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Abstract

In order to develop a mechanistic model for the subcooled flow boiling process, the key issues which must be ad-
dressed are wall heat flux partitioning and interfacial (condensation) heat transfer. The sink term in the two-fluid
models for void fraction prediction is provided by the condensation rate at the vapor-liquid interface. Low pressure
subcooled flow boiling experiments, using water, were performed using a vertical flat plate heater to investigate the
bubble collapse process. A high-speed CCD camera was used to record the bubble collapse in the bulk subcooled liquid.
Based on the analyses of these digitized images, bubble collapse rates and the associated heat transfer rate were de-
termined. The experimental data were in turn used to correlate the bubble collapse rate and the interfacial heat transfer
rate. These correlations are functions of bubble Reynolds number, liquid Prandtl number, Jacob number, and Fourier
number. The correlations account for both the effect of forced convection heat transfer and thickening of the thermal
boundary layer as the vapor bubble condenses which in turn makes the condensation heat transfer time dependent.
Comparison of the measured experimental data with those predicted from the correlations show that predictions are
well within £25% of the experimentally measured values. These correlations have also been compared with those

available in the literature. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In order to develop a mechanistic model for the sub-
cooled flow boiling process, the key issues which must
be addressed are wall heat flux partitioning and inter-
facial (condensation) heat transfer. Mechanistic models
involve modeling each of the individual physical mech-
anisms associated with the process which when com-
bined can be used to develop larger global models. Since
the source and sink terms in the two-fluid models, such
as RELAPS5 [1], used to predict axial void fraction
variation during subcooled boiling are provided by the
rate at which vapor is added to the bulk and the con-
densation rate at the vapor-liquid interface, respectively,
any error in the calculation of these quantities will in-
troduce large errors in the calculation of the void frac-
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tion. An extensive review of the available literature
(Warrier and Dhir [2]) has revealed that very limited
data are available to develop and validate a mechanistic
model for subcooled flow boiling. Hence, the present
investigation was undertaken to address the issue of
the interfacial heat transfer. This paper deals with ex-
periments performed to measure the condensation heat
transfer rate from vapor bubbles during subcooled flow
boiling of water at low pressures.

A number of studies have been performed previously
to study condensing bubbles in a subcooled liquid. Some
of the notable studies are those by Isenberg and Sideman
[3], Chen and Mayinger [4], and Zeitoun et al. [5]. All of
these investigations were aimed at developing correla-
tions/models for bubble diameter § = Dy, /Dy,, where Dy,
is the instantaneous bubble diameter and Dy, is the
initial bubble diameter (which is the bubble lift-off di-
ameter) as a function of time and the corresponding
heat transfer coefficient (Nu, = h.Dy/ki) associated with
the condensing bubble. Isenberg and Sideman [3] stud-
ied bubble condensation in immiscible liquids. Single

. All rights reserved.
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Nomenclature

A area

C, specific heat

D diameter

Fo Fourier number

G mass flux

h heat transfer coefficient
hig latent heat

Ja Jacob number

k thermal conductivity
Nu Nusselt number

P pressure

Pr Prandtl number

q heat flux

Re bubble Reynolds number
t time

T temperature

AT temperature difference
U velocity

V volume

X cartesian coordinate
y cartesian coordinate

z cartesian coordinate

Greek symbols

o void fraction or thermal diffusivity
p dimensionless bubble diameter

¢ contact angle

U kinematic viscosity

0 density

Subscripts

b bubble

bs bubble (based on Sauter diameter)
c condensation

i interface

1 liquid

o initial condition

rel relative

sat saturation

sub subcooled

v vapor

w wall

bubbles of volatile organic fluids (pentane or iso-pen-
tane) cooling under heat transfer controlled conditions
while rising freely in water and aqueous glycerol solution
were studied by them, both theoretically and experi-
mentally. Their theoretical analysis was based on the
assumption that the flow around the collapsing sphere
was a potential flow. The bubble collapse rate correla-
tion developed by them agreed well with their experi-
mental data for bubble sizes in the range 3 mm <
Dypo < 10 mm.

