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Abstract

The stability characteristics of methanol ~ow boiling over a nonuniformly heated surface has been investigated[ An
axial heat ~ux distribution corresponding to a neutral stability condition\ at which nucleate and _lm boiling can coexist
steadily\ was identi_ed under various system pressures\ liquid subcooling and liquid ~owrates[ An increase "decrease# in
the bottom heat ~ux under nucleate boiling mode would enhance "weaken# the relative stability of the _lm boiling mode[
Furthermore\ nucleate boiling would become more stable under increasing liquid subcooling[ The dependence on system
pressure is relatively weak[ The {equilibrium heat ~ux| is proven for the _rst time\ to exist on an indirectly conductive
heating surface\ which can serve for direct comparison between stability characteristics among di}erent boiling systems[
Þ 0887 Published by Elsevier Science Ltd[ All rights reserved[
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Nomenclature

I integrand de_ned in eqn "0# ðW K−0 m−1Ł
P pressure ðPaŁ
Q mass ~owrate ðkg m−1 s−0Ł
qb boiling heat ~ux ðW m−1Ł
qC equilibrium heat ~ux ðW m−1Ł
qF coexisting heat ~ux at point F ðW m−1Ł
qg bottom heat ~ux ðW m−1Ł
qN coexisting heat ~ux at point N ðW m−1Ł
T temperature ðKŁ
TF _lm boiling temperature ðKŁ
TN nucleate boiling temperature ðKŁ
DTsub liquid subcooling ðKŁ
DTi temperature di}erence ðKŁ
V voltage ðVŁ[

0[ Introduction

Boiling of di}erent modes can coexist on the same
heating element under certain conditions[ In pool boiling
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with an electrically heated wire\ steady state and unsteady
state two!mode boiling "nucleate and _lm boiling# has
been studied in detail ð0Ð2Ł[ With some others ð3Ð6Ł
important conclusions may be made as ] "i# a unique
{equilibrium line| exists in each electrically heated wire
boiling curve plot along which the nucleate and _lm boil!
ing modes can coexist steadily ^ "ii# the intersections
between the equilibrium line and the boiling curves have
separated the nucleate and _lm boiling curves into stable
and metastable regimes respectively ^ and "iii# an {equal!
area rule| "discussed later# can be employed in deter!
mining the location of the equilibrium line[ A close anal!
ogy between the stability characteristics of a wire boiling
system and that of classical vaporÐliquid equilibrium
"VLE# is noted[

Critical points\ such as the critical heat ~ux "CHF# and
minimum heat ~ux "MHF# points\ denote the absolutely
unstable points at which the system cannot tolerate
in_nitesimal disturbance[ On the other hand\ a heater
under metastable nucleate boiling mode "i[e[ the nucleate
boiling curve below CHF and above the intersection
between the equilibrium line and nucleate boiling curve#
can tolerate a _nite!magnitude disturbance "dry patch#
to prevent burnout[ However\ when a large enough dis!
turbance takes place\ the heater would still transit into
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_lm boiling[ This is the so!called {non!hydrodynamic|
aspect for burnout ð7\ 8Ł ^ the nucleate boiling mode is
thereby less stable than the _lm boiling mode in the
metastable nucleate boiling regime[ In contrast\ if the
heater is under stable nucleate boiling mode "i[e[ the
nucleate boiling curve below the intersection between the
equilibrium line and nucleate boiling curve#\ no transit
to _lm boiling would occur regardless of the magnitudes
of the external disturbances\ the boiling system can
thereby tolerate in_nitely large disturbances\ and the
nucleate boiling process is now more stable and is absol!
utely safe[ Similar conclusions could be applied to the
_lm boiling curve as well[ When a heater under meta!
stable _lm boiling regime "i[e[ the _lm boiling curve below
the intersection between the equilibrium line and _lm
boiling curve# could transit to nucleate boiling when
a large enough external disturbance "wet spot#
has appeared on the boiling surface\ and the _lm
boiling mode is thus less stable than the nucleate
boiling[

