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Abstract—A forced convection boiling facility has been fabricated in which vapor bubble departure can
be investigated. It has been observed that once a vapor bubble departs from its nucleation site, it typically
slides along the heating surface and lifts off at some finite distance downstream. The probability density
functions (pdfs) for bubble departure diameter, d, have been obtained for mass flux, G, ranging from 112
to 287 kg m~2 s~ ! and heat flux, ¢,, ranging from 11.0 to 26.0 kW m~?. The data indicate a systematic
dependence of d on G and g,,. A detailed analysis of various forces acting on the bubble is presented and
is used to predict the mean departure diameter. The onset of imbalance between the quasi-steady drag, the
unsteady component of the drag due to asymmetrical bubble growth, and the surface tension force in the
flow direction is used as a criterion for departure and yields satisfactory agreement between the measured
and predicted values of the mean departure diameter. The analytical prediction shows a strong influence
of mean liquid velocity and wall superheat on the bubble departure diameter. At the point of departure
the surface tension force in the flow direction is generally small.
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1. INTRODUCTION

IN ORDER to obtain a mechanistic model for the micro-
convective component of heat transfer in flow boiling,
detailed information on the nucleation, growth,
departure, and lift-off of vapor bubbles is required.
An experimental facility has been fabricated in which
a saturated two-phase mixture of refrigerant R113
flows through a 25x25 mm square visual boiling
section. It has been observed that once a vapor bubble
departs from a nucleation site, it typically slides along
the heating surface and continues to grow until it lifts
off from the surface at some finite distance down-
stream of the nucleation site. In this work the instant
a vapor bubble leaves the nucleation site is taken to
be the departure point, while the instant a vapor bub-
ble lifts off the heating surface is referred to as the lift-
off point. A distinction between the departure and lift-
off point is necessary since a vapor bubble contributes
to the microconvective heat transfer process as long
as it remains attached to the heating surface. At times
it has been observed that the vapor bubble directly
lifts off the heating surface without first sliding. The
frequency of this occurrence is insignificant for the
range of flow conditions examined. In this work,
vapor bubble departure in saturated forced con-
vection boiling is investigated. Vapor bubble lift-off
will be covered in a subsequent study.

Although there have been a large number of studies
investigating vapor bubble departure in pool boiling,
few similar studies have been carried out for flow
boiling. Chang [1] developed an expression for flow
boiling departure diameter by assuming the instant a
vapor bubble departs the heating surface is the point
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where the net forces acting on a vapor bubble (includ-
ing forces acting parallel and normal to the heating
surface) just balance each other. Sliding bubbles were
not considered, and the expression was never exper-
imentally verified. Hsu and Graham [2] conducted a
visual study for upflow boiling of water in various
flow regimes. Vapor bubble departure was observed
for bubbly flow. Although it was not stated in the text,
it appears from their diagram of bubble trajectory
that vapor bubbles slide along the heating surface
before lifting off. Levy [3] obtained a vapor bubble
departure diameter correlation for upflow subcooled
boiling of water. The instant a vapor bubbie departed
a heated wall was taken to be the point at which the
net forces in the flow direction acting on the growing
vapor bubble just balanced each other. A wide range
of flow conditions was considered, and it was found
that at a mass flux, G, aslow as 135kgm~?s"'ina
37.7 mm i.d. tube the buoyancy force acting on a
vapor bubble was of negligible influence compared
with the drag force. No mention was made if the vapor
bubbles slide along the heating surface before lifting
away. Koumoutsos e al. [4] studied vapor bubble lift-
off from an artificial nucleation site with saturated
water flowing horizontally through a 15 x 26 mm rec-
tangular channel with mass flux, G, ranging from 38
to 356 kgm~2s~'. They also observed that soon after
incipience vapor bubbles begin to slide away from the
nucleation sites and continue to grow until they lift
off the surface. They obtained a correlation for lift-
off diameter based on a vapor bubble net force balance
(including forces acting both parallel and normal to
the flow direction). The buoyancy force was found to
be of significant influence. Cooper et al. [5] have stud-
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NOMENCLATURE

a vapor bubble radius [m or mm] Greek symbols
I specific heat [Jkg=' "C™'] o advancing contact angle
d vapor bubble departure diameter B receding contact angle

[m or mm)] ¥ circumferential contact angle
d, surface/bubble contact diameter [m] 1 liquid film thickness [m or mm}
D square channel inner width [m or mm] 0, inclination angle
F force [N] v kinematic viscosity [m>s™']
G mass flux [kgm~2s7'] p density [kg m~?]
hy, latent heat of vaporization {J kg~ '] o surface tension [N m~'].
4y heat flux [kW m~7]
T.. saturation temperature [°C or K]
AT, wall superheat [C]
t time [s] Subscripts
u area average velocity [ms~'] 1 liquid
U(y) liquid velocity profile near wall [m s~ '] v vapor
u* friction velocity [m s™'] X x-direction
X vapor quality. ¥ y-direction.

ied the growth and departure of vapor bubbles with
laminar upflow of saturated n-hexane over a flat plate.
They reported that vapor bubbles roll along the heat-
ing surface and for this reason they claim that the
point of departure is not well defined. Furthermore,
they mentioned that the simple force balances used by
Levy [3] and Koumoutsos e? al. [4] were insufficient
for modelling their vapor bubble departure data. It is
apparent that the force balance analyses of Chang
{1], Levy [3]. and Koumoutsos et al. [4] neglect the
difference between the advancing and receding surface
to bubble contact angles when modelling the surface
tension force. Their attempts to account for this
difference with a proportionality constant are not fun-
damentally sound.

