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Abstract

A visual study of vapor bubble growth and departure in vertical up~ow and down~ow forced convection boiling is
presented[ A vertical ~ow boiling facility was constructed with a transparent\ electrically!heated test section in which
the ebullition process could be observed[ High!speed digital images of ~ow boiling phenomena were obtained\ which
were used to measure bubble growth\ departure diameters\ and lift!o} diameters[ Experiments were conducted for ~ow
of FC!76 over a commercially!_nished nichrome heating surface\ with mass ~ux ranging from 089 to 555 kg m−1 s−0

and heat ~ux ranging from 0[2 to 03[5 kW:m1[ The ~ow was slightly subcooled "DTsub � 0[9Ð4[9>C#\ and boiling occurred
at isolated nucleation sites[ A major conclusion of this work is that the observed vapor bubble dynamics between up~ow
and down~ow are signi_cantly di}erent[ In the up~ow con_guration\ bubbles departing the nucleation site slide along
the heater wall\ and typically do not lift o}[ In the down~ow con_guration\ bubbles either lift o} directly from the
nucleation site or slide and then lift o}\ depending on ~ow and thermal conditions[ The process of vapor bubble sliding
appears to be responsible for enhanced energy transfer from the heating surface\ as evidenced by larger heat transfer
coe.cients for up~ow than for down~ow under otherwise identical operating conditions[ Þ 0887 Elsevier Science Ltd[
All rights reserved[
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Nomenclature

Cp speci_c heat ðJ kg−0 K−0Ł
d"t# vapor bubble diameter ðm or mmŁ
dd vapor bubble departure diameter
dL vapor bubble lift!o} diameter
G liquid mass ~ux ðkg m−1 s−0Ł
h convective heat transfer coe.cient ðW m−1 K−0Ł
hfg latent heat of vaporization ðJ kg−0Ł
Ja Jacob number\ rlCplDTsat:rvhfg

K mean growth constant ðm s−nŁ
n mean growth exponent
t time ðs or msŁ
tw waiting time ðmsŁ

� Corresponding author[ Tel[ ] 996 241 281 2495 ^ fax ] 996 241
281 0960 ^ e!mail ] klausÝnersp[nerdc[u~[edu

T temperature ð>CŁ
DTb bulk ~uid temperature di}erence\ Tw−Tb ð>CŁ
DTsat wall superheat\ Tw−Tsat ð>CŁ
DTsub bulk ~uid subcooling\ Tsat−Tb ð>CŁ
ul mean liquid velocity ðm s−0Ł
u� friction velocity ðm s−0Ł
qw wall heat ~ux ðkW m−1Ł

Greek symbols
l¦ dimensionless integral length scale
l integral time scale ðmŁ
n kinematic viscosity ðm1 s−0Ł
r density ðkg m−2Ł
t integral time scale ðsŁ

Subscripts
b bulk liquid
l liquid
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sat saturation
sub subcooling
w wall "heater surface#
v vapor

0[ Introduction

The high heat transfer rates associated with forced
convection boiling are due to two complex processes
working together ] bulk turbulent convection\ and the
growth and detachment of vapor bubbles at the heating
surface[ In order to develop reliable predictions for forced
convection boiling heat transfer\ it is necessary to under!
stand the complex thermal and hydrodynamic interaction
between the liquid and vapor phases[ However\ limited
experimental data is available in the literature for vapor
bubble growth and detachment in ~ow boiling[

Studies which have sought to visually examine the
vapor bubble growth and detachment processes in
vertical ~ow boiling have focused largely on the upward
~ow con_guration[ Gunther ð3Ł used high!speed cine!
matography to examine vapor bubble dynamics in sub!
cooled\ up~ow boiling of water[ Vapor bubble radii were
measured during the growth and collapse stages in sub!
cooled ~ow\ and the e}ects of ~ow velocity and sub!
cooling were documented[ Hsu and Graham ð5Ł per!
formed a similar visual study with highly subcooled water
to investigate the hydrodynamic features of bubbly and
slug ~ow regimes in vertical up~ow boiling\ although
no measurements of bubble growth rate or departure
diameter were made[ Jiji and Clark ð6Ł photographed
nucleation and measured ~ow temperature pro_les for
vertical up~ow boiling of water under varying pressure[
Frost and Kippenhan ð2Ł measured growth rates and
departure diameters of bubbles in subcooled up~ow of
water containing various concentrations of a surface
active agent[ Cooper et al[ ð0Ł measured bubble growth
and displacement in supersaturated n!hexane in forced
laminar up~ow over a stationary wall[ Similar measure!
ments were made for short duration microgravity ~ow[
Recently\ van Helden et al[ ð06Ł obtained bubble growth\
departure diameter\ and trajectory data from arti_cial
cavities during up~ow of saturated and superheated
water[ In a follow!up study\ van der Geld et al[ ð07Ł
demonstrated that the angle at which the vapor bubbles
lift o} from the heater surface depends on the bulk liquid
velocity as well as the surface temperature[

Several studies of vapor bubble dynamics have focused
on horizontal ~ow boiling[ Koumoutsos et al[ ð01Ł
measured vapor bubble lift!o} radii from an arti_cial
nucleation site with saturated water ~owing horizontally[
Klausner et al[ ð00Ł measured departure and lift!o} diam!
eters for strati_ed two!phase horizontal ~ow boiling of
R002[ More recently\ Kandlikar et al[ ð7Ł examined the
e}ect of ~ow rate\ subcooling\ and wall superheat on

the nucleation behavior of surface cavities in subcooled
horizontal ~ow boiling of water[ In a related study\
Kandlikar et al[ ð8Ł examined the e}ect of ~ow velocity\
wall superheat\ and subcooling on the vapor bubble
growth rate\ and compared growth rates in ~ow boiling
to those for pool boiling[