Identifying the points separating the metastable and
stable boiling regimes is important in boiler design and
operation[ Kovalev ð3Ł\ on the basis of wire boiling data\
proposed the concept of so!called {equilibrium heat ~ux|\
which divides the nucleate and _lm boiling curves into
stable and metastable regimes\ respectively[ No exper!
imental evidence supports that such an equilibrium heat
~ux exists for indirectly conduction heating boiling
surface[ Actually\ except for the wire boiling systems\ the
information on the stability characteristics for the other
more practical boiling systems "such as the usually
employed conduction heated surface# is rarely reported
in the literature[

Perhaps\ Lin and Lee ð09Ł have provided a _rst study
about the relative stability between nucleate and _lm
boiling modes on a conduction heated\ ~at plane heater
under forced ~ow condition[ They investigated the at!
mospheric multi!mode methanol ~ow boiling at a ~ow
rate of 19 kg m−1 s−0 and a subcooling of 01 K[ An axial
"discrete# heat ~ux distribution with neutral stability\ at
which the nucleate and _lm boiling can coexist steadily
"corresponds to the {equilibrium line| for wire boiling
system# is identi_ed[ Above such a distribution\ the
nucleate boiling mode is more stable ^ while below this
the _lm boiling is more stable[ The more stable nucleate
boiling mode should be able to tolerate external dis!
turbances to provide an absolutely safe nucleate boiling
operation[ The proposed nonuniformly heated boil!
ing device is a convenient tool to investigate the relative
stability among the nucleate and _lm boiling
modes[

In this work\ we provide more information about the
relative stability between the nucleate and _lm boiling
mode on a nonuniformly heated surface[ The {equi!
librium heat ~ux| is identi_ed for the _rst time for an
indirect conduction heating surface[

1[ Experimental

Figure 0"a# illustrates a schematic drawing of the
experimental setup\ which is a modi_ed version of that
employed in ref[ ð09Ł[ The working liquid is methanol
with purity of above 88)[ The constant head maintained
in the storage tank "0# and globe valve "6# has forced
methanol to ~ow through the heat exchanger "2# and the
~ow meter "3# to the testing section "4#[ The receiving
tank "7# is opened to an aspirator "00# through a con!
denser "09#[ Methanol in the receiving tank is then
pumped back to the storage tank by a gear pump "8#[
The ~ow path through the storage tank\ testing section
and the receiving tank form the boiling loop[ The boiling
dynamics are recorded by a CCD camera "5#[

Figure 0"b# shows the details of the testing section\
consisting of an expanding section "00#\ a central ~ow
chamber of dimension "L×W×H# 13×7×7 cm2 with
front and rear view glasses "01#\ and a contracting section
"02#[ The upper surface of the testing block matches the
lower part of the central ~ow chamber exactly\ permitting
an undisturbed cross~ow without generation of second!
ary ~ow above the heating surface[ The ~uid temperature
is measured by a thermocouple[

Under the testing block are two "not three as employed
in ref[ ð09Ł# independent heating blocks equipped with
cartridge heaters\ from which the joule heat can generate
separately and transit to the top surface[ The gap "width
09 mm# between these heating blocks is insulated to pre!
vent direct heat conduction between them[ Temperatures
at 13 positions in the testing block are measured by ther!
mocouples\ whose readings are sent at a rate of 0 Hz to
a data acquisition system "01# connected to a personal
computer "02#[ Figure 0"c# shows the details of the heating
assembly[ In each heating block there are eight cartridge
heaters\ each of 046 W "119 V# capacity\ giving out a
maximum of 0225 W capacity in each block[