In this study probability density functions (pdfs) .

for vapor bubble departure over a range of flow con-
ditions are experimentally obtained. The strong de-
pendence of the mean departure diameter on the mass
flux highlights the importance of the quasi-steady
drag force, while the influence of the heat flux on
the mean departure diameter highlights the import-
ance of the unsteady drag force due to asymmetrical
bubble growth. Furthermore, the significant standard
deviation of the departure diameters from the mean
is indicative of the stochastic nature of the bubble
departure process. Guided by the experimental find-
ings, a detailed analysis of various forces on the
bubble in the directions parallel and normal to the
heating surface is developed and used to describe both
quantitatively and qualitatively the physics governing
the departure process. The forces acting on the bubble
include the surface tension force, the quasi-steady
drag, the unsteady drag due to asymmetrical bubble
growth, the shear lift force, the buoyancy force, the
hydrodynamic pressure force, and the contact pres-
sure force. For the flow conditions experimentally

investigated, the analysis predicts that the bubbles will
slide prior to lifting off. The predicted mean departure
diameter based on the analysis is in satisfactory agree-
ment with measured values. The dependence of the
mean departure diameter on the mean liquid velocity
and wall superheat is elucidated.

2. EXPERIMENTAL FACILITY

An experimental forced convection boiling facility
using refrigerant R113 designed for flow visualization
has been fabricated. A schematic diagram of the flow
boiling facility is displayed in Fig. 1. A variable speed
model 221 Micropump is used to pump R113 through
the facility. The volumetric flow rate of refrigerant
through the facility is monitored with an Erdco Model
2521 vane type flow meter equipped with a 4-20 ma
analog output. Calibration of the flow meter dem-
onstrates that it is accurate to within +0.5% of full
scale, which is the repeatability claimed by the manu-
facturer. At the outlet of the flow meter five preheaters
with a maximum heat rate of 5 kW have been installed.
Each preheater consists of a 25.4 mm i.d., 1.2 m long
hard copper pipe around which 18 gauge nichrome
wire has been circumferentially wrapped. The ni-
chrome wire is electrically insulated from the copper
pipe with ceramic beads. The heaters are thermally
insulated with 25.4 mm thick fiberglass insulation.
The voltage inputs to the preheaters are controlled
with five 240 V a.c. autotransformers. The heat loss
from the preheaters as a function of temperature
difference between the insulation outer surface and
ambient has been predetermined from calibration.

The horizontal flow boiling visual test section is
located downstream of the preheaters. A capacitance
based liquid film thickness sensor, described in detail
by Klausner et al. [6], has been installed on either side
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Fi1G. 1. Schematic diagram of flow boiling facility.

of the test section. An isometric view of the test section
is displayed in Fig. 2. The main body is comprised of
a 25 x 25 mm inner width square pyrex tube that is 4
mm thick and 0.457 m long. A 0.13 mm thick and 22
mm wide nichrome strip, used for heating, has been
adhered to the lower surface of the square tube with
epoxy. Six equally spaced 36 gauge type E thermo-
couples have been adhered to the back side of the
nichrome strip using high thermal conductivity epoxy.
A heat conduction analysis indicated that there exists
essentially no temperature difference between the
front and back side of the strip for the range of heat
fluxes encountered in this investigation. The test sec-

NICHROME
HEATING
SURFACE
20mm x 0.127mmd>

tion is connected to the facility with garolite com-
pression flanges. The garolite flanges have been
adhered to the ends of the pyrex tube with epoxy. The
flanges have been compressed between a brass block
and a copper plate. The ends of the heating strip were
bent 180° around the ends of the pyrex tube, and the
flanges were fitted over the heating strip. Each end of
the heating strip is compressed between the copper
plate and the garolite flange. Since the copper plate
makes electrical contact with the brass block, the
nichrome heating strip is also in electrical contact with
the block. In order to heat the strip, a 36 V, 120
A d.c. power supply has been electrically connected

PRYREX GLASS
TEST SECTION

GAROLITE
FLANGE

F1G. 2. Isometric view of transparent test section.
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FiG. 3. Photograph of vapor bubble departure and lift-off at G = 207 kgm~%s~' and ¢, = 189 kW m~*;
flow direction is from left to right.

across the two brass blocks with 2 gauge cable. The
voltage and current into the strip were measured with
a Fluke digital multimeter with an uncertainty less
than +1%.