Chen and Mayinger [4] used holographic interfer-
ometry and high-speed cinematography to study the
heat transfer at the interface of vapor bubbles con-
densing in a subcooled liquid, for both attached bubbles
as well as departing bubbles. Their experiments, per-
formed using ethanol, propanol, R113, and water as the
working fluids, covered the following range of parame-
ters: 2 < Pry < 15 and 1 < Ja < 120, where the Prandtl
number (Pr) and Jacob number (Ja) are defined as
Pr = .ulcp,]/k] and Ja = plcp,lATsub/pvhfga ATsub = Toat —
T;. In these experiments, the vapor bubbles were gener-
ated using a nozzle of diameter 1.6 mm. They developed
correlations to predict both f# and Nu. as functions of
time.

Zeitoun et al. [5] performed experiments in sub-
cooled water-steam bubbly flow in a vertical conduit.
The bubble condensation process, recorded using a high-
speed camera, was used to obtain bubble diameter and
condensation heat transfer data. They developed corre-

lations for f and Nu.. However, unlike previous corre-
lations, their Nu, correlation involved the void fraction
(x) and is based on the mean Sauter diameter (Dps =
6V, /Ay, where V;, and A4, are the bubble volume and
surface area, respectively) of the bubble. In developing
the correlation for f3, by integrating the Nu. correlation,
Dy was assumed to represent the instantaneous bubble
diameter. The void fraction was included to account for
the presence of multiple bubbles. Their correlation is
valid for void fraction in the range of 0.02 < o < 0.3 and
for bubble relative velocities (Upy) in the range of
0.2 < Upre < 0.4 m/s. The major difficulty in applying
their correlation is the fact that o needs to be known and
that it is not a transient model. A listing of the correla-
tions discussed above is given in Table 1.

Although a number of correlations have been re-
ported in the literature for condensation of bubbles
translating in a subcooled liquid (see Zeitoun et al. [5]
for details), most of these correlations are based on
theoretical and experimental studies performed where
only bubbles rising in a stagnant liquid were considered.
Also, as pointed out by Zeitoun et al. [5], there is con-
siderable discrepancy in these correlations as regards to
the effect of Ja on Nu.. The experimental database cur-
rently available for steam bubbles collapsing in flowing
water is very limited. This particular flow situation is of
interest due to it direct application to nuclear reactor
systems. Thus, the goal of this study was to investigate
the interfacial heat transfer that occurs during subcooled
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Table 1

List of dimensionless bubble diameter and condensation Nusselt number correlations

Authors

Bubble collapse () and condensation Nusselt numbers (Nu.) correlations

Isenberg and Sideman [3]
Chen and Mayinger [4]
Zeitoun et al. [5]

p=01- 3/n1/2JaRelljézPrll/3Foo)2/3,
p=(1- 0.56}38(&.()713,,?.5‘]‘11%0)0.9’
B=(1- 5.67Re%§1OCO'SZXJ[IO'GZQFOU)O‘D,

Nug = 1/7'?Re}* P
Nue = 0.185Re7Pr}/?
]\/uC — 2‘04Reg'61060'328‘]6170'308

flow boiling of water. The experimental data gathered
during this study was used to expand the experimental
database and develop relevant correlations.

2. Experimental apparatus

The schematic of the flow loop is shown in Fig. 1.
The flow loop consists of two tanks, each with a volume
of 1.25 m3, a centrifugal pump, turbine flow meter, by-
pass line, preheater, and test section. Tank #1, which
was used as the supply tank, is also fitted with immer-
sion heaters (13.5 kW total power) to degas and preheat
the distilled water used in the experiments. The pre-
heater consisted of a 210 kW (480 V, 3 phase) flanged
immersion heater fitted vertically onto a stainless steel
container. The power to the immersion heater is con-
trolled using a 480 V, 350 A silicon controlled rectifier
(SCR) power controller (Phasetronics). Using the power
controller and thermocouple outputs, it is possible to
control the liquid subcooling accurately. 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 provided 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

Tank #1 Tank #2
(125 m’) (1.25 %)
69 Valve Qb
@ ®
S
@ 1 3
®

Test Section

Turbine
V Flowmeter

Fig. 1. Schematic of test loop.

long, are provided upstream and downstream of the test
section. A flow straightener is also provided at the inlet
of the flow developing section. The cross-section of the
flow channel is shown in Fig. 2. The flow channel is
almost square in cross-section with a flow area of 16.33
cm?. The copper block, which is heated, is mounted flush
with one of the inside walls of the flow channel, while
pyrex glass windows are provided on the other three
sides of the channel. The glass windows help in visual
observation of the flow. Rubber gaskets provided at all
the joints ensure that there are no leaks.