The testing block is made of pure copper\ most of
which "82) from the bottom# is divided into two separate
parts with a gap of 4 mm between[ Insulation is employed
in these gaps to prevent heat conduction[ Axial heat
conduction is therefore permitted only in the top 6)
"bridge# connection sections of thickness 1 mm[ The joule
heat from the bottom cartridge heaters can thereby tran!
sit vertically across most of the testing block to the bridge
region\ dissipate partially by surface boiling\ and ex!
change the rest with the other block\ if a temperature
gradient exists between them[

The upper heating surface is a smooth surface of
dimension 79 mm×04 mm[ The positions of the 13
thermocouples are also indicated in Fig[ 0"c#[ The cor!
responding six axial positions above these thermocouples
along the ~ow direction are referred to as B0 to B5\
respectively[ B0ÐB2 are heated by the cartridge heaters
below the leading portion "denoted as portion L# of the
heating surface ^ while B3ÐB5\ the subsequent portion
"denoted as portion S# are heated along the ~ow direction[
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Fig[ 0[ "a# Schematics of boiling apparatus ] "0# store tank\ "1# connecting pipe\ "2# heat exchanger\ "3# ~ow meter\ "4# testing section\
"5# camera\ "6# globe valve\ "7# receiving tank\ "8# gear pump\ "09# condenser\ "00# aspirator[ "b# Schematics of testing block ] "0#
expanding section\ "1# testing chamber\ "2# contracting section\ "3# thermocouple\ "4# heating block\ "5Ð7# insulation\ "8# cartridge
heaters\ "09Ð00# thermocouples\ "01# data acquisition system\ "02# personal computer[
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Fig[ 0[ "c# Schematics of heating assembly[

To prevent liquid leakage and the associated heat loss\
a thin silicon rubber ring of thickness 1 mm is used as the
sealing material between the bridge region of the testing
block and the stainless steel ~ow chamber[ This limits the
time interval and the temperature level at which the _lm
boiling can be sustained on the heating surface[

The system pressure and liquid temperature are
adjusted by aspirator and heat exchanger[ After reaching
the steady state\ all cartridge heaters are set at a voltage
of V0 to let all of the heating surface "B0ÐB5# enter a
nucleate boiling mode "phase I#[ Then the voltage of the
cartridge heaters in one of the bottom heating blocks
"e[g[ the portion L# is set at a high voltage of V1 "phase
II#\ which forces the corresponding top surface to enter
_lm boiling[ Once a visible _lm boiling has established
on the boiling surface\ the voltage of the bottom cartridge
heaters is decreased from V1 to V2 to prevent burnout of
the sealing silicon rubber "phase III#[ "Notably\ the volt!
age for the other heating block is always kept at V0#[ The
high temperature under _lm boiling mode could cause a
large axial heat conduction across the near!surface bridge
connections to the other block[

The method of Kline and McClintock ð00Ł has been
employed to estimate the uncertainties in heat ~ux and
temperature measurements[ The uncertainty in ther!
mocouple calibration is within 0 K in this study[ The

error in thermal conductivity data is estimated at not
being higher than 1)[ The maximum uncertainties
thereby existing in the extrapolated heating surface tem!
perature and the associated heat ~ux\ which are estimated
as 26 and 200)\ respectively[ The mass ~owrates exhi!
bit an uncertainty of approximately 24)\ while for ~uid
temperature measurement the uncertainty is 20 K[ The
ripples in voltage outputs from the transformer are less
than 21)[

2[ Results and discussion

2[0[ General

Figure 1 shows the time evolution of extrapolated\
axial wall superheat temperature of a typical run under
P � 659 mmHg\ DTsub � 9 K\ and Q � 19 kg m−1 s−0

with V0\ V1\ V2 � 79\ 119\ 59 V\ respectively[ In this case\
the subsequent section S is raised to _lm boiling mode[
The time evolution of the boiling modes for B3\ B4 and
B5 are nucleate : _lm : nucleate ^ for B0\ B1\ the boiling
is always in nucleate boiling ^ while for B2\ nucleate :
transition : nucleate[ That is\ the _lm boiling mode set
up on the portion S fails to sustain but returns back to
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Fig[ 1[ Time evolution of extrapolated surface temperature data ] V0\ V1\ V2 � 79\ 119\ 59 V respectively ^ P � 659 mmHg ^ Q � 19 kg
m−1 s−0 ^ DTsub � 9 K[