Attempts to model the vapor bubble dynamics in ~ow
boiling have had limited success\ due in large part to a
lack of available experimental data[ A recent model was
developed by Klausner et al[ ð00Ł to predict departure
and lift!o} diameters for horizontal ~ow boiling\ and
extended by Zeng et al[ ð10Ł to include pool boiling[ The
model agrees well with a wide range of departure and
lift!o} diameter data reported in the literature[ However\
a satisfactory model for vertical ~ow boiling is not avail!
able\ and Zeng et al[ ð10Ł express uncertainty concerning
a general extension of their model to vertical ~ow boiling\
for the following reasons[ In the vertical up~ow con!
_guration\ their model qualitatively predicts that a shear
force pushes the rising bubble against the heating surface
to prevent lift!o} from the surface[ Whether a mechanism
exists to remove vapor bubbles from the heating surface
remains uncertain[ For the vertical down~ow con!
_guration\ bubbles lag the liquid velocity\ resulting in an
outward!directed shear force which should be su.cient
to lift vapor bubbles o} the heating surface[

The existing vertical ~ow boiling bubble dynamic data
are limited\ and to the best of the authors| knowledge\
no down~ow boiling vapor bubble dynamic data have
been reported[ The purpose of this work is therefore to
experimentally investigate the vapor growth and removal
processes in vertical up~ow and down~ow boiling[ An
experimental facility using FC!76 as a working ~uid has
been designed\ tested\ and calibrated which allows visual
examination of the ebullition process under slightly "0[9Ð
4[9>C# subcooled conditions[ High!speed digital video
images of the ~ow are analyzed to obtain vapor bubble
growth\ departure diameter\ lift!o} diameter\ and waiting
time during vertical ~ow boiling from isolated nucleation
sites[

1[ Experiment description

1[0[ Experimental facility

A schematic diagram of the experimental facility used
in this work is shown in Fig[ 0[ A variable speed gear
pump drives the working ~uid through the facility[ The
volumetric ~ow rate is measured using either a venturi!
or vane!type ~ow meter\ each used to measure a di}erent
range of ~ow rates "venturi\ 9[9Ð0[7 l min−0 ^ vane\ 2[9Ð
8[9 l min−0#[ Both meters are accurate to within 29[4)
of their respective full scale[ The ~uid is preheated via
four 0 kW coil heaters\ then directed through a series of
valves to achieve vertical up~ow or down~ow in the test
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Fig[ 0[ Schematic diagram of vertical ~ow boiling facility[

section[ The square test section uses a DC!powered ni!
chrome heating strip\ on which the average wall tem!
perature and heat ~ux are measured[ After exiting the
test section the ~uid enters a water cooled\ shell!and!tube
condenser:receiver which returns the ~uid to a subcooled
state[ FC!76\ a dielectric per~uorocarbon ~uid\ was selec!
ted as the working ~uid for its low latent heat and mod!
erate saturation temperature ^ a list of representative
properties is given in Table 0[ Measurements of pressure\
temperature\ and ~ow rate are recorded by a multiplexed
01!bit analog!to!digital converter attached to a personal
computer[ Since two!phase ~ows are inherently unsteady\
499 samples per channel are obtained over a period of 4
s and averaged to achieve repeatable measurements[

Table 0
Properties of saturated FC!76 at 0 ATM

Saturation temperature 18[2>C
Liquid density 0649 kg m−2

Vapor density 01[4 kg m−2

Enthalpy of vaporization 20[2 kJ kg−0

Surface tension 7[86×09−2 N m−0

Liquid dynamic viscosity 347×09−5 kg m−0 s−0

Liquid speci_c heat 0[98 kJ kg−0 K−0

Liquid Prandtl number 8[92

The transparent test section is illustrated in Fig[ 1[ The
walls of the test section are constructed of 0:1 inch!thick\
transparent\ cast Lexan plate\ bonded together with
methacrylate resin to form a 01[6 mm ID square duct[ A
29 cm long\ 01[6 mm wide\ 9[04 mm thick nichrome strip\
clamped and adhered to one wall\ is used as a heating
surface[ Six equally!spaced type!E thermocouples are
attached to the underside of the nichrome strip to
measure the average heater surface temperature[ The
thermocouples have an accuracy of 29[4>C[ A one!
dimensional\ steady!state heat conduction analysis shows
that the temperature di}erence between the underside of
the heater and the side exposed to the ~ow is less than
9[94>C for the highest heat ~ux encountered in this study[
This is well within the accuracy of the thermocouple itself[
The test section is connected to the rest of the facility by
~anges employing double O!ring face seals[

Electric power to the test section heater is supplied by
a 9Ð49 V\ 019 A DC recti_er[ A digital voltmeter records
the voltage across the heater with an uncertainty of
29[93 V[ The electric current through the heater is deter!
mined by measuring the voltage drop across a 0 V shunt
connected in series with the heater\ with an uncertainty
of 29[98 A[ The maximum uncertainty in heat ~ux is
approximately 20)[ Heat losses through the test section
were calibrated by measuring the di}erence between
heater surface and ambient temperatures at various heat
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Fig[ 1[ Exploded view of visual test section[