Viatran model 2416 static pressure transducers have
been installed at the inlet and outlet of the test section
to measure the saturation pressure. They have an
accuracy of +0.5% of full scale (30 psig). All bulk
temperature and exterior temperature measurements
are made with type E thermocouples, which are accur-
ate to within +0.5°C and repeatable to within
+0.1°C. All analog signals have been inputed to an
Access 12 bit digital data acquisition system that con-
sists of two 16 channel multiplexer cards with pro-
grammable gain from 1 to 1000. The multiplexer cards
were interfaced with an 8 channel, 12 bit analog to
digital (A/D) converter which was mounted in an AT
style personal computer. A scanning rate of 500 Hz
was typically used.

All optical measurements for vapor bubble depar-
ture in this work have been accomplished with a digital
imaging facility. The facility consists of a Videk Mega-
plus CCD camera with 1320 x 1035 pixel resolution.
The CCD camera is equipped with a Vivitar 50 mm
macro lens with high resolution and low optical dis-
tortion. The output of the CCD camera was inputed to
an Epix 4 megabyte framegrabber. The framegrabber
allows for either high resolution (1320x 1035) or
low resolution (640 x 480) imaging. In addition, the
framegrabber controls the timing sequence for a
Sunpak 622 flash system. The image is then displayed
on a Sony analog monitor with a resolution of 1000
lines per inch. The length of the longest chord parallel

to the heating surface which bisects the vapor bubble
is taken to be the characteristic bubble diameter.
Measurements for vapor bubble departure di-
ameter, contact angles, and surface/bubble contact
diameter were made off the Sony monitor. The
uncertainty of the departure diameter is +0.03 mm
and that of the contact angles is £ 10°. A typical flash
photograph showing vapor bubble departure and lift-
off for mass flux G = 207 kg m~? 5", and heat flux,
g. = 18.9kW m™ 2, is shown in Fig. 3. In every photo-
graph there were bubbles away from the heating sur-
face but within the depth of field. Their point of origin
could not be precisely determined. Therefore, only
vapor bubbles in which a sequence of at least three
images emerge from a known nucleation site, as

4
Surtace/Bubble X

Contact Area

U(y)

F1G. 4. Schematic diagram of growing vapor bubble attached
to a heating surface in shear flow.
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shown in Fig. 3, were used to determine the departure
diameter. Figure 4 is a schematic representation of a
growing vapor bubble attached to a heating surface
in the presence of shear flow. Due to the inherent
instability of two-phase flow systems, large slugs of
liquid periodically passed through the test section.
Photographs were discarded if a slug was present.

3. EXPERIMENTAL RESULTS

In order to gain insight into which forces are impor-
tant in controlling vapor bubble departure, prob-
ability density functions (pdfs) for the departure
diameter have been obtained over a range of flow
conditions. Typically, a total of 200 bubble diameter
measurements were used to construct a pdf for the
departure diameter. In Fig. 5(a), pdfs, represented by
the number of bubbles normalized (n/N), are shown
for a constant heat flux, g, = 17.6 kW m~? and four
different mass fluxes, G = 133, 181, 236, and 285 kg
m~?s~'. Figures 5(b) and (c) show the pdfs for higher
heat fluxes, g,, = 20.2 and 22.0 kW m ™, respectively,
at three different mass fluxes. For all of the measure-
ments obtained, the two-phase flow regime was strati-
fied and the boiling regime was that of isolated
bubbles. From Figs. 5(a)-(c), it can be seen that the
mean departure diameter decreases with increasing
mass flux, which highlights the influence of the quasi-
steady drag. However, the standard deviation of
departure diameter from the mean is not much differ-
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ent than the mean value. This clearly suggests that the
vapor bubble departure process is stochastic in nature.
The most likely origin of the randomness in d is due
to turbulent fluctuations which are characteristic of
two-phase flow as well as spatial and temporal vari-
ations of wall superheat along the heating surface.
The influence of turbulence on the departure diameter
pdfs is currently under investigation. Although the
pdfs shown in Figs. 5(a)—(c) behave in much the same
manner, increasing the heat flux appears to shift the
pdfs toward larger diameters. The dependence of the
pdfs on heat flux will be discussed in further detail
shortly. Because visualization of the nucleation sites
is required to measure the departure diameter, the pdf
data acquired herein are limited to specific ranges of
heat and mass flux combinations. If the heat flux is too
high at a given mass flux, the nucleation site density
becomes too large and it is difficult to visually dis-
tinguish individual nucleation sites. If the heat flux is
too low, the nucleation sites will be suppressed.
Figures 6(a)-(d) show the effect of heat flux on the
vapor bubble departure diameter pdfs at G = 136,
183,234, and 285kgm~*s~ ', respectively. In general,
increasing the heat flux has a tendency to increase
the mean departure diameter. However, the degree to
which the heat flux influences the mean departure
diameter strongly depends on flow conditions. At low
mass flux, as shown in Figs. 6(a) and (b), increasing
the heat flux tends to increase the departure diameter.
However, at higher mass flux, as shown in Figs. 6(a)
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FIG. 5. Departure diameter probability density function at various mass fluxes and constant heat flux.
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and (d), increasing the heat flux beyond a threshold
does not appear to significantly influence the depar-
ture diameter. In order to understand the effect of the
heat flux on the departure diameter, it is necessary
to consider the fact that in flow boiling while vapor
bubbles remain attached to a nucleation site they are
typically inclined at an angle 6, as shown in Fig. 4.
Thus, as the vapor bubble grows it induces a force in
the direction opposite to the fluid motion. At other-
wise similar flow conditions, increasing the heat flux
will increase the vapor bubble growth rate due to
increased wall superheat, AT,,,. The unsteady force
due to asymmetrical bubble growth will be enhanced,
which increases the departure diameter. Further
insight into the influence of the quasi-steady drag
and drag due to asymmetrical bubble growth on the
departure diameter will be gained from the analysis
which follows.