the nucleate boiling mode via axial heat conduction with
portion L[

Figure 2 shows the time evolution for an almost ident!
ical run but with a higher V2 "79 V#[ A di}erent pattern
results[ The modes for the whole heating surface have
transited from nucleate to _lm boiling\ following the
sequence B5ÐB0[ As a result\ the _lm boiling mode estab!
lished at B3ÐB5 is now stronger than the nucleate boiling
mode originally existing at B0ÐB2[ Since the temperatures
have become too high "above 399>C#\ all cartridge heaters
are cut o} after 129 s[ This is evidenced by the decreasing
temperatures as observed in the _nal phase of the exper!
iment[

Figure 3 depicts the evolution of surface temperature
distribution for the above two cases[ Figure 3"a# cor!
responds to the experimental sequence in Fig[ 1\ during
which the temperature distribution approaches\ but never
attains to\ the bold curve indexed as curve NF[ Figure
3"b# reveals\ on the other hand\ an overshoot across the
curve NF[ As suggested in Lin and Lee ð09Ł\ the curve
NF is the coexisting curve of a neutral stability[ Figure 4
illustrates the boiling phenomena observed close to the
curve NF[ Since V2 in Fig[ 3"a# is 59 V\ and in Fig[
3"b#\ 79 V\ a critical V2 exists among them\ which is

approximately 69 V[ If V2 is set above this critical value\
all states on the boiling surface will be attracted to the
_lm boiling mode ^ if lower than this critical value\ the
_nal state is the nucleate boiling mode[

2[1[ Equal!area criterion

Based on the heat conduction equation and the no!~ux
boundary conditions\ the following equal!area criterion
is used to interpret the multi!mode boiling data ð2\ 09\
01Ł ]

I � g
TF

TN

"qb−qg# dT

3 s
4

i�0

0:1""qb"Ti#−qgi#¦"qb"Ti¦0#−qg\i¦0##DTi � 9\ "0#

where TF and TN are respectively the temperature under
_lm and nucleate boiling\ qb the boiling heat ~ux\ and qg\
the bottom heat ~ux provided by indirect conduction
heating\ subscripts 0Ð5 denote positions B0 to B5 accord!
ingly\ and DTi � Ti¦0−Ti[ Along curve NF\ the inte!
grand is expected to be zero[
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Fig[ 2[ Time evolution of extrapolated surface temperature data ] V0\ V1\ V2 � 79\ 119\ 79 V respectively ^ P � 659 mmHg ^ Q � 19 kg
m−1 s−0 ^ DTsub � 9 K[

Figure 5 represents the NF curve and the cor!
responding boiling curves[ "Note ] "0# the true transition
curve cannot be obtained directly from the present heat
conduction!controlled apparatus ð02Ł\ while the tran!
sition boiling curve is the connection between the CHF
and MHF points on a plot in logÐlog scale for the _rst
approximation ^ "1# the shape of NF curve varies accord!
ing to the lateral heat conduction[# Notably\ the areas
between the boiling curve and the NF curve are similar\
which supports the theory that the integrand in eqn "0#
is zero along NF[ Figure 6 illustrates the corresponding
evolution paths of I values for those depicted in Fig[ 0"a#
"squares# and in Fig[ 3"b# "circles#\ with {MB| representing
the {multi!mode boiling||[ The approximation is rather
rough as limited data points\ only six are examined along
the heating surface and the fuzziness of the location of
true transition boiling curve\ "a discussion on the average
and true transition boiling curve can be found in ð2Ł#[
When the whole surface is covered with only nucleate or
_lm boiling\ owing to almost no temperature gradient
existing along the surface\ the corresponding I value is
close to zero[ The appearance of temperature and heat
~ux variation along the heater surface causes the I value
to become negative due to the rapid increase of surface