~uxes during static tests with the system drained of work!
ing ~uid[ Two Viatran model 1305 static pressure trans!
ducers are installed immediately before and after the test
section\ both accurate to within 2399 Pa[ Two type!E
thermocouples are also installed before and after the test
section\ and are used to measure bulk ~ow temperature[
The bulk temperature di}erence\ DTb � Tw−Tb\ results
from measurements of 5 wall thermocouples and 1 bulk
~ow thermocouples manufactured from the same roll\
and is estimated to be accurate to within 29[4>C[ The
wall superheat\ DTsat � Tw−Tsat"Psat#\ and the sub!
cooling\ DTsub � Tsat"Psat#−Tb\ are based partly on the
saturation temperature\ which is calculated based on the
measured static pressure at the test section inlet ^ both
DTsat and DTsub are estimated to be accurate to within
29[5>C[ It is further noted that additional uncertainty in
the measurement of wall temperature is due to spatial
variations in temperature which arise during nucleate
boiling ^ this is discussed in detail in Section 1[1[

A Kodak EktaPro digital high!speed motion camera
is used to obtain images of the ebullition process[ Images
with a resolution of 081×128 pixels are typically rec!
orded at a rate of 1999 frames per s[ The camera is
equipped with a Vivitar 49 mm macro lens\ resulting in
an image _eld of approximately 1×3 mm "half!frame
images# with a 19 mm resolution[ A typical synchronous
recording is comprised of 0599 images covering 799 ms
in real time[ An EktaPro EM Motion Analyzer stores the
images which are then downloaded to a standard S!VHS
video cassette recorder[

1[1[ Data collection and ima`e analysis procedure

The bulk single!phase conditions at the entrance of the
test section are controlled by adjusting the preheat and

~ow rate[ Once steady ~ow is established\ power is
applied to the test section heater at a su.cient rate to
obtain vigorous boiling at the surface[ The heat ~ux is
then reduced until only isolated nucleation sites are
active[ Operating the facility in this matter eliminates the
e}ect of boiling hysteresis[

The camera is mounted on a tripod\ and is aimed at
the heater from the side at approximately a 14Ð29> angle
above the heater[ In order to achieve the highest possible
resolution and eliminate errors in calibration\ the camera
lens is _xed at a constant focal length\ resulting in a _xed
viewing area of approximately 3×3 mm "full!frame#[
Prior to _lming\ image calibration was performed by
_lming a scale in a separate but identical test section\ at
approximately the same angle to the test section[ Image
analysis is performed manually by measuring distances
on the _lm as it is played back from video tape on a 19!
in video monitor with 0999 lines per in resolution[ The
lateral displacement of the vapor bubble is the distance
measured from the nucleation site to the bubble centroid[
Bubble diameters were estimated as the chord length\
measured through the bubble centroid\ parallel to the
heater surface[ Since the camera was maintained normal
to the direction of the ~ow\ the error in measuring the
bubble diameter due to optical distortion is minimized[
Moreover\ throughout this work the bubbles are very
nearly spherical during the early portion of growth and
sliding when the diameter is measured\ so the bubble
diameter as it is measured is judged to be an adequate
representation of the bubble size[

An important consideration in these experiments
involves the temporal and spatial variations in the heater
surface temperature and the near!wall liquid velocity[
Speci_cally\ it is necessary to estimate the time scale of
these variations to ensure that the _lm length is su.cient
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to establish statistically meaningful values of mean
bubble growth\ departure and lift!o} diameter\ and
sliding trajectory[ For surface temperature\ variations
due to ebullition can be estimated using the time taken
for growth and departure plus the waiting time[ For
experimental conditions examined in this work\ this time
scale is typically on the order of 19Ð49 ms[ Velocity ~uc!
tuations may be estimated as follows[ From a numerical
simulation of single!phase turbulent channel ~ow ð02Ł\
the integral length scale in the streamwise direction is on
the order of l¦ � lu�:nl ½499[ Thus an estimate of the
time scale\ assuming the frozen _eld hypothesis is valid\
is on the order of t � "499 nl:u�#:ul ½ 09−1Ð09−0 s\ where
ul is the mean liquid velocity in the duct\ ranging from
9[09 to 9[08 m s−0 in this study[ Considering both of these
estimated time scales\ the 799 ms _lm length is judged to
be su.cient to capture the statistical variations in the
measured bubble growth\ departure and lift!o} diameter\
and trajectory[ To ensure consistency of the _lm data\
two to three _lms are captured at each condition[

2[ Flow visualization

Table 1 summarizes the experimental conditions and
data collected for vertical up~ow and down~ow boiling
considered in this work[ Twenty experimental conditions
were studied\ with mass ~uxes ranging from 082 to 555
kg m−1 s−0 and heat ~uxes ranging from 0[2 to 03[5 kW
m−1[ The bulk ~ow was slightly subcooled\ with DTsub

ranging from 0[9 to 4[9>C[ One vertical surface pool
boiling condition was also studied\ which is included in
the table as Exp[ no[ 7[ All conditions examined in this
work are within the nucleate boiling regime for which
isolated nucleation sites are active[

