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Abstract

This work elucidated the e�ects of liquid subcooling on the relative stability between nucleate boiling and ®lm
boiling on an inclined surface. At each heater's orientation and liquid subcooling of 0±20 K, the co-existing heat
¯uxes were found, from which the equilibrium heat ¯ux �qc� was identi®ed. Experimental results indicate that qc

increases with liquid subcooling, with the maximum qc occurring at rotating the surface by 908 from the horizontal

position. In addition, equal-area criterion was adopted to properly interpret the experimental results. The shift in
transition boiling curve correlated well with the change in relative stability when varying the heater orientation and
liquid subcooling. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The extent to which heater orientation in¯uences the

pool boiling heat transfer e�ciency has received

increasing attention [1±19]. When rotation around the

horizontal axis is parallel to the ¯ow direction, nucle-

ate boiling e�ciency increases with orientation angle at

a low heat ¯ux region, and becomes insensitive to

orientation when the heat ¯ux becomes high [9]

(Moissis±Berenson Transition, [20]). Previous investi-

gations indicated that the critical heat ¯ux (CHF) and

minimum heat ¯ux (MHF) decrease when the surface

is inclined [7,11,14]. In ®lm boiling regime, Nishikawa

et al. [9] and Nishio and Chandratilleke [11] observed

that the maximum heat transfer e�ciency occurs when

the heater is turned vertically on its side. Githinji and

Sabersky [1] and Jung et al. [7], on the other hand,

revealed a monotonically decreasing heat transfer ef-
®ciency at a greater orientation.

According to a related investigation, liquid subcool-

ing can markedly enhance boiling heat transfer ef-

®ciency as well as the CHF [21]. Applying subcooled

liquid on an inclined boiling surface is a common prac-

tice. On an inclined heated surface, El-Genk and Guo
[13] and Haddad and Cheung [18] considered the

e�ects of liquid subcooling on pool boiling character-

istics.

A few studies considered subcooled ¯ow boiling on

an inclined heated surface [22±25]. As the liquid ¯ow

rates increase, Gersey and Mudawar [22] revealed a
diminishing dependence of CHF on surface orien-

tation. Brusstar et al. [24] elucidated the e�ects of sub-

cooling and heater orientation on the CHF and the

bubble residence time. Their results indicated the fol-

lowing: (1) at a low liquid ¯ow rate of 0.04 m/s, the

CHF behaves as in pool boiling system; (2) the bubble

residence time is inversely proportional to the CHF at
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all heater orientations; (3) although increasing the

liquid subcooling reduces the vapor generation
amount, the bubble residence time at CHF is indepen-
dent of subcooling. Based on these ®ndings, a sub-
sequent work [25] proposed a model to describe the

CHF for pool and ¯ow boiling.
Steady and unsteady state two-mode boiling (nucle-

ate and ®lm boiling) on an electrically heated wire has

been thoroughly examined [26±28]. According to these
works, both the nucleate boiling curve and the ®lm
boiling curve comprise the stable and metastable

regimes, respectively. A heater under metastable nucle-
ate boiling mode can tolerate a ®nite-magnitude dis-
turbance (dry patch) to prevent burnout. Therefore,

identifying the points that separate stable and meta-
stable regimes on a boiling curve is a relevant task.
Experimental procedures for identifying these points in
a wire boiling system can be found elsewhere [26].

Industrial applications involving boiling frequently
adopt conductive heating. According to the results of
wire boiling, similar stable and metastable regimes

appear to exist on a conductively heated, ¯at plane
heater. Our earlier investigations examined the relative
stability between nucleate and ®lm boiling of methanol

on a ¯at plane heater under a low-velocity forced ¯ow
condition [29±31]. To our knowledge, only one pre-
vious work elucidated the relative stability between
nucleate and ®lm boiling on an inclined, conductively

heated surface [32]. However, those investigations [29±
32] did not investigate the e�ect of subcooling.
Therefore, this work elucidates the combined e�ects of

heater orientation and liquid subcooling on the relative
stability of boiling.

2. Experimental

The experimental setup is the same as that employed
in Ref. [31] except that the surface orientation can be
adjusted freely. Fig. 1a schematically depicts the setup.

The working liquid is methanol with a purity exceeding
99%, which was not degassed prior to use. The con-
stant head maintained in the storage tank (1) and

globe valve (7) forced methanol to ¯ow through the
heat exchanger (3) and the ¯ow meter (4) to the testing
section (5). The receiving tank (8) was open to atmos-

phere through a condenser (10). The used methanol in

the receiving tank was pumped back to the storage

tank by a gear pump (9). The ¯ow path through

storage tank, testing section and the receiving tank
formed the boiling loop. Liquid subcooling was

adjusted and maintained by the heat exchanger (3).