temperature at B3ÐB5\ and largely increasing thereby the
area B in Fig[ 5[

Evidently\ a V2critical exists for a given heater:~uid:V0

combination[ As V2 ³ V2critical\ I is always negative\ indi!
cating a stronger boiling heat dissipation rather than
generation\ therefore a more stable nucleate boiling
mode[ When V2 × V2critical\ the I value will change sign
from negative to positive\ indicating a stronger heat gen!
eration\ and thereby a more stable _lm boiling mode[ At
V2 � V2critical\ the integrand I is zero and a steady!state
coexisting boiling results[ We ð09Ł propose also that\ the
surface heat ~ux vs wall superheat plot at V2 � V2critical is
an unstable steady!state ^ a small disturbance would push
the state towards the stable nucleate or the stable _lm
boiling state[ An increase in V0 or V2 corresponds to
increasing the bottom heat ~ux qg in eqn "0#[ A change
in system pressure\ ~ow rate or liquid subcooling results
in changes of boiling heat ~ux qb and the associated wall
superheat di}erences in eqn "0#[

2[2[ Coexistin` heat ~uxes

The bottom heat ~uxes vary continuously in a test[
In this study the {coexisting heat ~uxes| qN and qF are
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respectively\ at points N and F[ Table 0 lists typical qN

and qF data under atmospheric and subatmospheric pres!
sure[ Clearly from the data listed\ an increase in qN will
lead to a decrease in qF\ which is reasonable since nucleate
boiling at higher bottom heat ~ux is less stable in nature[
The comparisons between Q � 01 and Q � 19 kg m−1

s−0 reveal that the nucleate boiling mode becomes more
stable under higher liquid mass ~owrate[ The lower qF

for higher DTsub indicates a more stable nucleate boiling
mode under subcooled condition[ These results are to be
expected since a higher mass ~owrate and:or a lower
liquid temperature would raise the corresponding CHF
and MHF points\ and a more e.cient _lm boiling curve[
The qN and qF data under various system pressures and
saturated condition show that\ an increase in qN will
result in a decrease in qF\ as well[ However\ at _xed qN\ a
decrease in system pressure will\ on the contrary\ give a
higher qF\ although the dependence is rather weak[

2[3[ Equilibrium heat ~ux

The above!mentioned results reveal that the coexisting
heat ~uxes data\ qN and qF\ are good indices addressing

Fig[ 3[ "a# Time evolution of extrapolated\ axial surface temperature distribution ] time interval is 19 s ^ V0\ V1\ V2 � 79\ 119\ 59 V
respectively[ Methanol ] ~ow rate 19 km m−1 s−0\ saturated liquid[ Bold curve NF ] coexisting curve with neutral stability[ Open
symbols ] temperature increasing phase ^ closed symbols ] temperature decreasing phase[

to the stability characteristics of boiling ^ while the equal!
area criterion can be viewed as a basis for data interpret!
ation[ However\ the present investigation suggests that
the stability of nucleate and _lm boiling mode on a heat!
ing surface is relative\ i[e[ the locations of point N and F
are dependent on each other[ As the heat ~ux at point N
"nucleate boiling mode# becomes higher\ the cor!
responding NF curve shifts downwards accordingly[
Actually\ there exist in_nitely many possible NF curves\
and thereby equilibrium heat ~uxes\ for a given
heater:boiling liquid combination that can ful_l the
equal!area criterion[ In practice\ a uniform rather than a
nonuniform heat ~ux distribution is more often
employed[ The {equilibrium heat ~ux| proposed by Kov!
alev ð3Ł is the quantity of concern[