2[0[ Up~ow

Figure 2"a# depicts a photograph of a stream of vapor
bubbles originating from a single nucleation site in
up~ow\ for G � 147 kg m−1 s−0\ DTsat � 2[04>C "Exp[
no[ 1b#[ The behavior shown is typical of up~ow
nucleation at low heat ~ux[ At the nucleation site\ the
bubbles experience a short period of stationary growth\
and then depart from the site by sliding upward[ The
bubbles accelerate to a greater velocity than that of the
surrounding bulk ~ow[ Measurement of bubble tra!
jectories reveal that the bubble velocity exceeds the bulk
velocity within 3 mm of the nucleation site\ even for
G � 208 kg m−1 s−0\ the largest mass ~ux considered in
this work for up~ow[ Growth and departure is very
regular\ and the bubbles appear to be spherical in shape[
The bubbles appear to remain attached to the heating
surface and continue to grow while sliding along the
surface[ It is noted\ however\ that thermal gradients in
the boundary layer and re~ection of the bubble image on

the heater surface make the location of the base of the
bubble di.cult to distinguish precisely[ Figures 2"b# and
2"c# depict two other streams of bubbles originating from
the same nucleation site[ The _eld of view is approxi!
mately 09 mm and 29 mm downstream of the site\ respec!
tively[ As the bubbles become larger\ they become
distorted\ assuming a cap!like shape characteristic of
bubbles rising faster than the surrounding ~ow[ Bubbles
are observed to oscillate laterally along the surface due
to vortex shedding\ but generally remain attached to the
heating surface[ Bubbles that lift o} the surface do so
randomly\ and nonetheless tend to remain close to the
heating surface[

The fact that the bubbles do not typically lift o} the
surface is qualitatively consistent with the supposition of
Zeng et al[ ð10Ł that in up~ow boiling\ the sliding bubble
leads the surrounding ~ow\ and the resulting shear lift
force pushes the bubble against the wall\ preventing lift!
o}[ Moreover\ Gunther ð3Ł\ Frost and Kippenhan ð2Ł\
and Cooper et al[ ð0Ł report that bubbles remain attached
to the heater surface during up~ow following departure
from the nucleation site[ This is also apparent from the
data reported by Jiji and Clark ð6Ł\ for which they de_ned
a {bubble boundary layer| as the region adjacent to the
heater for which the vapor bubbles remain[ A notable
exception is the results of van Helden et al[ ð06Ł who
report that vapor bubbles regularly lift o} from an arti!
_cial cavity on the heater surface following departure[

Nucleation sites near the leading edge of the heater
produced the majority of vapor bubbles\ and very few
sites were found downstream[ Even at higher heat ~uxes\
the most active portion of the heater\ in terms of the
number of nucleation sites\ was clearly the _rst 1Ð2 cm
of the 29!cm long heater[

Collision and coalescence of vapor bubbles was observ!
able at all but the lowest heat ~ux conditions[ For exam!
ple\ at G � 133 kg m−1 s−0 and qw � 2[41 kW m−1 "Exp[
no[ 1a#\ nucleation sites were sparse and ebullition was
well ordered[ As the heat ~ux is increased to qw � 5[81
kW m−1 "Exp[ no[ 1b#\ the nucleation site density
increases\ and bubbles from neighboring sites are
occasionally observed to collide and coalesce[ The wait!
ing time also decreases[ Upon further increasing the heat
~ux to qw � 09[8 kW m−1 "Exp[ no[ 1c#\ coalescence regu!
larly occurs between bubbles emanating from the same
nucleation site[ The waiting time decreases to a point
where a new bubble forms and grows at the nucleation
site faster than the previous bubble can slide away\ result!
ing in collision and coalescence of the two bubbles[ At
even higher heat ~uxes this waiting time becomes indis!
tinguishably short\ and a bubble will at times undergo
repeated collisions at the site before it is large enough to
_nally escape under the in~uence of buoyancy and:or
drag[

At these higher heat ~uxes\ the ~ow near the surface
becomes bubbly and chaotic\ with neighboring bubbles



G[E[ Thorncroft et al[:Int[ J[ Heat Mass Transfer 30 "0887# 2746Ð27602751

Table 1
Forced convective nucleation data

G qw h
Exp[ "kg m−1 Tsat DTsat DTsub "kW "Wm−1 K×092 dd No[ of dL No[ of tw No[ of
no[ s−0# ">C# ">C# ">C# Ja m−1# K−0# "m s−n# n "mm# observ "mm# observ "ms# observ

Up~ow

0a 084 28[8 9[43 1[87 9[62 1[72 794 0[02 9[399 9[983 "87# 1[12 "81#
0b 081 28[7 1[28 1[72 2[12 3[79 819 1[35 9[352 9[054 "33# 11[1 "31#
0c 083 28[7 3[27 1[75 4[84 6[25 0906 3[96 9[499 9[196 "7# 3[56 "5#
1a 133 39[1 9[44 2[95 9[62 2[41 865 0[92 9[250 9[094 "009# 0[47 "095#
1b 147 39[1 2[04 2[16 3[17 5[81 0966 0[58 9[399 9[036 "72# 5[27 "68#
1c 144 39[9 5[23 1[67 7[45 09[8 0190 1[04 9[399 9[088 "42# � �
2a 204 39[2 0[21 1[41 0[63 2[52 834 0[15 9[308 9[001 "013# 1[12 "010#
2b 208 39[1 3[93 1[18 4[22 6[15 0036 0[47 9[397 9[059 "48# 0[20 "52#
2c 204 28[8 5[78 0[85 8[93 00[7 0227 1[94 9[393 9[193 "16# � �

Down~ow$

3a 082 39[5 9[94 3[80 9[96 0[21 156 9[71 9[390 9[020r "3# 9[159 "3# 048[4 "1#
3b 081 39[5 3[59 3[17 5[32 3[67 427 0[12 9[263 9[046r "66# 9[213 "39# 8[18 "65#
3c 086 39[4 5[23 3[19 7[78 6[43 604 0[78 9[332 9[076r "20# 9[237 "19# 0[47 "5#
4a 135 39[7 1[84 3[67 3[04 2[13 307 0[18 9[302 9[023r "70# 9[143 "54# 4[96 "50#
4b 136 39[7 4[12 3[60 6[24 3[71 374 1[11 9[347 9[056� "21# 9[175 "34# 1[30 "11#
4c 136 39[6 6[95 3[38 8[89 6[56 553 1[44 9[373 9[037r "48# 9[148 "45# 0[53 "03#
5a 204 30[9 2[07 4[99 3[34 2[82 358 0[99 9[273 9[049� "19# 9[082 "23# � �
5b 202 30[0 4[97 3[73 6[98 4[93 384 1[94 9[384 9[001� "62# 9[179 "21# � �
5c 200 30[0 5[29 3[68 7[68 5[55 472 1[48 9[499 9[021� "49# 9[115 "26# � �
6 555 31[2 6[06 2[78 8[39 03[5 0208 1[80 9[377 9[012t "79# 9[075 "46# 0[58 "17#

Vertical pool boilin`

7 9 27[3 2[33 9[88 3[43 3[31 886 0[43 9[232 9[126 "23# 9[455 "23# 8[25 "29#

� Insu.cient data due to collisions between bubbles which emanate from the same nucleation site[
$ Symbols represent bubble departure and sliding direction ] r � upward ^ t � downward ^ � � transitional\ as described in Section
3[1[

colliding and numerous intermittent sites participating[
Based on random ~uctuations in the observed bubble
trajectory\ the ~ow near the wall appears to be highly
turbulent[ Under these conditions bubble lift!o} was
observed to occur on occasion[ It appeared that a tur!
bulent eddy or a passing bubble in the bulk liquid ~ow
would randomly sweep the surface and lift a bubble o}[
Further downstream the entire ~ow _eld is bubbly and
highly chaotic[ Because lift!o} occurred infrequently
except during bubbly ~ow\ and its occurrence appears
to be random\ lift!o} diameters were not recorded for
up~ow[

2[1[ Down~ow

In down~ow boiling\ the buoyancy force experienced
by a vapor bubble is in the opposite direction of the
quasi!steady drag exerted by the liquid ~ow[ As a result\

three scenarios of sliding bubbles were observed\ which
depend largely on the local liquid velocity[ These scen!
arios are demonstrated in Fig[ 3\ where photographs of
bubble ebullition are shown at three di}erent mass ~uxes\
G � 135\ 204\ and 555 kg m−1 s−0 "Exp[ nos[ 4a\ 5a\ and
6#[ In Fig[ 3"a#\ the bubbles rise against the oncoming
~ow\ behaving similarly to that of up~ow[ The conditions
under which this behavior is observed are marked with
the symbol "r# in Table 1[ However\ bubbles do not slide
far from the nucleation site before they lift o} the surface
into the bulk ~ow[ Unlike in up~ow\ lift!o} is not a result
of bulk turbulence or bubble!induced turbulence\ but
instead is continuous and regular[ This is consistent with
the supposition of Zeng et al[ ð10Ł that for the down~ow
con_guration the shear lift force should lift the bubble
o} the surface[ As the liquid velocity is increased\ the
bubble slides downward in the same direction as the bulk
~ow[ This is marked in Table 1 by the symbol "t# and is
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Fig[ 2[ Photographs of bubbles originating from a single nucleation site in up~ow\ G � 147 kg m−1 s−0\ DTsat � 2[04>C "Exp[ no[ 1b#[
"a# At the nucleation site ^ "b# approximately 09 mm downstream of site ^ "c# approximately 29 mm downstream of site[

Fig[ 3[ Photographs of bubbles originating from a nucleation site in down~ow boiling[ "a# G � 135 kg m−1 s−0\ DTsat � 1[84>C "Exp[
no[ 4a# ^ "b# G � 204 kg m−1 s−0\ DTsat � 2[07>C "Exp[ no[ 5a# ^ "c# G � 555 kg m−1 s−0\ DTsat � 6[23>C "Exp[ no[ 6#[
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shown in Fig[ 3"c#[ Lift!o} occurs regularly\ since the
bubble still lags the surrounding ~ow[ At elevated heat
~ux\ bubble coalescence and eddies are observed in down!
~ow as in up~ow[ Regardless of liquid velocity\ the bub!
ble sliding trajectory is much shorter in down~ow com!
pared with up~ow due to lift!o}[

As expected\ there exists a transitional condition in
down~ow where bubble sliding is either upward or down!
ward[ This was observed in Exp[ nos[ 4b and 5aÐc\ where
sliding took place with or against the ~ow with no domi!
nant direction[ These are marked in Table 1 with the
symbol "�#[ At times a bubble would simply remain
attached to the site or remain within close proximity of
the site[ Figure 3"b# depicts a single photograph of a
stream of vapor bubbles emanating from a nucleation
site in which sliding is completely absent[ Under these
conditions sliding does not occur[ As a result\ the bubble
continues to grow at the nucleation site until lifted o}
the surface[ Smaller bubbles were often observed to grow
in the wake of the larger bubble and coalesce with it[

Bubble sliding is likely responsible to some extent for
energy removal from the heating surface in vertical
up~ow[ This point can be seen in Fig[ 4\ where values
of heat transfer coe.cient\ de_ned as h � qw:DTsat\ are
plotted for the up~ow and down~ow conditions of Table
1[ From the _gure\ it is clear that the heat transfer
coe.cient is greater for up~ow than for down~ow at
otherwise similar ~ow and thermal conditions[ Since
vapor bubbles continue to slide along the heating surface
during up~ow\ it is reasonable to conclude that the higher
heat transfer rates observed during up~ow boiling as
compared with down~ow are due to bubble sliding[ Other
investigators who have found sliding bubble heat transfer