Fig. 3 shows the dimensions of the copper heating
block and the placement of the thermocouples at each
axial location. The temperatures measured by these em-
bedded thermocouples are used to determine the tem-
perature and heat flux at the surface (boiling surface).
The thermocouples (K-type, 3.17 mm diameter) are lo-
cated at seven different axial locations along the length
of the copper block. At each axial location, there are
nine thermocouples (labelled 1 through 9) embedded in
the block at discrete locations normal to the heating
surface, as can be seen from the cross-section of the
copper block shown in Fig. 3. Thus, a total of 63 ther-
mocouples are provided in the copper block. Each of
these thermocouples was silver soldered in place in order
to ensure accurate temperature measurements. The heat-
ing of the copper block is achieved using 36 cartridge
heaters embedded in the back of the copper block. These
cartridge heaters were arranged such that the heat flux
at the boiling surface is uniform. Since each cartridge
heater has a maximum power rating of 750 W, the total

Frame

Cover Plate
\\\
|- Glass Window

Rubber Gasket \

All dimensions in cm

Fig. 2. Cross-section of test chamber.
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Fig. 3. Copper heating block and thermocouple placement.

installed power in the test section is 27 kW. The power
supplied to the cartridge heaters, and hence to the cop-
per block, is controlled with a 240 V, 50 A SCR power
controller (Phasetronics). Additional details regarding
the test section can be found in the report by Warrier
et al. [6].

Fig. 4 shows a photograph of the assembled test
section with the various pressure and temperature sen-
sors mounted. Five microthermocouples (K-type, 0.25
mm diameter) are mounted in the test chamber to
measure the liquid temperature profile. These microth-
ermocouples are connected to micrometers (0.025 mm
resolution) making it possible to traverse the width of
the channel. They measure liquid temperatures at axial
distances 0.64, 6.48, 15.25, 24.00, and 29.86 cm from the
leading edge of the copper block. Additional thermo-
couples and pressure transducers are installed at the
inlet and exit of the heating section. The thermocouples
(K-type, 0.81 mm diameter) are used to measure the
mean fluid temperatures, while the pressure transducers
(Omega, Model PX202-100GV) are used to measure the
system pressures at the inlet and exit, respectively.

Before each experiment, tank #1 was filled with dis-
tilled water and is heated. The water was degassed by

Microthermocouple

Cartridge
heater

Micrometer

Test chamber Pressure transducer

Fig. 4. Photograph of test chamber.

boiling it for approximately three hours and then cool-
ing to the required temperature. During an experiment,
water was pumped from tank #1, passed through the
flowmeter, inline preheater, and the test section before
being discharged into tank #2. The liquid flow rate was
controlled using the valve at the preheater inlet and the
bypass line. The power to the boiling surface was turned
on once the required flow rate and liquid subcooling
levels at inlet were achieved. Once the test heater reached
steady state, all the required temperature measure-
ments were recorded. A 16-bit data acquisition system
(Strawberry Tree, Model DS-16-8-TC) was used to
record the temperatures. The boiling phenomena oc-
curring at the heater surface was recorded using a high-
speed CCD camera (HISIS 2000, KSV Instruments
Ltd.). This camera is capable of recording pictures with
a resolution of 256 x 256 pixels and has a maximum
frame rate of 1220 frames/s. This camera is capable of
being fitted with lenses of various focal lengths as per
experimental requirements.