Figure 7 plots one typical "qN\ qF# set for P � 659
mmHg\ DTsub � 9 K\ and Q � 19 kg m−1 s−0[ The inter!
section between the extrapolation for data set "closed
symbols# and the 34> line gives a point where
qN � qF � qC\ which is unique for this speci_c heater:
liquid combination[ On the boiling curve plot q � qC

indicates a horizontal line\ which is the {equilibrium heat
~ux| proposed by Kovalev ð3Ł[ This is for the _rst time
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Fig[ 3[ "b# Time evolution of extrapolated\ axial surface temperature distribution ] time interval is 19 s ^ V0\ V1\ V2 � 79\ 119\ 79 V
respectively[ Methanol ] ~ow rate 19 kg m−1 s−0\ saturated liquid[ Bold curve NF ] coexisting curve with neutral stability[ Temperature ]
increasing phase only[ Fig[ 4 ] photographs of boiling at NF condition[

Table 0
qN and qF data

DTsub � 9 K DTsub � 09 K DTsub � 19 K

qN qF qN qF qN qF

P � 659 mmHg 9[39 9[04 9[44 9[03 9[84 9[02
Q � 01 kg m−1 s−0 9[24 9[08 9[24 9[29 9[73 9[19

9[29 9[10
P � 659 mmHg 9[37 9[032 9[69 9[09 0[9 9[04
Q � 19 kg m−1 s−0 9[39 9[06 9[57 9[10 9[79 9[50

9[21 9[127 9[47 9[20

P � 559 mmHg P � 459 mmHg

qN qF qN qF

Q � 19 kg m−1 s−0 9[5 9[01 9[53 9[09
DTsub � 9 K 9[24 9[14 9[33 9[10

9[17 9[17 9[24 9[16

The heat ~uxes are in MW m−1[
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Fig[ 4[ Photograph of NF curve in Figs 3"a# and 3"b#[ NB ] nucleate boiling ^ FB ] _lm boiling[

direct experimental evidence for the existence of equi!
librium heat ~ux on an indirectly conductive heating sur!
face[ The relative stability between di}erent boiling sys!
tems can therefore be compared on the qC value[ A higher
qC denotes more stable nucleate boiling and less chance
of burnout[

To provide further physical insights into this non!
uniformly heated boiling process\ we have solved the two!
dimensional heat conduction equation via a commercial
_nite element solver\ the PDEase v 1[3[3 "SPDE Inc[\
USA#[ Figure 8 depicts the computational domain[ The
scales of the computational domain are the same as those
of the test block and heating assembly for the present
experimental setup[ The boundary conditions at the bot!
tom surface show that the in~ow heat ~ux is qN and qF\
respectively[ "The left!hand block represents the B0ÐB2\
while the right!hand block represents B3ÐB5[# The top
boundary condition assumes that the heat conduction
heat ~ux normal to the upper surface is equal to that
dissipated by boiling heat transfer with a coe.cient of hB

"which is obtained from the average boiling curve data#[
A nonuniform temperature distribution is employed as
the initial condition\ while the steady!state solution is
solved by iteration[ The maximum relative error is set at
09−2[ Typical job execution time is approximately 4 min
on an IBM Pentium Pro personal computer\ equipped
with 05 Mb RAM and a 0 Gb hard disk[