4. ANALYSIS

To understand the influence of flow conditions on
bubble departure, various forces acting on a bubble,
as shown in Fig. 4, in the directions parallel and nor-
mal to a horizontal heating surface are analyzed. The
forces acting on the bubble in the x- and y-directions
are

EFx=le+Fqs+qux (1)

IF, = Fy+Fy,+Fu+F,+F+F, 2

where F, is the surface tension force, Fy, the quasi-
steady drag in the flow direction, F,, the unsteady
drag due to asymmetrical growth of the bubble and
the dynamic effect of the unsteady liquid flow such as
the history force and the added mass force, F,_ the
shear lift force, F, the buoyancy force, F, the force
due to the hydrodynamic pressure, and F_, the contact
pressure force accounting for the fact that the bubble
is in contact with a solid wall rather than being com-
pletely surrounded by liquid. All of the forces appear-
ing in equations (1) and (2) will be discussed and
explained in detail. In the following analysis leading
to the prediction of the mean departure diameter, the
dynamic effects of turbulence and wave motion will
be ignored and the justification for doing so will be
given in Section 4.2. In estimating the various forces,
a typical bubble will be considered. The following
parameters have been measured : d = 0.26 mm, d,, ~
0.09 mm, ¢ ~ n/4, B~ /5, at G=223kgm~2s"',
=65 mm, X=0.106, 4y=0.52 m s~!, ¢q,=
23.6kWm~?, T, = 60°C and AT, = 15.8°C, where
d is the mean departure diameter, d,, the surface/
bubble contact diameter, « and f the respective
advancing and receding contact angles on the x—y
plane, & the mean liquid film thickness, X the mean
vapor quality, %, the mean liquid velocity, g,, the wall
heat flux, T, the saturation temperature, and AT,
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the mean wall superheat. For the above condition the
R113 fluid properties are as follows, ¢ = 0.0135 N
m~', p,=1479 kg m~*, p,=10.7 kg m~>, and
v =291 x10""m?s™', where o is the surface tension
coefficient, p; and p, the liquid and vapor densities,
respectively, and v, the liquid kinematic viscosity. Due
to measurement error near the base of the bubble,
reliable determination of 4, was not possible. The
value reported for d,, is probably the maximum it
can be, although it is possible that it is significantly
smaller.

4.1. Surface tension force

In order to determine F;, and F,,, it is necessary to
differentiate the advancing contact angle, o, from the
receding contact angle, §, on the plane parallel to the
flow direction and normal to the heating surface as
shown in Fig. 4. A third order polynomial is assumed
for the general contact angle, y

V@) = B+ @) [3 (%) -2 (%)] 0<g<n

3

where ¢ is the polar angle around the bubble. It sat-
isfies y(0) = B and y(n) = « and the symmetry con-
ditions y'(0) =y'(x) =0. This is a good rep-
resentation when the difference in « and f§ is not large.
The respective surface tension forces in the x- and y-
direction are given by

F, = —J d,o cosycos ¢ d¢ (4a)
0

F, —I d,o siny d¢. (4b)
0

For the purpose of evaluating (4a) and (4b) and
obtaining a closed form approximation for F,, and
> €quation (3) is further simpiified to

") ~pre-pL, <o ©

Substitution of (5) into (4a) and (4b) yields

n(@—p)

Z=G-p )

F.~ —d,o [sin a+sin f]

Fy, ~ —d,0——][cos f—cos a]. (6b)

i1

a—p
Results of numerical integration of (4a) and (4b) using
(3) indicate that F;, given by (6a) should be corrected
by multiplying by a factor of 1.25 and F,, given
by (6b) does not require correction. In the limit as
a—f, F,,——25d,0(a—-p)(sina)/x and F, —
—~d,ox sin a. For the typical bubble considered here,
F,,=-99x10"* Nand F, = —2.5x 10~ ¢ N, with
F./F,, ~ 0.04.