This section discusses the uncertainty of the mea-
sured experimental data. The uncertainty in the thermal
conductivity (k) of the copper block is estimated to be
approximately 1%. The uncertainty in the temperature
measurements inside the copper block is £0.2 °C, while
the uncertainty in the placement of the thermocouples is
estimated to be +0.5 mm. Based on these uncertainties,
the error in the calculated wall heat fluxes of 20, 53, and
96 W/cm? are £9.4%, £8.9%, and £8.7%, respectively.
As mentioned earlier, the surface temperature of the
heater was determined by extrapolating the interior
temperature to the surface. The uncertainty in these
calculated heater surface temperatures is in the range
40.4 to £0.8 °C. The error associated with the measured
liquid temperature is +0.2 °C and that in the probe
position is +0.025 mm.
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The error in the measurement of the bubble diame-
ters is +0.02 mm, which is largely due to the resolution
of the recorded images. As a result, the maximum un-
certainty in f is about £9%. The error in the measure-
ment of the bubble position is £0.02 mm. The estimated
maximum uncertainty in the bubble relative velocity is
+14%. The uncertainty in the measurement of the liquid
subcooling is £0.4 °C. Based on the above measurement
uncertainties, the maximum error in the values of Nu is
estimated to be +28%.

3. Experimental results and data reduction

A total of 24 subcooled boiling experiments were
performed as part of this study. The flow conditions for
which these experiments were performed are listed in
Table 2. The contact angles (¢) measured at the start of
each experiment are also given in Table 2. The contact
angle is defined as the angle between the tangent to the
bubble and the solid surface, measured from the liquid
side. Details of how the boiling surface was prepared
and the contact angle measured can be found in Warrier
et al. [6].

In each run, the wall heat flux was computed from
the measured temperature gradient in the copper block.

Table 2
Operating conditions for subcooled boiling experiments

3951

The total power supplied was also measured. A com-
parison of the measured and calculated total power
shows that the difference is approximately 1.7% which
suggests that the heat loss from the copper block for this
case was less than 1.7% on an average for all cases.
The heater surface temperatures were determined by
extrapolating the measured interior temperatures to the
surface. The liquid temperature profile was measured at
five axial locations using traversable microthermocou-
ples. The typical response time of these microther-
mocouples is about 5-7 ms. Though it is possible to
distinguish between the liquid and vapor phases, since
the temperature data was only sampled at a rate of 1.0—
3.0 Hz, the response of the microthermocouples could
not be used to measure the instantaneous liquid and
vapor phases. The average liquid temperature was then
determined by averaging the lowest temperatures mea-
sured for each particular temperature series recorded.
Fig. 5 shows the typical liquid temperatures at various
axial locations as a function of the normal distance (y)
to the heater surface. It must be mentioned that the
liquid temperature data shown in Fig. 5 is time-averaged
value (over a time period of 30 s). From Fig. 5, it is clear
that a large temperature gradient exists close to the he-
ated wall, while far from the wall the liquid tempera-
ture is the bulk liquid temperature. In Fig. 5, the

No. Mass flux Pressure Inlet liquid Heat flux Contact angle
(G, kg/m?s) (P, bar) subcooling (qw» Wicm?) (¢, deg)
(AT, °C)
TP1 340 1.03 14.5 20.6 29.6
TP2 340 1.03 46.5 41.7 28.3
TP3 340 1.03 35.0 36.3 29.6
TP4 235 1.03 41.0 21.0 30.0
TP5 684 1.03 34.0 35.8 30.6
TP6 340 1.03 24.0 40.7 31.3
TP7 348 1.03 22.8 20.0 31.3
TP7a 348 1.03 23.6 34.5 31.3
TP7b 348 1.03 23.0 16.0 31.3
TPS 348 1.03 38.5 454 30.0
TP8a 348 1.03 37.2 29.0 30.0
TP9 346 1.03 11.1 41.6 29.4
TP%a 346 1.03 9.0 18.0 29.4
TP9b 346 1.03 10.3 9.9 29.4
TP10a 342 1.03 7.0 9.6 30.5
TP10b 342 1.03 8.0 21.9 30.5
TP10c 342 1.03 7.7 40.2 30.5
TPlla 346 1.03 10.8 53.6 29.2
TP11b 346 1.03 11.1 69.8 29.2
TPllc 346 1.03 11.1 96.3 29.2
TP12a 346 1.03 12.9 16.0 90.0
TP12¢c 346 1.03 10.2 49.0 90.0
TP12d 350 1.03 11.6 64.3 90.0
TP12e 350 1.03 10.7 94.4 90.0
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Fig. 5. Liquid temperature profile for test case TP1.

