carried out experiments to inves-
tigate a direct contact condensation of saturated steam
bubbles introduced into a quiescent subcooled water envi-
ronment. Their experiments were performed in the range of
pressures from 1.03 to 6.21 MPa, for a subcooling from 15
to 100 �C, and for initial bubble diameters of about 3 mm.
Their experimental results showed that the bubble collaps-
ing time increased with an increasing pressure and that the
average heat transfer coefficients were in the order of 104

W/(m2 �C) with modest variations with the pressure level,
and the instantaneous heat transfer coefficients did not dif-
fer appreciably from the average heat transfer coefficients.
However, as they did not provide any quantitative data to
help us produce a condensation Nusselt number equation,
we need to undertake more experiments to obtain a Nusselt
number correlation applicable to a high-pressure condition
to replace Eq. (24). As shown in Fig. 2, the non-dimen-
sional bubble diameter is dependent on the non-dimen-
sional time, which includes the pressure term to consider
the pressure effect by itself. Therefore, the non-dimensional
boundary bubble diameter of 0.4 could be applicable to a
high-pressure condition as the collapsing mechanism of a
bubble is theoretically similar to an atmospheric condition.
However, from a comparison between tests with different
pressure conditions, Brucker and Sparrow [28] found that
a bubble interface was more compliant at higher pressures
owing to a decrease of its surface tension and liquid viscos-
ity with the temperature and was, therefore, more suscepti-
ble to oscillations. However, as they did not provide any
quantitative data to help us select the value of a non-
dimensional boundary bubble diameter, we need to under-
take more experiments to identity the bubble collapsing
mechanism at a high-pressure condition. Recently Lucas
and Prasser [29] investigated the structure of a steam-water
flow in a vertical pipe of 195.3 mm in inner diameter using
their wire-mesh sensors under a high-pressure/high-tem-
perature operation. This kind of data could be used to
obtain a Nusselt number correlation and to obtain a value
for a non-dimensional boundary bubble diameter at a high-
pressure condition.

As another future work, the boiling phenomena can also
be modeled with an existing or new modeling approach for
a subcooled boiling in combination with this condensation
modeling approach. Under some conditions of a subcool-
ing and liquid velocity in a highly subcooled boiling, the
coalesced bubbles on the heated surface were broken into
many fine bubbles accompanied by a loud boiling noise
which seemed to maintain a high heat flux at the beginning
of the transition boiling, which is known as a micro-bubble
emission boiling (MEB) [30]. It is considered that the boil-
ing noise and the strong pressure fluctuation are generated
by a rapid collapse of the large bubbles. Especially for a
periodic type MEB a bubble growth and bubble generation
occurred periodically. We have applied a simple model
to model the bubble behavior on a condensation in a
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two-phase flow system although the phenomena are extre-
mely unsteady and complicated. It is expected that the
present work will provide fundamental information to
extend the modeling approach to a breakup of the plural
coalescence bubbles grown on a large heated surface and
the actual cases of the vibrations and pressure fluctuations
generated in a two-phase flow system or a subcooled
boiling.

5. Conclusions

As a step to develop a reliable IATE which can be appli-
cable to a bubbly flow with a phase change, a model for the
condensation sink term in an IATE is presented. Based on
the bubble collapse phenomena, the condensation phenom-
ena are considered to occur in two different regions: in the
heat transfer-controlled region and in the inertia-controlled
region. These two regions are identified by introducing the
concept of a boundary bubble diameter, and then the bub-
ble collapse time in the heat transfer-controlled region is
calculated. Also the critical collapsing bubble size is calcu-
lated. The probability of an inertia-controlled region is cal-
culated based on its residence time and a model for its
condensation sink term is derived. The developed model
is applied to a steady state one-group one-dimensional
IATE, and evaluated against the existing experimental data
sets which were obtained from a condensing steam-water
flow through a non-heated annulus. The calculated results
show that the present model can predict the experimental
data reasonably well. The arithmetic mean of an absolute
error of the predictions of the present model from the mea-
sured IAC is 13.2%. The contributions of a bubble breakup
due to a turbulence impact, a bubble coalescence due to a
random collision and a pressure change are found to be
very small when compared with that of a condensation
sink, as expected. Thus, the present model can be consid-
ered as a promising modeling approach for the condensa-
tion phenomena of vapor bubbles in a subcooled liquid.
As a future work, the boiling phenomena can also be mod-
eled with an existing or new modeling approach for a sub-
cooled boiling in combination with this condensation
modeling approach.
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Appendix A. Critical collapsing bubble diameter

As the bubble temperature decreases, it finally reaches a
critical temperature after which a bubble can not maintain
its shape any more. The critical collapsing bubble size is
calculated in terms of the temperatures of the liquid and
the bubble from the mechanical force balance through an
interface. Fig. A.1 shows the saturated curve for the pres-
sure and the temperature. When the subcooling of the
liquid is low, the bubble is in the heat transfer-controlled
region. However, as the subcooling becomes higher, the
bubble moves into the inertia-controlled region. The dura-
tion of a bubble in the inertia-controlled region is very
short and the bubble disappears, or moves into the bubble
collapse region, when its diameter becomes smaller than
the critical bubble size. From the mechanical force balance,
the critical bubble size can be calculated.