Fig[ 4[ Plot of heat transfer coe.cient\ h\ vs wall superheat\
Ts−Tsat\ for the up~ow and down~ow conditions in Tables 0
and 1[

to be important include Cornwell ð1Ł\ Tsung!Chang and
Banko} ð05Ł\ Houston and Cornwell ð4Ł\ Yan and Ken!
ning ð08Ł\ and Yan et al[ ð19Ł[

2[2[ Vertical pool boilin`

For the purpose of comparison\ one boiling condition
was examined under zero bulk ~ow conditions\ which is
listed as Exp[ no[ 19 in Table 1[ A photograph of the
ebullition process is presented in Fig[ 5[ As in down~ow\
the bubbles regularly lift o} from the surface\ although
during sliding\ bubbles actually appear detached from
the heater surface[ However\ since there is no bulk ~uid
motion\ the rising bubble experiences no signi_cant vel!
ocity gradient from the surrounding ~uid[ Natural con!
vection is estimated to have a negligible in~uence on the
bubble motion[ As a result\ there is no shear lift of the
type described by Zeng et al[ ð10Ł\ and therefore another
force must be responsible for lift!o}[ The force respon!

Fig[ 5[ Photograph of bubbles originating from the same
nucleation site in vertical pool boiling\ DTsat � 2[33>C "Exp[ no[
7#[
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sible for vapor bubble lift!o} during vertical pool boiling
has yet to be identi_ed and requires further investigation[

3[ Bubble dynamic measurements

3[0[ Growth rate

A typical set of experimentally measured growth curves
is depicted in Fig[ 6[ A growth curve was obtained by
measuring the diameter of an individual bubble from
incipience through sliding[ All the bubble growth data
reported in this work lie in the di}usion!controlled
regime ^ the inertia!controlled regime lasts for a very short
period and is shorter than the time period between suc!
cessive frames obtained with high!speed imaging[ The
experimental growth rates may be approximated by a
power law curve _t\

d"t# � Ktn "0#

where d"t# is the diameter of the bubble\ t denotes time\
K and n are empirical constants[ Because of the stochastic
nature of the ~ow and thermal variations discussed in
Section 2[1[\ a set of 4 growth curves were measured at
various points in the _lm set\ and the constants K and n
were averaged to estimate the mean growth curve at this
condition[ During down~ow boiling\ the growth showed
more variation ^ therefore a set of 09 growth curves were
obtained at each condition[ The averaged growth con!
stants for up~ow and down~ow are included in Table 1[
The Jacob number\ Ja\ is included in the table for each
condition[

From the table it is observed that the growth data _t a
power law ranging from about t0:2 to t0:1[ The upper
limit\ t0:1\ is expected\ since t0:1 is the di}usion!controlled

Fig[ 6[ Typical bubble growth measurement[

growth limit in saturated boiling[ Lower values are partly
a result of energy depletion in the heater surface near the
nucleation site[ Recently\ Mei et al[ ð03Ł developed a
numerical model for vapor bubble growth in saturated
pool boiling\ and demonstrated that the bubble growth
rate is reduced due to the resulting temperature gradients
beneath the nucleation site[ It seems reasonable\ then\
that this behavior plays a role in subcooled ~ow boiling
as well\ although the subcooling and the bulk motion of
the ~uid also a}ect the vapor bubble growth rate\ as will
be seen[

A graphical comparison of the growth curves reveals
useful information about the ebullition process[ Figures
7"a# and "b# depict the mean growth curves for up~ow
and down~ow\ respectively[ On both graphs\ the number
assigned to each curve represents the experiment number
listed in Table 1[ The solid triangles on both sets of curves
represent the departure diameter at each condition[ The
up~ow growth curves end approximately at the point
where the vapor bubbles leave the _eld of view\ except
for curves 0c\ 1b\ 1c\ 2b\ and 2c\ where bubble collisions
and coalescence limited the available growth data[ The
down~ow curves end when the bubbles lift o} from the
heater surface\ except for curve 3a\ which extends beyond
the limits of the plot[

Examining both graphs\ several trends are clear ] "0#
At a given mass ~ux\ the bubble growth increases with
increasing Ja "increasing DTsat#[ In fact\ Kandlikar et al[
ð8Ł report a similar result for subcooled horizontal ~ow
boiling of water\ and Mei et al[ ð03Ł demonstrated the
same trend analytically for pool boiling ^ "1# Departure
from the nucleation site occurs early in the growth curves\
particularly in up~ow\ and therefore a large portion of
bubble growth occurs during the sliding phase[

The e}ect of varying mass ~ux can be seen in both
_gures[ In up~ow it appears that\ at low DTsat "or Ja#\ the
variation of mass ~ux has little impact on growth\ as
evidenced by curves 0a\ 1a\ and 2a in Fig[ 7"a#\ which
represent conditions with roughly similar DTsat "or Ja#[ At
higher wall superheat:Jacob number\ the growth curves
appear to separate\ although this e}ect is less obvious
since the wall superheat:Jacob number was not held con!
stant[ What is clear\ however\ is that the growth at these
higher wall superheats:Jacob numbers decreases with
increasin` G[ This is evident when comparing curves 0b\
1b\ and 2b\ and the curves 0c\ 1c\ and 2c\ in which the
growth decreases with increasing G despite a slight
increase in DTsat "or Ja# in some cases[ The same e}ect
can be seen in Fig[ 7"b# for down~ow by examining the
curves 3b\ 4a\ and 5a\ and the curves 3c\ 4b and 5b[
Similarly\ Kandlikar et al[ ð7\ 8Ł also report a signi_cant
decrease in bubble growth rate as the Reynolds number
is increased in horizontal subcooled ~ow boiling of water[