4.2. Quasi-steady drag

For a time varying uniform viscous flow over a
stationary bubble, the unsteady drag consists of a
quasi-steady component, a memory or history term,
and an added-mass component {7]. For the typical
flow conditions cited previously, the turbulence vel-
ocity in the wall region is scaled by u*, the friction
velocity. Based on estimates for single-phase flow [8],
u* ~ 0.04u, ~ 0,02 m s~ '. The most energetic eddy is
associated with a double roller-eddy with a spanwise
spacing of i¥ = A.u*/v ~100. Thus a typical time
scale for the energetic eddy in the wall region is ¢,,, ~
Afu* = 100v/(u*)2 ~Tx 102 s, If 4,, the integral
length scale in the streamwise direction, was used
Luew Would be greater by a factor of 2-3 [9]. The
unsteadiness due to the interfacial waves is associated
with a time scale on the order of 10~ s [6]. On the
other hand, the bubble growth and departure time
scale, fgown, 15 at most 107% s. The Stokes number,
which is a measure of the relative importance of the
unsteady force compared to the quasi-steady drag,
based on f,m IS Eu = (@2 / (Vi)' ~ 0.91 while
Egrowth = [@*/(Vlgrowin)]/* ~ 7.6. The implication here
is that the unsteady force due to bubble growth is
dominant. The history and added-mass forces oscillate
in time with their respective amplitudes scaled by u*.
Their contribution to the departure diameter is thus
insignificant. Hereafter, the unsteady drag F,, will
exclusively denote the force due o the bubble growth.
Its effect on bubble dynamics is accounted for pheno-
menologically as described in Section 4.3.

There does not at present exist an expression for
the quasi-steady drag for a non-spherical bubble in
the presence of a wall. Mei and Klausner [7] obtained
an expression for the steady drag for an unbounded
uniform flow over a spherical bubble for
0 < Re < 1000 and is given by

Foeady 2 12y N

Grpwla 3 + [(E) +0.796 ] @)
where U is the uniform flow velocity, a = d/2 the
bubble radius, Re = 2Ua/v the Reynolds number, and
n = 0.65. In the present analysis F,, is evaluated from
equation (7) by taking a to be the instantaneous bub-
ble radius and U to be the fluid velocity at the center
of the bubble. Although the forces on a growing bub-
ble are governed by the instantaneous turbulent vel-
ocity field, when evaluating the mean departure diam-
eter, the time-averaged velocity profile can be used.
The time-averaged velocity near the wall is assumed
to follow the turbulent single-phase flow relation pro-
posed by Reichardt and is given by Hinze [8] as

*
U(*y) =lln(1+xyi>
U K v

yu*
v v yu*

+cll—exp\ —— | ——ex (—0.33—) (3)
P % x p v

yu*
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where x = 0.4, x = 11, and ¢ =7.4. In the present
analysis u*/u, 1s assumed to be 0.04 where u, is the
mean liquid velocity for two-phase flow. It is related
to the mass flux G, vapor quality X, and liquid film
thickness, é, through

_G(1-x)D
PO

where D is the inner width of the square channel. For
the typical bubble F, is estimated to be 2.8 x 10~ 7 N.
It is seen that F,, is greater than F,, by a factor of 2.8,
which implies that there must be another force acting
on the vapor bubble in the negative x-direction which
can balance the quasi-steady drag prior to bubble
departure. This force is due to asymmetrical bubble
growth.

®

]

4.3. Force due to asymmetrical bubble growth

Here two ideal cases for bubble growth are con-
sidered : (1) a uniform unbounded inviscid liquid over
an expanding spherical bubble, and (2) a hemi-
spherical bubble attached to a wall and expanding in
a stagnant liquid. For the first case it can be shown
by solving the velocity potential and applying the
Bernoulli equation that the drag due to bubble growth
is

F, = imUZE (10)

a
where m = 4/3np,a’ is the mass of liquid displaced
by the bubble, () denotes a vector quantity, &, is
the unit vector in the x-direction, and () denotes
differentiation with respect to time. This force
accounts for the inviscid interaction between the uni-
form flow and the flow induced by the expansion of
the bubble. It is sensitive to the bubble shape. For the
second case, the pressure distribution over an expand-
ing bubble is

P =P, +plai+d). (11

The force on the hemispherical bubble due to the
growth is thus

F, = —pina’lai+34°]8,.

(12)

The contribution from P, is lumped into a reference
pressure when evaluating the contact pressure force
as is shown in Section 4.5.

During the actual bubble growth process, the bub-
ble is distorted and inclined in the flow direction due
to the quasi-steady drag and possibly F,, during the
initial stages of growth. This asymmetry during the
bubble growth has two consequences. First, it will
reduce F\, by reducing the pressure near the region
facing the flow. Secondly, it induces an x-component
of F, in the direction opposite the mean flow, which

may be approximated as
Fy, ~ —pma*(ad+3a?) sin 6,

(13)

where 8; is the inclination angle measured from the

y-axis. The experimental measurements presented
earlier indicate that an increase in the heat flux at a
given mass flux, which leads to a faster bubble growth
rate, results in an increase in 4. This experimental
finding suggests that the effect of bubble growth is to
provide a net x-component force in the direction
opposite to the flow. Furthermore, the preceding analy-
sis has demonstrated that the surface tension force
is insufficient to balance the quasi-steady drag. Conse-
quently, the net force due to asymmetrical growth
must act in the negative x-direction. Based on these
considerations, equation (13) is used to model the x-
component force due to asymmetrical growth, with
Fyue ~ F,,. It is not currently possible to predict the
inclination angle, 6;, analytically. Thus 6; is treated
here as an empirical constant to be determined exper-
imentally.