Fig. 1b presents the orientation angle, y, which

Nomenclature

qb boiling heat ¯ux, W/m2.
qc equilibrium heat ¯ux, W/m2.
qF coexisting ®lm boiling heat ¯ux, W/m2

qN coexisting nucleate boiling heat ¯ux, W/m2

DTb surface superheat, K
DTsub liquid subcooling, K
V voltage, V

y orientation angle, degree

Fig. 1. (a) Schematics of boiling apparatus: (1) storage tank,

(2) pipe, (3) heat exchanger, (4) ¯ow meter, (5) testing section,

(6) camera, (7) globe valve, (8) receiving tank, (9) gear pump,

(10) condenser, (11) aspirator; (b) orientation of the heater

surface.
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measures the rotation around the horizontal axis that

is perpendicular to the ¯ow direction. The ¯uid always
¯ows parallel with the heater surface. Herein, all tests
were conducted under atmospheric pressure, with

methanol ¯owing at a rate of 20 kg/m2 s, producing a
¯ow velocity of 0.025 cm/s. Such a low velocity is less
than the critical value (0.08 m/s) proposed by Brusttar

et al. [24]. Therefore, the present boiling system re-
sembles a pool boiling system. The cross ¯ow simply

sweeps away the generated vapor bubbles from the
testing section.
Lin et al. [31] provided details of the testing section

and those of the heating assembly. The testing block
was made of pure copper, a majority of which (93%

from the bottom) was divided into two separated parts
with a gap of 5 mm in between. Only the top 7% of
the testing block was connected (of thickness 2 mm).

Insulation was employed in the gap to prevent heat
conduction among the bottom portions of the testing
block. Axial heat conduction was therefore permitted

only in the top (or `bridge') connection section. The
two heating blocks under the testing block were

equipped with cartridge heaters that can provide joule
heat separately. The joule heat would thereby dissipate
partially by surface boiling, and exchange the rest of

heat with the other block if a temperature gradient
existed between them. Temperatures at 24 positions in
the testing block were measured by thermocouples,

whose readings were sent at a rate of 1 Hz to a data
acquisition system connected to a personal computer.

The experimental procedures were as follows. First,
all bottom cartridge heaters were set at a voltage of V1

to let the entire heating surface enter the nucleate boil-

ing mode. Next, the voltage of the cartridge heaters in
one of the bottom heating blocks was set at a high
voltage of V2, forcing the corresponding top surface to

enter ®lm boiling. Once a visible ®lm boiling was
established on the boiling surface, the voltage of the

bottom cartridge heaters was decreased from V2 to V3

to prevent a burnout of the sealing silicon rubber.
Notably, the voltage for the other heating block was

always maintained at V1: The high temperature under
®lm boiling mode caused a large axial heat conduction
across the near-surface bridge connection to the other

block.
Co-existing heat ¯uxes �qN and qF), and the equi-

librium heat ¯ux �qc� were determined according to
procedure described elsewhere [31,32]. For clarity, the
procedure is brie¯y described as follows. The portion

of heating surface at which the ®lm boiling mode was
initially imposed is referred to as section F. The other

section on which nucleate boiling mode was imposed,
referred to as section N. The ®lm boiling mode set up
at section F would compete with the nucleate boiling

mode at section N via the axial heat conduction
through the bridge section. The ®lm boiling at section

F which wins is more stable than the nucleate boiling
at section N. Otherwise, ®lm boiling mode at section F

becomes less stable than the nucleate boiling at section
N. The bottom heat ¯uxes at section N and section F
can be adjusted by setting di�erent V1 and V3 values.

The corresponding bottom heat ¯uxes in which nucle-
ate boiling and ®lm boiling are equally stable are
referred to as qN and qF, respectively. Rather than

independent of each other, qN and qF correlate with
each other (as discussed later). The condition where
qN � qF is used to determine the so-called `equilibrium

heat ¯ux', qc:
The method of Kline and McClintock [33] was

adopted to estimate the uncertainties of heat ¯ux and
surface temperature measurements. The uncertainties

in the heater surface temperature and the associated
heat ¯ux when constructing boiling curves were esti-
mated as 27% and 211%, respectively. The mass ¯ow

rates exhibited an uncertainty of approximately 25%,
while for ¯uid temperature measurement, 21 K. The
error in orientation angle was less than 28.