An additional observation in the down~ow growth
curves deserves comment[ At elevated DTsat\ as is the case
for conditions 3c\ 4c\ and 6 in Fig[ 7"b#\ all with nearly



G[E[ Thorncroft et al[:Int[ J[ Heat Mass Transfer 30 "0887# 2746Ð27602755

Fig[ 7[ Comparison of mean growth curves ] "a# up~ow ^ "b# down~ow[ End of up~ow curves represent limits of measuring diameter\
due to either end of view_eld or coalescence[ End of down~ow curves represent mean lift!o} diameter[

the same value of wall superheat "approximately 6>C#\
the growth rates do not vary appreciably despite large
changes in G "136Ð555 kg m−1 s−0#[ Since n approaches
9[4\ which is the maximum value for di}usion!controlled
growth in saturated boiling\ it can be concluded that
microlayer evaporation is dominant and condensation is
negligible[

3[1[ Departure and lift!off diameter

For measuring purposes\ the departure diameter\ dd\ is
taken to be the diameter of the bubble immediately after
the _rst sign of displacement from the nucleation site[
Similarly\ the lift!o} diameter\ dL\ is measured immedi!
ately after the bubble detaches from the heater surface[
This method was also chosen by Klausner et al[ ð00Ł in
their measurement of departure and lift!o} diameters[
A source of uncertainty in the measurement of bubble
departure diameter arises because departure occurs early
in the growth curve\ when the bubbles are small and the
diameter is increasing rapidly[ As a result\ the uncertainty
on the departure diameter is estimated to be within 29[93
mm\ while the uncertainty on lift!o} diameter is estimated
to be 29[91 mm[ Furthermore\ bubble collisions\ par!
ticularly at the nucleation site as described in Section 3[0[\
limit the available departure and lift!o} diameter and
waiting time data under some conditions[ Mean values
of dd\ dL\ and tw at each experimental condition are
included in Table 1[ As discussed in Section 3[0\ few
bubbles were observed to lift o} in up~ow\ and therefore
no data for lift!o} in up~ow are presented[

3[1[0[ Comparison of mean departure and lift!off
diameter data

Figure 8 compares the mean values of departure diam!
eter\ dd\ at various values of mean liquid velocity as a

function of wall superheat\ DTsat\ for "a# up~ow and "b#
down~ow[ Also included in both plots is the mean depar!
ture diameter under vertical pool boiling\ obtained in the
same experimental facility under zero ~ow conditions[
In up~ow it is seen that the departure diameter clearly
increases with increasing wall superheat ^ this is due to
the increased bubble growth at higher wall superheat[
The expanding vapor bubble generates a reaction force\
referred to as the growth force\ in the surrounding liquid
which resists bubble motion away from the heater wall[
The departure diameter appears to decrease with increas!
ing mean liquid velocity in up~ow\ although beyond
G ¼ 149 kg m−1 s−0 there is little change in dd with G[

In down~ow\ interpretation of the departure diameter
data is complicated by the fact that bubbles depart either
upward or downward[ Under conditions where the bub!
bles slide upward against the ~ow\ the departure diameter
increases with increasing DTsat\ similar to up~ow\
although the values of dd tend to be lower in down~ow[
On the other hand\ at all other conditions\ trends in the
dd data are less clear[ Despite the di}erences in the data
it appears that\ as in up~ow\ the departure diameter
generally decreases with increasing mean liquid velocity[

Figure 09 depicts mean lift!o} diameters obtained for
down~ow and vertical pool boiling at various mean liquid
velocities[ The lift!o} diameter data follow similar
behavior as departure diameter ] in general dL increases
slightly with DTsat and decreases with G[ Both of these
trends are expected[ An increase in DTsat results in an
increased growth rate\ and therefore a larger growth force
exists which resists lift!o}[ Conversely\ an increase in
mass ~ux results in a higher shear lift force which pro!
motes lift!o}[ Again\ the variation of dL with DTsat is not
discernable at G ¼ 149 and 204 kg m−1 s−0[ It is evident\
however\ that the bubble lift!o} diameter tends to
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Fig[ 8[ Comparison of measured mean departure diameters for "a# up~ow and "b# down~ow forced convection boiling[ Diamond "e#
represents vertical pool boiling data point[

Fig[ 09[ Comparison of measured mean lift!o} diameters in
down~ow forced convection and vertical pool boiling[

decrease with increasing G\ which may be due to an
increasing shear lift force[

3[1[1[ Comparison of departure and lift!off diameter
probability functions

To gain additional insight into the stochastic nature
of the bubble removal process\ probability functions of
departure and lift!o} diameter were obtained from selec!
ted experimental data[ Strictly speaking\ the experimental
data samples are not large enough "approximately 49
realizations# to construct probability functions with
su.cient statistical accuracy[ The functions are instead

reported to demonstrate qualitative features of departure
and lift!o} behavior[

Figure 00"a#Ð"c# depicts probability functions of depar!
ture diameter obtained from the experimental data for 2
values of mean liquid velocity for up~ow[ Despite the
small sample sizes\ the distributions resemble a Gaussian
distribution although they are slightly skewed[ For
up~ow\ the standard deviation of each distribution is
consistently close to 0:09th the mean value\ and therefore
the standard deviation increases with mean departure
diameter for increasing wall superheat[ This result is simi!
lar to that reported by Klausner et al[ ð00Ł\ who suggested
that the origin of the stochastic behavior is the turbulent
~uctuations of the liquid velocity\ as well as spatial and
temporal ~uctuations of wall superheat which a}ect the
bubble growth rate[ Recently\ Klausner et al[ ð09Ł
developed a model which predicts the stochastic vari!
ations of departure and lift!o} diameter from estimates
of the distribution of bulk liquid velocity and wall super!
heat[ However\ their model requires a method for pre!
dicting vapor bubble growth rate as a function of wall
superheat\ which at present is not available for subcooled
vertical ~ow boiling[ Therefore no attempt has been made
to apply their model to the present data[