To predict the time rate of change of the radius for
a spherical growing vapor bubble at a wall, the
expression developed by Mikic et al. [10] is used here:

2 B? 2 )
a(t)=§7[(1++1)3"—(1+)3"—1] (14)
LA
=" (15)

where A4 and B are related to the wall superheat, AT,
and are given by

_ T hfgvaTsal 12

A B [7 pITszn (16)
12 I/ZATsulelpl

B= [;m] 2 a7

where n, is the liquid thermal diffusivity and ¢, the
liquid specific heat. Taking 8; ~ n/18, which is based
on the average of 35 data points at different flow
conditions, it is found that F,,, ~ — 1.8 x 10~ " N for
the typical bubble at the time when a(r) equals the
measured departure radius. It is seen that IF, =
Foot Faue+F =1.0x107° N« F,, ~2.8x 107" N
at the point of departure for the typical bubble. It
would seem that the assumptions used to estimate
these forces are quite reaspnable. Subsequent to the
point of departure F+ Fy,,+ F,, > 0 and thus the
bubble will begin to slide along the heating surface
until it lifts off.

The unsteady force due to asymmetrical growth
which acts in the negative y-direction, Fy,,, may also
be estimated from equation (13) if cos 8, is substituted
for sin 6. For the typical bubble F,,, ~ —1.0x10°
N.

4.4. Shear lift force

Mei and Klausner [11] recently derived an
expression for the shear lift force on a spherical bubble
in an unbounded flow field at low Reynolds number.
The shear lift force is two-thirds of that for a solid
sphere derived by Saffman [12, 13]. Combined with
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the result of Auton [14] for the shear lift force on a
bubble in the inviscid flow limit with small shear rate,
an interpolation was developed for the purpose of
estimating the shear lift force over a large range of
Reynolds number and is given as

F,
- = 3.877G)?

Co= 1p,Una
x [Re™™?+(0.344G /™', m=4 (18)
where
dUja
= ‘d_y T (19)

is the dimensionless shear rate of the oncoming flow.
At present there is no expression available for the
shear lift force on a bubble attached to a wall. Equa-
tion (18) is used to estimate the shear lift force for the
present analysis. For the typical bubble, F, ~
1.3x 107 ¢ N using Reichardt’s mean velocity profile
for U and G, at y = a as was explained in Section 4.2.

4.5. Buoyancy, hydrodynamic, and contact pressure
forces

Consider a bubble attached to the wall with S, and
S, denoting the bubble surfaces in contact with the
liquid and the wall, respectively. Let P, be the vapor
pressure inside the bubble and P =T —p,gy be the
total pressure on the outside surface, in which I is the
hydrodynamic pressure due to fluid flow and —p,gy
is the hydrostatic pressure. The viscous and dynamic
effects due to growth have been accounted for sep-
arately in the consideration of the quasi-steady drag,
shear lift force, and the force due to bubble growth.
The total pressure force on the bubble in the y-direc-
tion is

F,, ——J Pn, dA+f P,n,dA

—J (C—pgy)n, dA+f

w8

P,n,dA

r

—| Pnda=— f (T=T,)n,d4

]

.
- . —pgy—P,)n, d4

JS+s2

»

+ (rr -plgy_Pv)ny d4

J¥2

20

where ii is the outward normal of the bubble surface,
n, is its y-component, and T, is a reference pressure
at y = 0. The above can be further simplified to

F,=F+F+F, 1)

where
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F, = —j (T —pgy—Pn, d4
¥+,
= ina’(pi—p.)g (22)
is the buoyancy force, and
F, = —f (T—T,)n,dA4 (23)

is the force due to the hydrodynamic pressure (relative
to the reference pressure, I',). This pressure (I'—1I,)
may be evaluated from the Bernoulli equation if the
surface velocity on the bubble is known. The remain-
ing force component £, in equation (21) is here ident-
ified as the contact pressure force

Fcp = J‘ (rr_plgy_Pv)ny d4

nd? 2o
—(C=pigy—PJy-0do = —~ =

]

24

where r, is the radius of curvature of the bubble at the
reference point on the surface y = 0, and is typically
an order of magnitude greater than the mean bubble
radius. This contact pressure force is due to the pres-
sure difference inside and outside of the bubble at the
reference point over the contact area. The reference
point is immaterial because I', also appears in equa-
tion (23). Assuming that r, ~ 5a, then F, ~1.7x
10~7 N, which is much less than F,,. The buoyancy
force for the typical bubble is F, ~ 1.0x10~7 N.
The hydrodynamic force, F,,, may be estimated by
considering an inviscid flow over a sphere in an
unbounded flow field. Due to the symmetry over the
majority of the bubble surface, the contribution to £,
is from the pressure on the top of the bubble over an
area nd2/4 and is on the order of

19 . nd}
Fh~§ZplU T. (25)
Again U is evaluated at y = a. For the typical bubble,
F,~27x1077N.