Three distinct steady!state temperature distributions

can be obtained ] all surfaces in nucleate boiling mode\
all in _lm boiling mode\ and the coexisting boiling mode[
By varying the bottom heat ~uxes\ the steady!state
coexisting boiling mode is reached[ Figure 09 illustrates
typical numerical results for the coexisting mode\ steady!
state temperature distribution and the heat ~ux _elds
under various bottom heat ~uxes qN and qF[ Notably\ in
Fig[ 09"a#\ where qN × qF\ the isothermal lines distort in
accordance with the axial heat conduction through the
bridge section[ However\ the region in~uenced by axial
heat conduction is not large ^ most of the isothermal
lines in both blocks are nearly parallel to the bottom[ In
contrast\ in Fig[ 09"c# where qN ³ qF\ the isothermal lines
and the heat ~ux distribution within the left!hand block
are markedly distorted[ Most of the left!hand block is
in~uenced by the strong heat conduction from the right!
hand block[ Actually\ in some parts of the left!hand
block\ the reversal of heat ~ux "the heat ~ows downwards
rather than upwards# is noted[ In such a case\ a rather
low qN is achieved[ In Fig[ 09"b#\ where qN is close to qF\
the temperature distributions in both blocks are similar[
The heat ~uxes through axial conduction have in~uenced
the regions close to the bridge section[ However\ they do
not a}ect the heat ~uxes at both ends[ At the two ends
"X � 29[93#\ the bottom heat ~ux is equal to the surface
boiling heat ~ux qN and qF[

The calculated qN and qF data are depicted by the
open symbols in Fig[ 7\ from which we can note that the
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Fig[ 5[ Curve NF and boiling curves for Fig[ 4[

agreement between simulation and experiment is accept!
able[ As a result\ the qC data can be obtained both from
experimental data extrapolation and numerical simu!
lation[

Figure 00 depicts the extrapolated experimental qC data
under various conditions[ As expected\ a higher mass
~ow rate and liquid subcooling will lead to a higher qC\
a more stable nucleate boiling mode[ More precisely\
since the qC for Q � 19 kg m−1 s−0 and DTsub � 09 K is
similar to that for Q � 01 kg m−1 s−0 and DTsub � 19 K\
their stability characteristics are considered to be similar
also[ However\ the slight decrease in qC as the system
pressure decreases denotes a less stable nucleate boiling
at elevated system pressure[ This is somewhat surprising
since at _rst sight the nucleate boiling should be more
e.cient as the system pressure goes up[ It can be ex!
plained as the qC value being actually a relative estimate
for the stability characteristics of nucleate and _lm boil!
ing on the same heating surface[ A higher system pressure
would give a more e.cient nucleate boiling\ however\ the
_lm boiling mode is enhanced also[ According to the
present experimental data\ their relative stability does not
change much within the experimental range[ The greater

qC under subcooled conditions or with a high cross ~ow
reveals relatively more stable nucleate boiling[

3[ Conclusions

Flow boiling of methanol over a nonuniformly heated
surface is investigated under atmospheric and sub!
atmospheric pressures[ The equal!area criterion is
employed as a basis of data interpretation[ Results in this
study\ reveal that a decrease in liquid subcooling and:or
system pressure\ or an increase in nucleate boiling bottom
heat ~ux tends to weaken the relative stability of the
nucleate boiling[ The liquid ~ow rate has little in~uence
within the experimental range\ however\ the nucleate
boiling mode on the leading portion of the heating surface
along the ~ow direction would be more stable[ The {equi!
librium heat ~ux| proposed by Kovalev ð3Ł is\ for the _rst
time\ proven to exist on an indirectly conducting heated
surface\ which can serve as a direct comparison between
stability characteristics of di}erent boiling systems[ The
relative stability of nucleate boiling increases as liquid
subcooling or mass ~owrate increases\ and is not strongly
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Fig[ 6[ I values for boiling sequences in Figs 1 and 2[
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Fig[ 7[ qN vs qF data for P � 659 mmHg\ Q � 19 kg m−1 s−0\ DTsub � 9 K[ Closed symbols ] experiments ^ open symbols ] simulation
results[
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Fig[ 8[ Computational domain in simulation works[
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Fig[ 09[ Isothermal lines and heat ~ux plots ] "a# a � 74>C\ p � 059>C ^ "b# a � 89>C\ y � 109>C ^ "c# a � 89>C\ v � 299>C[
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Fig[ 00[ qC vs DTsub and P[

in~uenced by system pressure[ Results from numerical
analysis agree well with the experimental data[
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