temperature gradients close to the wall are 311.7, 303.9,
321.6, 325.5, and 273.6 °C/mm at axial locations 0.64,

t=15.6 ms

6.57,12.24, 24.00, and 29.84 cm, respectively. Due to the
large temperature gradient close to the wall, any small
error in computing the gradient can result in large errors
in the computed heat flux. Referring to Fig. 5, though
the extrapolated heater surface temperature (114.1 °C)
at axial location 24.00 cm is higher than that at axial
location 29.84 cm (113.8 °C) it is within the uncertainty
limits.

The condensation heat transfer coefficient for de-
tached bubbles was calculated by measuring the bubble
diameter as a function of time. The bubble pictures were
taken with the camera placed on one side of the test
chamber with the light source (with filter) placed on the
opposite side. By analyzing the movies recorded using
the CCD camera, frame by frame using a frame grabber,
the diameter of the bubble and its position (both in the
axial direction and in the direction normal to the heating
surface) as a function of time was determined. All
movies in this study were recorded using a frame rate
of 1220 frames/s. During the recording stage, care was
taken not to change the focus of the camera. After the
bubble pictures were taken, a reference scale was placed

<

t=6.4ms

Fig. 6. Photographs showing bubble collapse sequence.
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on the outside of the test chamber and the camera was
moved back (without adjusting the focus of the camera)
such that the reference scale was in focus. A picture of
the reference scale was then taken and subsequently used
to scale the bubble diameters. In analyzing these movie
frames, only those bubbles that could be observed lifting
off the heater surface and moving into the bulk liquid
were considered. The bubble diameters calculated in this
study were in fact the volume equivalent bubble dia-
meters, which were calculated as follows: for each bub-
ble of interest, assuming the bubble to be an ellipsoid,
the major and minor diameters were measured. Then the
bubble volume was determined assuming the bubble to
be a body of revolution. Now considering the bubble to
be a sphere of the same volume, the volume equivalent
bubble diameter was determined. All length or distance

10 Ja=100 5
0o Pr,=28
T D,,=0.69 mm [

0.8 |- -

0.7 |- -

0.6 |- 4

04} i
03} 4
02} o 4

0.1} 4

measurements were done using an image analysis soft-
ware.

It must be mentioned that the after the experiments
were completed, a simple test was done to verify the
scaling technique used. In this test, the reference scale
was placed both inside and outside the test chamber.
Using both these readings to scale the length measure-
ments showed that the difference between them was
negligible (<0.5%).

Based on the measured bubble diameters, the rate of
change of bubble diameter (dD,/df) was calculated.
Knowing the position of the bubble normal to the heater
surface and the liquid temperature profiles (measured
separately), the liquid subcooling in the vicinity of the
vapor bubble at each instant was determined. The con-
densation heat transfer coefficient, determined from the
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Fig. 7. Bubble diameter as a function of time.
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energy balance around the collapsing bubble, can then
be expressed as,

_ Pl (dDy
he = S AT ( dr M

where ATy, is the instantaneous liquid subcooling. In
calculating the instantaneous ATy, it must be men-
tioned that it is assumed that the measured liquid tem-
perature profile (as shown in Fig. 5) is steady (i.e., does
not change during the time it takes to record the movies)
and that the bubble is translating in this known tem-
perature field. Hence, the instantaneous ATy, is calcu-
lated by knowing the instantaneous position (center) of
the bubble and the given temperature field. However
close to the heated wall, where the liquid temperature
gradients are the largest, since the bubbles are in contact
with hotter liquid on one side and colder liquid on the
other, the local ATy, (calculated as the mean of the two)
could be different. From the data available in this study,
it was estimated that the difference in the local ATy,
calculated using the two methods varied from 0.2% to
1.4%. However, since the bubbles typically move away
quite rapidly from the heated wall, the overall effect of
this variation is expected to be small. Once the local
ATy, was calculated, it was assumed to be uniform
around the bubble.