Figure 01"a#Ð"b# depict probability functions of depar!
ture diameter for down~ow[ Again it appears that both
the mean departure diameter and the standard deviation
typically increase with increasing wall superheat[
However\ due to the varying direction of bubble depar!
ture the relative value of the standard deviation is less
consistent than for up~ow[ Figure 02"a#Ð"b# depict prob!
ability functions of lift!o} diameter for the same down!
~ow conditions[ For lift!o} diameters\ trends in the mean
or standard deviation are less clear\ although the stan!
dard deviation appears to decrease with increasing wall
superheat[
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Fig[ 00[ Departure diameter probability functions at various mass ~uxes and wall superheats in up~ow forced convection boiling[

3[2[ Waitin` time

Waiting time\ tw\ is de_ned as the time between bubble
departure and the incipience of the next bubble at the
same nucleation site[ Mean waiting times are included in
Table 1[ Examining the tabular data\ it appears that tw
tends to decrease with increasing heat ~ux[ This is
expected\ since at higher heat ~ux the local temperature
_eld beneath a nucleation site will recover more quickly[
At higher heat ~ux\ the waiting times are so short that
collisions occur regularly between bubbles emanating
from the same site\ as described in Section 3[0\ and the
waiting times under these conditions become too short
to resolve within the temporal resolution of the _lm[
Conditions under which waiting times could not be
resolved are marked in Table 1 by asterisks "�#[

From the _lm data it is possible to demonstrate a
relationship between waiting time and departure diam!
eter[ Figure 03 illustrates a sequential plot of departure
diameters and associated waiting times obtained from
one vertical up~ow boiling condition[ From this plot it is
evident that an increase in departure diameter is followed
by a proportional increase in waiting time[ This direct
proportionality can be explained in terms of energy
depletion from the heater surface\ as demonstrated by
Mei et al[ ð03Ł[ A larger departure diameter implies that
more energy has been depleted from the solid heater
beneath the nucleation site\ and as a result the local
temperature _eld in the heater takes longer to recover[ It
is reasonable to conclude\ then\ that stochastic variations
in the departure diameter\ as shown in Figs 00Ð02\ are
related to variations in the temperature of the heater
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Fig[ 01[ Departure diameter probability density functions at
various mass ~uxes and wall superheats in down~ow boiling[

surface[ This is indeed the result suggested by Klausner
et al[ ð09Ł[

4[ Conclusions

Visual observations of ebullition in up~ow and down!
~ow boiling reveal several important features ]

"0# A relatively small portion of bubble growth occurs
while the bubble is attached to the nucleation site ^
most growth occurs during the sliding process\ par!
ticularly in up~ow[

"1# Vapor bubble lift!o} is not generally observed in
up~ow\ except occasionally due to random velocity
~uctuations[ In contrast\ lift!o} regularly occurs in
down~ow[

Fig[ 02[ Lift!o} diameter probability density functions at various
mass ~uxes and wall superheats in down~ow[

"2# Substantial evidence reveals that vapor bubble sliding
enhances the energy transfer at the heating surface[
First\ the heat transfer coe.cient is signi_cantly
higher for up~ow than down~ow at otherwise ident!
ical ~ow and thermal conditions[ Second\ in up~ow
boiling the most active nucleation sites were found
close to the leading edge of the heater\ suggesting
that nucleation is being suppressed downstream due
to enhanced energy transport[

Vapor bubble growth\ departure diameter\ and lift!o}
diameter data have been obtained for up~ow and down!
~ow boiling for G � 081Ð555 kg m−1 s−0 and qw � 0[2Ð
03[5 kW m−1\ at slightly subcooled conditions
"DTsub � 0[9Ð4[9>C# during which isolated nucleation
sites are active[ The data reveal a number of interesting
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Fig[ 03[ Sequence of measured departure diameters and associated waiting times for up~ow boiling from the same nucleation site\
G � 081 kg m−1 s−0\ DTsat � 1[28>C "Exp[ no[ 0b#[ Sequence spans approximately 799 ms[

features associated with the vapor bubble dynamics dur!
ing vertical ~ow boiling ]

"0# Bubble growth increases with Jacob number "increas!
ing DTsat# under otherwise identical conditions in
up~ow or down~ow[ Conversely\ bubble growth gen!
erally decreases with increasing mass ~ux\ which may
be a result of operating at slightly subcooled
conditions\ during which the increased mass ~ux pro!
vides increased condensation at the top of the bubble[

"1# Bubble departure diameter increases with Jacob
number "increasing DTsat# and decrees with increasing
mass ~ux in both up~ow and down~ow[

"2# Lift!o} diameters in down~ow were observed to
decrease with increasing mass ~ux\ and show a poss!
ible increase with increasing Jacob number "increas!
ing DTsat#[

"3# Waiting times were observed to decrease with increas!
ing heat ~ux\ which is related to energy depletion at
the heater surface[ Furthermore\ waiting time and
departure diameter are observed to be directly cor!
related[
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