P g � P f ¼
4r
Dc

ðA1Þ

where Pg, Pf, Dc, and r are the pressure in the vapor bub-
ble, the pressure in an ambient liquid, the critical collapsing
bubble diameter, and the surface tension, respectively.

From the Clapeyron equation and the Clapeyron–Clau-
sius approximation [27], the relationship between the pres-
sure and the temperature is derived as follows:

dP
dT

�
sat

¼ hfg

T ðvg � vfÞ
� hfg

Tvg

¼ hfg

RT 2
P ðA2Þ

where R, vg, and vf are the gas constant and the specific vol-
umes in the vapor bubble and in an ambient liquid, respec-
tively. If Eq. (A2) is integrated from Pg to Pf and from Tg

to Tf, the following equation is derived:

ln
P g

P f

¼ � hfg

R
� 1

T g

� 1

T f

� �
¼ hfg

R
� T g � T f

T gT f

ðA3Þ

where Pg = Psat(Tg) and Pf = Psat(Tf). The critical bubble
diameter can be calculated by using Eqs. (A1) and (A3)
as follows:

Dc ¼
4r
P f

�
�

e
hfg
R �

T g�T f
T gT f � 1

��1

ðA4Þ

The critical collapsing bubble size becomes infinitely large
as the gas bubble temperature approaches the liquid tem-
perature, as shown in Eq. (A4). In reality, Dc is very small
when compared with the Sauter mean bubble diameter in
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the heat transfer-controlled region. For the experimental
data of Zeitoun [13] which is shown in Table 1, the critical
collapsing bubble diameters are calculated to be 3.86, 1.52,
and 25.0 lm for the conditions of Test Runs C6, C7, and
C8, respectively. Except for the condition when the liquid
temperature is near the saturated temperature, the bubble
size is negligibly small.
Appendix B. Interfacial heat transfer coefficient and Nusselt

number

The bubble condensation phenomena have been ana-
lyzed based on the energy balance around a collapsing bub-
ble. For a collapsing spherical bubble in an ambient
subcooled liquid the interfacial heat transfer coefficient
can be expressed as follows by using a simple energy
balance:

hc ¼
qghfg � ð�dvb=dtÞ
Ab � ðT sat � T fÞ

¼
qghfg � ð�dDsm=dtÞ

2 � ðT sat � T fÞ
ðB1Þ

where hc, qg, hfg, Ab, vb, and Dsm are the condensation heat
transfer coefficient, vapor density, latent heat, interfacial
area of a bubble, volume of a bubble, and Sauter mean
bubble diameter, respectively.

The bubble condensation Nusselt number can also be
expressed by using the local mean Sauter mean bubble
diameter as follows:

Nuc ¼
hc � Dsm

kf

¼ �
qghfg

2 � kf � ðT sat � T fÞ
� Dsm �

dDsm

dt
ðB2Þ
Table B.1
Bubble condensation models for the non-dimensional bubble diameter

Author Non-dimensional bubble

Zeitoun [13] b ¼ ð1� 5:67 � Re0:61
b;0 � a0:

Isenberg and Sideman [21] b ¼ ð1� 3=
ffiffiffi
p
p
� Ja � Re1=

b;0

Chen and Mayinger [23] b ¼ ð1� 0:56 � Re0:7
b;0 � Pr0:

Akiyama [24] b ¼ ð1� 2:8 � 0:37 � Ja � R
Warrier et al. [26] b3=2 ¼ 1� 1:8Re1=2

b;0 Pr1=3J

Table B.2
Bubble condensation models for the condensation Nusselt number

Author Condensation Nusselt number

Zeitoun [13] Nuc ¼ 2:04 � Re0:61
b � a0:328 � Ja�0:308

Isenberg and Sideman [21] Nuc ¼ 1=
ffiffiffi
p
p
� Re1=2

b � Pr1=3

TRACE Code [22] Nuc ¼ 116:7 �
ffiffiffiffiffi
Pr
p

Nuc ¼ 0:185 � Re0:7
b �

ffiffiffiffiffi
Pr
p

Nuc ¼ 2þ 0:4
ffiffiffiffiffiffiffiffi
Reb

p
þ 0:06 � Re2=3

b

� �
�

Chen and Mayinger [23] Nuc ¼ 0:6 � Re0:6
b � Pr0:5ðbefore detachm

Nuc ¼ 0:185 � Re0:7
b � Pr0:5ðafter detach

Akiyama [24] Nuc ¼ 0:37 � Re0:6
b � Pr1=3

Ruckenstein [25] Nuc ¼
ffiffiffiffiffiffiffiffi
4=p

p
� ðReb � PrÞ1=2

Warrier et al. [26] Nuc ¼ 0:6Re1=2
b Pr1=3 � ½1� 1:20Ja9=10Fo
where Nuc and kf are the condensation Nusselt number and
liquid thermal conductivity, respectively.

Tables B.1 and B.2 show the available correlations for
the non-dimensional bubble diameter and the condensation
Nusselt number, respectively. The approaches to develop
the correlations for the non-dimensional bubble diameter
and the condensation Nusselt number are a little different
from each other. Zeitoun [13] acquired experimental data
for an interfacial heat transfer between bubbles and the
surrounding subcooled water for a steam-water bubbly
flow and developed a correlation for the condensation Nus-
selt number. For the case of Warrier et al. [26], a correla-
tion for the non-dimensional bubble diameter is
developed based on the measured bubble diameter and
the presupposed condensation Nusselt number, and then
the correlation for the condensation Nusselt number is
developed based on the correlation for the non-dimen-
sional bubble diameter. The non-dimensional bubble diam-
eter is calculated based on the developed condensation
Nusselt number. For the case of Chen and Mayinger [23],
both the non-dimensional bubble diameter and the conden-
sation Nusselt number are measured and correlated.

The existing correlations are evaluated based on the
experimental data of Warrier et al. [26]. The flow channel
is 1.83 m long, of which the heated section length is
0.30 m. A 0.61 m long flow development section is pro-
vided upstream of the heated section, while a 0.30 m long
section is provided downstream of the heated section. In
addition, transition sections, each 0.30 m long, are pro-
vided upstream and downstream of the test section. The
flow channel is almost square in cross-section with a flow
area of 16.33 cm2. Warrier et al. [26] performed low
diameter Prediction error (%)

328 � Ja0:692Fo0Þ0:72 –
2 � Pr1=3 � Fo0Þ2=3 18.2
5 � JaFo0Þ0:9 33.1

e0:6
b;0 � Pr1=3 � Fo0Þ1=1:4 18.8

a � Fo � ½1� 0:72Ja9=10Fo2=3
0 � 7.9

Applicable range Prediction error (%)

2266 6 Reb 6 7953 –

Non-available 30.2

Reb P 10,000 65.0

400 6 Reb 6 10,000

Pr0:4 Reb 6 400

entÞ Reb 6 10,000 96.1

mentÞ 12.9

Non-available 28.0

Non-available 172.5
2=3
0 � 20 6 Reb 6 700 8.5
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pressure subcooled flow boiling experiments by using a
vertical flat plate heater to investigate the bubble collapse
process and correlated the condensation Nusselt number
by using the experimental data. The bubble Reynolds
number ranges from 20 to 700.

Fig. B.1 shows the prediction of the experimental data
for a non-dimensional bubble diameter from the existing
correlations. The prediction of Chen and Mayinger’s corre-
lation [23] is the lowest when compared with the experi-
mental data and also, the predictions of Akiyama’s
correlation [24] and Isenberg and Sideman’s correlation
[21] are a little lower than the experimental data. It is inter-
esting that there is no available measurement data below
0.3 due to a rapid decrease of the bubble size in the later
stage of a bubble collapse. The standard deviations of the
predictions of the existing correlations from the experimen-
tal non-dimensional bubble diameter are listed in Table
B.1.

Fig. B.2 shows the calculated bubble condensation
Nusselt number versus the bubble Reynolds number based
on the experimental data of Warrier et al. [26]. Rucken-
stein’s correlation [25] predicts about 2 times higher than
the experimental data at a maximum and the correlations
of Akiyama [24] and Isenberg and Sideman [21] predict
the experimental data similarly. Chen and Mayinger’s cor-
relation – before a detachment [23] predicts higher values
than the experimental data, while Chen and Mayinger’s
correlation – after a detachment [23] predicts similar val-
ues. It is because Warrier’s data is also acquired for a
detached or floating bubble in an ambient liquid. The cor-
relation used in the TRACE code [22] predicts a little
higher values than the experimental data. The standard
deviations of the predictions of the existing correlations
from the experimental condensation Nusselt number are
listed in Table B.2.
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