Fig. 6 shows a sequence of nine photographs showing
a bubble lifting off the heater surface and collapsing in
the bulk liquid. The photographs are arranged in order
from left to right and from top to bottom. The time
interval between frames is 0.8 ms. Arrows shown in Fig.
6 point to the particular bubble of interest. The bubble
diameters were measured until either the bubble moved
out of the focusing area or moved out of the focusing
plane of the camera or completely collapsed. The ab-
solute bubble velocities were determined by calculating
the change in bubble position (measured from high-
speed movies) as a function of time. To account for the
presence of the heating surface, the universal turbulent
velocity profile (Kays and Crawford [7]) was used to
determine the local liquid velocity. Though this velocity
profile does not account for the two-phase flow, the
impact of this expected to be minimal since most of the
bubble is already outside the region where the velocity
gradient is large (close to the wall), and also because the
bubbles move away from the wall quite rapidly. Since
the void fraction in most of the experiments were low
(estimated from the video frames to be in the range 0.02—
0.05) the presence of multiple bubbles is not expected to
change the liquid velocity significantly. Once the con-
densation heat transfer rates and bubble velocities for
individual bubbles were determined, an attempt was
made to correlate the experimental data in terms of
relevant dimensionless parameters. The following sec-
tion describes the development of this new correlation.

The first step in developing this correlation was the
assumption that the condensation Nusselt number (Nu,)
had the same functional dependence on the bubble
Reynolds (Rep) and Prandtl number (Pry) as suggested
by the Ranz and Marshall [8] correlation (for forced
convection around a solid sphere), i.e.,

th b

= = 0.6Re;/* Pry 2)
1

Nu, =

It must be kept in mind that the above correlation (Eq.
(2)) is for single phase forced convection around a solid
sphere and that the minimum value of Nu. in Eq. (2) is
two. In Eq. (2), the bubble Reynolds number is defined
as,

_ P Ub,ret Dy

Rey, m (3)
and
Ubrel = \/(Ub‘z —U) + (Ub,y)2 “4)

where U,. and U,, are the instantaneous absolute
bubble velocities in the axial (z) and normal (y) direc-
tions, respectively. It was assumed that the bubbles had
zero velocity in the x direction, since it could not be
measured in the present set of experiments. However,
due to the fact that in most experiments, the bubbles
only appear to translate very little (from high-speed
movies) in the transverse direction (x direction) as a
result of the turbulent fluctuations in the flow, the ve-
locity in the x direction is expected to be small.
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Fig. 8. Comparison of experimental data with predicted values
of bubble collapse.
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Substituting for 4. (from Eq. (2)) in Eq. (1) and re-
arranging yields, (5)

Upre \ /2 ATy,
_ —1.2k1<—p1 b, ‘) Pr11/3[ b]
H Pyhig

dp}/*
dt

(5)

Integrating Eq. (5) with respect to time (#) and then
nondimensionalizing yields the final expression for the
dimensionless bubble diameter, f, as,
B =1 — 1.8Rey>Pr* JaFo, (6)
where Rey, is the bubble Reynolds number based on Dy,.
In Eq. (6), the Fourier number (Fo,) is defined as,

Ja=100
Pr=28

06 0.7

Ja=26

2. Pr.=20

Fo x10°
o

Nu
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ot

Fo, = ——
° D,

()
where o is the thermal diffusivity of the liquid
(o= ki/p,C,1). In Fig. 7, the dimensionless bubble di-
ameters predicted using Eq. (6) are shown using open
circles. From Fig. 7 it is clear that the modified Ranz
and Marshall correlation underpredicts the measured
values in all cases, especially at higher Ja values and at
longer times (higher Fo, values).