4.6. Prediction for the departure diameter

While a vapor bubble remains attached to its
nucleation site, the following conditions must be sat-
isfied : (i) £F, = 0 and (i) £F, = 0. Should condition
(i) be violated prior to condition (ii) the bubble will
slide along the heating surface before lifting off, as
was observed for the majority of experiments. In this
circumstance the point at which ZF, is just greater than
zero is the criterion for departure. However, should
conditton (ii) be violated prior to condition (i), the
bubble will lift off the surface directly without first
sliding, and the point at which £ F, is just greater than
zero is the criterion for both departure and lift-off.
Therefore, a prerequisite to predicting the departure
diameter is to determine whether it is condition (i) or
condition (ii) that is violated first.

Although ZF, =0 and XZF, = 0 while the bubble
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remains attached to the nucleation site, the above
analysis will predict that F, <0 and ZF, < 0 until
the point of departure. The reason is that the contact
angles as well as the inclination angle in reality evolve
from the point of inception until the point of depar-
ture. Because the evolution process of these angles is
unknown, they are taken to be constant in the pre-
diction of the mean departure diameter.

To recapitulate, the forces on the typical bubble in
the x-direction are F,,~ —99x107* N, F,~
28x10" "N, and F,,, ~ —1.8x 10”7 N and those in
the y-direction are F,, ~ —25x107°% N, F,,, ~
—1.0x10"®* N, Fy ~13x10"* N, F,~10x
10°" N, Fu~1.7x10"" N, and F, ~2.7x10"7 N;
ZF, ~10x10"" N and ZF,~—17x10"° N.
This result indicates that the vapor bubble will slide
before lifting-off. Using the above criteria, the
predicted departure diameter is d = 0.25 mm. The
prediction here is quite good considering that the
measured departure diameter is d = 0.26 mm. The
foregoing force balance analysis can also be used to
predict the mean bubble diameter at the point of
vapor bubble lift-off. Experimental investigations
examining the dependence of the lift-off diameter
on u and AT,, are currently in progress and the
results will be forthcoming in a subsequent work.

5. ANALYTICAL RESULTS AND DISCUSSION

In order to assess the validity of the bubble depar-
ture analysis, 35 sets of data for the mean departure
diameter given in Table 1 are compared against the
predicted values. Accurate measurements of o, f, and
d,, were very difficult due to the lack of resolution at
the base of the bubble. Of these, d,, was the most diffi-
cult to accurately measure. While it is possible that the
contact area approaches zero near departure and lift-
off, the value reported for the typical bubble is pos-
sibly its maximum. The uncertainty in the measure-
ment of « and f§ was about +10°. It was found that
these parameters were quite scattered around a mean,
but the difference in the mean among various data
sets was within the range of uncertainty of the
measurements. Therefore, the values of a« and § were
taken to be the same as those reported for the typical
bubble. Taking d,, to be its possible maximum, the
value of 6; which gave the best fit to the data is n/18.
As can be seen from the photograph in Fig. 3, this is
quite reasonable. Figure 7 compares the predicted
values with the measured values of departure diameter
for the 35 data points. Considering the complexity
of bubble departure, the difficulty in obtaining the
measurements, and various approximations used to
develop the departure analysis, the agreement is quite
satisfactory.

In order to gain insight into the dependence of the
departure diameter on the flow conditions, the influ-
ence of the mean liquid velocity and wall superheat on
d have been investigated. Figure 8 shows the predicted
departure diameter as a function of mean liquid vel-
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Table 1. Mean vapor bubble departure diameter at various
flow conditions

G T. & d 4w AT,
(kgm?s™")  Xua (°C) (mm) (mm)(kWm~?) (°C)
113 0.093 598 46 036 177 164
115 0.165 60.7 55 046 174 151
132 0.008 719 79 031 174 120
133 0069 577 69 046 175 169
135 0.092 659 43 036 17.6 143
137 0.123 608 53 036 149 145
140 0.077 558 64 028 110 127
157 0.038 585 7.3 042 177 163
175 0.094 61.6 59 031 174 14
180 0.002 699 73 027 176 123
181 0.076 58.1 87 037 173 166
181 0.071 582 86 031 142 144
188 0.132 578 6.1 040 227  17.0
189 0.050 57.7 7.6 041 181 159
189 0.092 609 52 030 148 13.6
196 0.039 619 79 029 179 139
200 0.112 579 68 030 223 168
204 0057 59.1 65 030 179 153
206 0.055 568 60 021 202 173
214 0.084 626 52 021 173 129
223 0.100 600 65 026 236 158
233 0082 572 7.1 024 241 174
233 0073 596 81 028 196 155
233 0.090 594 58 026 236 I5.1
234 0.071 61.7 64 028 152 134
234 0.081 57.1 7.5 026 21.1 166
236 0047 60.5 7.7 024 179 140
239 0062 57.5 595 0.8 202  16.1
249 0.059 59.2 82 025 178 138
265 0.068 635 60 0.8 174 121
285 0.076 562 52 028 260 177
285 0072 563 56 028 243 176
285 0059 615 81 0.8 179 119
285 0070 564 56 022 221 154
287 0.061 588 6.1 0.6 202 13.6

ocity, u,, ranging from 0 to 1.00 m s~ ', at three differ-
ent wall superheats, AT, = 15, 18, and 21°C. Results
are shown for the case where d, = 0.09 mm. Two
distinct regimes may be identified: (1) pool boiling
regime at low velocity where bubbles depart the
nucleation sites by lifting off the heating surface with-
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g (o)
a
0. 1 1 | |
0. 0.20 0.40 0.60 0.80 1.00