3. Results and discussion

3.1. Time evolutions

Surface heat ¯uxes and wall superheat were esti-
mated by solving the transient heat conduction
equation with the thermocouple readings as boundary

conditions. Fig. 2 depicts the time evolutions of surface
superheat at y � 908 under saturated condition or
DTsub � 10 K. While V1 � 160 V, the V3 values are

Fig. 2. Time evolution of extrapolated surface temperature

data at section F and section N.
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120 V for the saturated, and 180 V for the subcooled
case, both slightly exceeding their corresponding CHF

conditions. The surface heat ¯uxes under nucleate boil-
ing mode are 0.93 MW/m2 for saturated boiling and
1.12 MW/m2 for subcooled boiling; while those under

®lm boiling mode are 0.24 and 0.55 MW/m2, respect-
ively. Restated, the corresponding heat ¯uxes are all
less for the saturated than for the subcooled case.

According to Fig. 2, the temperature-rising phase
(OA, during which ®lm boiling appears) initially
evolves closely regardless of liquid subcooling. After

passing point A, an apparent deviation occurs. At
DTsub � 10 K, the surface temperature increases at a
lower rate than with the saturated case. For example,
the time required to induce burnout of section N is ap-

proximately 75 s for the saturated case (point B), and
becomes 315 s when DTsub � 10 K (point C). Such a
di�erence is attributed to the more e�cient ®lm boiling

mode at section F and transition boiling mode close to
the bridge regime for a subcooled liquid, which reduces
the axial heat conduction into a low-temperature

regime (section N).
The wall superheat of section N was still rising for

both saturated boiling and subcooling boiling after the

heaters were turned o�. This observation is attributed
to the conduction of residual heat from section F that
is still su�cient to bring the section N into a higher
temperature regime.

Tests with other heater orientations reveal a similar
trend in temperature evolution except for the case of
y � 1808, where the heater is facing downwards. A

large vapor ®lm that appears on the boiling surface is
driven downstream by the forced ¯ow. A relatively
greater uncertainty exists in terms of determining the

critical conditions of co-existence of di�erent boiling
modes.

3.2. Co-existing heat ¯uxes and equilibrium heat ¯ux

Fig. 3 presents the �qN, qF� sets for y � 0±1808 and

DTsub � 0±20 K. Three points are worth mentioning.
First, decreasing qN increases qF, which is expected
since the nucleate boiling at a higher surface heat ¯ux

is less stable in nature. Second, at a ®xed qN, qF in-
itially increases with orientation angle y, after passing
a maximum at y � 908 and, then, decreases as y
exceeds 908. Notably, qF markedly drops between y �
1358 and 1808. Third, at ®xed qN and y, increasing
DTsub yields a lower qF: According to Lin et al. [31], a
larger qN denotes a (relatively) more stable nucleate

boiling mode than with the corresponding ®lm boiling
mode, and vice versa.
Lin and Lee [29] demonstrated the feasibility of

applying the equal-area criterion to interpret the multi-
mode boiling data (the Maddock's criterion). With
each qN and qF set in Fig. 3 nucleate boiling can stea-

dily coexist with the ®lm boiling on the heating sur-

face, Lin et al. [31] proposed that the intersection
between the �qN, qF� data set in Fig. 3 and the 458-line
estimates the equilibrium heat ¯ux, qc, where qN �
qF � qc: qc is unique for a given heater/¯uid combi-
nation (at ®xed ¯uid velocity). This can be employed
as an index to the relative stability between nucleate

and ®lm boiling modes. A higher qc implies a lesser
likelihood of burnout, and vice versa.
Fig. 4 displays the qc versus y plot with DTsub as a

parameter. Notably, a local maximum occurs at y �
908: Restated, the nucleate boiling mode exhibits the
highest stability relative to the corresponding ®lm boil-
ing mode when the heater is turned vertically on its

side. The e�ect pre-dominates at DTsub � 20 K. The
corresponding qc at y � 908 and DTsub � 20 K is nearly
2.5 times that at y � 08 and DTsub � 0 K. Therefore, a

surface turned on its side up with the coolest liquid
would exhibit the highest relative stability of nucleate
boiling mode, thereby ensuring the safety of the boiling

process. At DTsub � 20 K, qc varies sightly with orien-
tation as y < 908: Such an occurrence suggests a
further advantage for employing subcooled boiling.
The qc at y � 1808, i.e., a facing-downward heater,

is rather low. Therefore, the heater could easily burn-
out. Liquid subcooling has only a secondary e�ect.
Notably, using a subcooled liquid only slightly

enhances the relative stability of nucleate boiling mode
for 1808.