This under prediction is a result of the fact that as
the bubble shrinks in size, the thermal layer around
the bubble thickens. This behavior is not included in the
correlations such as that due to Ranz and Marshall. The
net effect of the thickening of the boundary layer is a

b

Ja=12
Pr=18

>m

06 08 1.0 12
Fo, x10°

B Experiment
A Correlation (egn. (10))

Fig. 9. Condensation Nusselt number variation with time.
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decrease in the overall condensation rate. This situation
can be visualized as being very similar to what happens
when one has forced convection in the presence of
blowing at the wall. This means that there are two
separate time scales involved in this process, one
due to forced convection heat transfer and the second
due to the thickening of the thermal boundary layer. The
thickening of the boundary layer not only depends on
time but also on liquid subcooling.

To better predict ff, a new correlation was developed
by modifying Eq. (6) using a function of both Ja and
Fo,. The resulting correlation is given as,

B2 =1 —1.8Re)*Pr/ JaFo,[1 — 07208 Fo?®]  (8)

The bubble diameters predicted using Eq. (8) are shown
in Fig. 7 as open triangles. It can clearly be seen that the
new correlation predicts the measured values very well.
A comparison of all the measured data (total of 300 data
points) and the corresponding predicted values (from
Eq. (8)) are shown in Fig. 8. From Fig. 8 it can be seen
that the new correlation (Eq. (8)) predicts most of the
measured data to within £25%.

Based on Eq. (8) a new correlation was also devel-
oped for Nu.. Differentiating Eq. (8) with respect to time
yields the following expression for dDy/dt:

Di:){,z Rell)/zﬂ"ll/3']a{ i
Dl

5 910 % 3 2/3
—0.72(—)Ja (_) . ©)
3 D},

Substituting Eq. (9) into Eq. (1), the final expression for
Nu, is given as,

_ thb
=

dr

N = 0.6Rey*Pri”*[1 — 1.200a°Fo?*]  (10)
Fig. 9 shows a comparison of the calculated Nu, values
and those predicted using Eq. (10), for the same cases as
those in Fig. 7. The agreement between the calculated
and predicted values is good. Since the condensation
heat transfer rate was determined using the bubble di-
ameters at two consecutive time steps (say ¢, and #,), the
calculated value of Nu, is therefore applicable at a time
step (#; + t,)/2. Hence, referring to Fig. 9, it can be seen
that the Nu. data have been plotted for those Fo, that
correspond to the midpoint of two consecutive bubble
diameters.

Analyzing the Nu. correlation (Eq. (10)) in greater
detail reveals the fact that the contribution due to forced
convection heat transfer around the bubble is accounted
for by the term O,6Re,13/ 2Pr11/ * (from the Ranz and Mar-
shall correlation—which accounts for forced convection
around a solid sphere), while the factor (1 —1.20
Ja’"Fo3) is a correction term that accounts for the
decrease in the condensation rate due to the thickening

of the thermal boundary layer around the bubble. Ad-
ditionally, since the correlations developed are based on
a volume equivalent bubble diameter, these correla-
tions do not differentiate between spherical and non-
spherical bubbles. In the present set of experiments, the
ratio of the major to minor diameters varied from 1.0
(for spherical bubbles) to 1.33 (for nonspherical bub-
bles).

Fig. 10 shows a comparison of all the calculated data
(total of 300 data points) and the corresponding pre-
dicted values for Nu. (from Eq. (10)). In most cases, the
difference between the calculated and predicted values is
within +25%. The applicability of the new correlations
for f (Eq. (8)) and Nu. (Eq. (10)) are strictly limited to
the following range of parameters: 20 < Rey, < 700,
1.8 < Py < 2.9, and 12 < Ja < 100. Also, it is important
to keep in mind that the Eq. (10) is only valid when the
predicted value of Nu. > 2.

Fig. 11 shows a comparison of the proposed corre-
lation (Eq. (8)) for the bubble diameter with some of the
models reported in the literature. Though the models
reported in the literature were developed based on ex-
perimental apparatus and techniques different from that
used in this study, a direct comparison of the correla-
tions developed is possible provided the local tempera-
ture field is accounted for properly. From Fig. 11, it is
clear that Chen and Mayinger’s [4] correlation under-
predicts the bubble diameter at all Ja values (Ja = 12—
100). On the other hand, Isenberg and Sideman’s [3]
correlation correctly predicts the bubble diameters at all
Ja values (Ja = 12-100). Since Zeitoun et al. [5] corre-
lation is in terms of the void fraction, two curves were
plotted in Fig. 11—corresponding to the maximum

(correlation)
3
T
-
|\‘~\
N .
a
O\O
1

Nu
(o)}
1

Nu (experiment)

Fig. 10. Comparison of experimental data with predicted val-
ues of condensation Nusselt number.
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Fig. 11. Comparison of present correlation for bubble collapse with previous models.