Measured Departure Diameter (mm)

FI1G. 7. Comparison of measured versus predicted departure
diameter.
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FiG. 8. Predicted departure diameter for d,, = 0.09 mm and
u ranging from O to 1.0 m s~ "' at AT, = 15, 18, and 21°C.

out first sliding ; (2) flow boiling regime where vapor
bubbles depart the nucleation sites by sliding along
the heating surface. In the pool boiling regime, d is
mainly controlled by AT,, and is insensitive to u,.
Also shown in Fig. 8 is the predicted departure diam-
eter using the pool boiling correlation of Cole and
Rohsenow [15]. It is clear that pool boiling cor-
relations for departure diameter are not applicable to
flow boiling because u, is not accounted for. As y
increases, the lift-off diameter decreases slightly in the
pool boiling regime due to an increasing shear lift
force. As AT, increases the pool boiling regime
expands towards larger u;.

In the flow boiling regime, Fig. 8 shows that d
decreases rapidly with increasing » and follows a
power law relationship with d ~ 1/u. This relation
implies that an incremental change in  results in a
significant change in departure diameter at low vel-
ocity and an insignificant change at high velocity.
In the flow boiling experiments, both g, and G are
increased (or decreased) to accommodate the visu-
alization and measurement. It has been observed that
as g,, and G increase, there are insignificant changes
in d. However, this does not imply that d does not
depend on g,, and G. When y, increases, which can be
achieved by increasing G, from 0.35 to 0.50 and 0.80
m s~', and AT, changes from 15 to 18, and 21°C,
which can be achieved by increasing g,,, 4 remains at
about 0.25 mm because the increase in AT,,, negates
the effect of increasing ;.

In the preceding discussion, the contact diameter
d,, = 0.09 mm was assumed throughout. It is possible
from a physical standpoint that d,, — 0 at the point of
departure. This is probably the case for bubbles lifting
off the heating surface due to the necking phenom-
enon, but whether or not this is the case for bubble
departure is not quite clear. In the limiting case when
d,, is taken to be zero, the inclination angle 8; which
gives the best fit to the data in Table I is 1.17/18.
For this limiting case (d, = 0 and 8, = 1.1%/18), the

1.0 T - ' T Y

Flow Boiling Vapor
Bubble Departure
Tyq=60.°C, d_=0. mm
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Cole and Rohsenow P
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F1G. 9. Predicted departure diameter for d,, = 0.0 mm and
u, ranging from 0 to 1.O0m s~ ' at AT,, = 15, 18, and 21°C.

predicted departure diameters are shown in Fig. 9.
Similar to Fig. 8, a pool boiling and flow boiling
regime can be identified. At large u the predicted
departure diameters are not much different from those
in Fig. 8. However, in the pool boiling regime, there
is considerable difference between the departure diam-
eters shown in Fig. 9 compared with those in Fig. 8.
Combining the prediction from Figs. 8 and 9 it may
be postulated that the actual departure diameters lie
between these limits. Nevertheless, based on the pres-
ent theoretical framework, the d, = 0 case is easier
to use as a predictive tool because it is a universally
valid lower limit.

6. CONCLUSIONS

(i) Vapor bubble departure diameters in forced con-
vection boiling have been experimentally obtained
over a range of mass flux, G, and heat flux, g,,, for the
stratified two-phase flow regime.

(ii) For the flow conditions experimentally inves-
tigated, the overwhelming majority of the bubbles
leave the nucleation sites by sliding a finite distance
along the heating surface before lifting off the wall.

(iii) The measured departure diameter probability
density functions demonstrate a systematic depen-
dence on G and g,,. In general an increase in G shifts
the pdf curve towards lower departure diameters, and
an increase in g, shifts the pdf curve toward larger
diameters.

(iv) A detailed analysis of various forces acting on
a growing vapor bubble attached to a wall is
presented. It is found that the surface tension force
alone cannot prevent the vapor bubble from depart-
ing. The resistance of the liquid on the bubble due
to asymmetrical bubble growth acting in the direction
opposite to the fluid motion is important in holding
the bubble at the nucleation site before departure.
This analysis also indicates that for the flow con-
ditions experimentally investigated, the bubble will
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slide along the heating surface following departure
and prior to lift-off.

(v) The above analysis is used as an analytical tool
to predict the mean departure diameter, d, of the
bubble. Satisfactory agreement with the experimental
measurements is obtained.

(vi) Based on the analytical prediction of the depar-
ture diameter, two important quantities which influ-
ence the mean departure diameter have been ident-
ified. They are the mean liquid velocity, u, and the
mean wall superheat, AT,,,. An increase in y, leads to
a decrease in d, while an increase in AT, leads to an
increase in d.

(vi)) The analysis demonstrates that departure
diameter results for pool boiling are not applicable to
flow boiling. In fact, the departure mechanisms are
quite different. This casts doubt on the validity of
using pool boiling correlations to model the micro-
convective component of heat transfer in flow boiling.
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