3.3. Discussions

Lin et al. [31] discussed the e�ects of heater orien-

Fig. 3. Co-existing heat ¯uxes at various liquid subcooling

and orientation.
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tation at a saturated condition on the basis of the
equal-area criterion. Based on the heat conduction
equation and the no-¯ux boundary conditions, the
equal-area criterion can be stated as follows [29]:

I �
�TF

TN

�qb ÿ qc � dT � 0 �1�

where TF and TN are the temperature under ®lm and
nucleate boiling, and qb, the boiling heat ¯ux, respect-
ively. According to Nishio and Chandratilleke [11], qc

is determined by the whole boiling curve �qb): the
nucleate boiling curve, transition boiling curve, and
®lm boiling curve as well as the CHF and MHF. The
e�ects of liquid subcooling and/or orientation on qc

are discussed on the basis of the shift in the whole
boiling curves as follows.
Fig. 5 depicts the boiling curves at y � 0±1808 and

DTsub � 0 and 20 K, respectively. For each test, there
are two average transition boiling curves: one from
CHF to ®lm boiling curve, and the other from MHF

back to nucleate boiling curves. A detailed discussion
of the average and true transition boiling curve can be
found in [26]. These transition boiling curves are not
included in Fig. 5 for clarity sake. Liquid subcooling

only slightly a�ects the nucleate boiling and ®lm boil-
ing curves. However, both CHF and MHF, particu-
larly for the former, markedly increase with

subcooling. These experimental ®ndings closely corre-
spond to previous literature [34]. E�ects of heater's
orientation are generally in line with those reported in

[31]. For example, CHF has the following sequence:
y � 908 > 458 > 08 > 1358� 1808: However, under a
subcooled condition, the enhancement of CHF owing

to liquid subcooling compensates for the e�ects of

heater orientation. Correspondingly, CHF has the fol-
lowing sequence: y � 08 > 458 > 908 > 1358� 1808:
These results correlate with previous investigations
[3,11,16]. Table 1 lists the CHF and MHF data.

Haddad and Cheung [18] observed that CHF increases
as y decreases from 180 to 908. Although Brusstar et

al. [24] observed a similar trend, their de®nition of
orientation di�ers from that de®ned in this work.

The transition boiling curve discussed herein denotes
the true, but the average transition boiling curve.

Meanwhile, the former cannot be directly obtained
from the heat conduction-controlled apparatus [35].

Although unavailable, the true transition boiling
curves should connect the CHF and MHF points in

Fig. 5 and should shift together with these two critical
points. Restated, for saturated methanol, the true tran-

sition boiling curves would move upward and right-
ward with orientation until the surface is turned

vertically on its side �y � 908), then moves back with

Fig. 5. Nucleate and ®lm boiling curves. The arrows denote

the measured CHF and MHF points.

Fig. 4. Equilibrium heat ¯ux versus y plot.

Table 1

The CHF and MHF data at various heater orientations and

liquid subcoolinga

CHF (0 K) CHF (20 K) MHF (0 K) MHF (20 K)

08 0.96 1.73 0.04 NA

458 1.01 1.54 0.10 0.27

908 1.08 1.31 0.11 0.22

1358 0.95 1.20 0.04 0.19

1808 0.24 0.59 0.02 0.03

a All heat ¯uxes are reported in MW/m2.
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an increasing y: Under a subcooled condition, the tran-
sition boiling curve shifts downward with an increasing

orientation angle.
In sum, above results suggests that (1) neither the

orientation nor the liquid subcooling markedly a�ects

the nucleate boiling and ®lm boiling curves; and (2)
both the orientation and liquid subcooling signi®cantly
in¯uence the transition boiling curves that connect the

CHF and MHF points. According to the equal-area
criterion, the change in qc observed in Fig. 4 is thereby
attributed to the shift of the transition boiling curve.

Restated, a more e�cient transition mode with sub-
cooled liquid favors a higher qc, yielding a safer nucle-
ate boiling mode.

4. Conclusions

This work investigates the relative stability between
nucleate boiling and ®lm boiling modes on an inclined
surface under a forced ¯ow, with particular emphasis

on the e�ects of liquid subcooling. At di�erent heater
con®gurations, the co-existing heat ¯uxes are found at
various liquid subcooling temperatures, from which,

the equilibrium heat ¯ux is identi®ed. Nucleate boiling
mode exhibits the highest stability in relation to the
corresponding ®lm boiling mode when the liquid is at

the highest subcooling and the heater is turned verti-
cally on its side. The subcooled methanol subject to
nucleate boiling on a vertically oriented heater is
thereby much more stable than the saturated methanol

boiled on a horizontal heater. In contrast to the other
orientations, the face-downward surface is easy to
burnout. In addition, applying a subcooled liquid

barely enhances the relative stability of nucleate boiling
mode for 1808. Shifts in CHF and MHF, together with
the transition boiling curve, interpret the change in

relative stability at varying heater orientations and
liquid subcooling.
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