(x = 0.3) and minimum (o = 0.02) values of o. From
Fig. 11, it can be seen that for Ja < 56, the predictions of
the present correlation are bounded by those of Zeitoun
et al. For, Ja > 56, Zeitoun et al.’s correlation always
predict larger bubble diameters.

Fig. 12 shows a comparison of the proposed corre-
lation for Nu. with previous models for various Ja and
Pry values. In comparing these models it is important to
point out that in all of the previous models, the depen-
dence of Nu, on time is not explicit, rather it is implicitly
included in Rey, (Rey, = fRepo, Where f is a function of
time). On the other hand, in the proposed correlation
(Eq. (10)) the effect of time is included both implicitly
and explicitly—implicitly through Re, and explicitly
through the factor (1 — 1.20Ja%/1°Fo?/3). From Fig. 12, it
is clear that the predictions of Isenberg and Sideman and
Chen and Mayinger are in general agreement with the
predictions from Eq. (10), though their correlations do

not correctly account for the transient variation of the
heat transfer coefficient even when all of the other pa-
rameters remain fixed. Since Zeitoun et al.’s correlation
for Nu. involves the mean Sauter diameter (Dys) and
because it is not clear what value of Dy, is to be chosen
(Dys is neither the initial nor the instantaneous bubble
diameter), this correlation is not compared with the Nu,
correlation developed in this study.

It must be mentioned that a pure heat diffusion
model was also considered in trying to estimate the heat
transfer from the collapsing bubble (especially for low
Rey), but it was not successful. This model tended to
predict a much higher condensation rate in the initial
stages of bubble collapse because of the initial condition
chosen (i.e., the bubble interface, initially at saturation
temperature, is suddenly assumed to come in contact
with the subcooled liquid). Additionally, the moving
boundary model proposed by Riznic et al. [9] to account
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Fig. 12. Comparison of present correlation for condensation Nusselt number with previous models.

for the transient heat conduction from a growing or
collapsing spherical vapor bubble in stagnant liquid was
also considered. As in the previous model, this model
too predicts a much larger Nu. in the initial stages of
bubble collapse. The main reason for this is the fact that
the exact value of the thermal boundary layer thickness
is not known apriori.

4. Summary and conclusion

Experimental data on bubble condensation during
subcooled flow boiling was obtained. From the digitized
images of collapsing bubbles and the local liquid sub-
cooling, the bubble collapse rate and corresponding
condensation heat transfer rate were determined. Based
on the experimental data, two correlations have been
proposed—one for the bubble collapse history and the

other for the corresponding condensation Nusselt num-
ber. The correlations for these parameters are func-
tions of the relevant dimensionless variables, namely
Rey, Pry, Ja, and Fo, and for the first time correctly ac-
counts for the effect of the forced convection heat
transfer and thickening of the thermal boundary layer
due to recession of the interface as condensation pro-
ceeds. These correlations have been compared with some
of the correlations available in the literature. The cor-
relations cover the following range of parameters: 20 <
Re, <700, 1.8 <Pr <29, and 12 <Ja < 100. The
present correlations were developed for low void frac-
tions.

Though the correlation developed for Nu. depends on
Dy, and Dy,, we believe that this is the correct approach if
one were to develop a mechanistic model for the process,
since it correctly capture the physics involved. Modifi-
cation of the correlation to better suit the requirements
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of two-fluid modeling codes (e.g., RELAPS5) can be
easily made. When using the correlations developed in
this study as a closure equation in a two-fluid model, it is
assumed that information regarding the initial bubble
diameter (Dy,) is already available (from experimental
data or correlations).
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