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Abstract

In this study, boiling experiments were conducted with 2-propanol/water mixtures in a confined gap under various
gravity levels to examine the Marangoni effects on near-bubble microscale transport. Full boiling curves were obtained
and two boiling regimes determined—nucleate and pseudo film boiling. The transition condition and the critical heat
flux were also identified. Relative to pool boiling, the gap geometry caused lower CHF values, and deteriorated heat
transfer at high superheated temperatures. This influence was particularly significant when greater Marangoni forces
were present under reduced gravity conditions. The results of this study demonstrate the complex interaction that these
three factors—Marangoni force, gravity level, and gap size—have on heat transfer.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Pool boiling has long played a significant role in
many technological applications due to its superior heat
transfer performance. The complexities encountered in
the boiling process have stimulated numerous investiga-
tors to conduct extensive research in this field. Straub [1]
proposed the microwedge model as the primary heat
transfer mechanism in nucleate boiling, which depicted
that the majority of phase transition took place by evap-
oration of a very thin microlayer between the vapor bub-
ble and the heated surface. In addition, he referred to the
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shear forces (caused by the bubble dynamics), thermo-
capillary convection and other methods that provided
mass transport of latent energy as secondary transfer
mechanisms. Hence, several researchers have studied
the impacts of the secondary mechanisms on boiling,
seeking alternative methods of heat transfer enhance-
ment. For example, Kweon and Kim [2] have demon-
strated that the presence of an electric field altered the
bubble behavior and significantly enhanced the heat
transfer in nucleate boiling due to the electrohydrody-
namic (EHD) effects. On the other hand, the results by
McGillis [3] indicated that concentration-induced
Marangoni effects can greatly alter the characteristics
of heat transfer in pool boiling, providing the potential
to improve the performance of the system by using a
binary mixture coolant.
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Nomenclature

a system acceleration in vertical direction,
mis* gL (p — py)

Bo Bond number, {/>—— v

G

Cm empirical constant in Eq. (5)

F mass diffusion factor as defined in Eq. (7)

Fp diffusion-induced suppression factor in Eq.
“

g earth’s gravitational acceleration, 9.8 m/s?

L width of the gap (distance between heated
surface and cold surface), m

Ma Marangoni nqmber in Eq. (6),
Ao [ o ]7
pvi Lglor—py)

P pressure, kPa

Pr Prandtl number, C,ulk

q" heat flux, W/m?

ATy, temperature difference between the dew
point and the bubble point, Ty — Ty,

AT, subcooled temperature, Ty, — T
ATy, superheated temperature, 7, — Ty
T. cold plate surface temperature

Ty heated plate surface temperature

x liquid molar fraction of the more volatile
component

y vapor molar fraction of the more volatile
component

Greek symbols

o heat transfer coefficient, W/m?>
p density, kg/m®

o surface tension, N/m
Subscripts

b bulk

bp bubble point

CHF critical heat flux

d dew point

id ideal

1 liquid

max maximum

min minimum

t thermocapillary

\4 vapor

X concentration-induced

The Marangoni effect of interest here is the liquid
flow induced by the interfacial tension gradient that re-
sults from the depletion of the more volatile component
of a binary mixture near the heated surface during the
boiling process. For what are termed positive mixtures,
the surface tension of the more volatile component is
smaller than that of the less volatile component. The
Marangoni forces tend to draw liquid toward the heated
surface, resulting in a flow opposite to the thermocapil-
lary convection for an upward facing heater. By con-
ducting boiling experiments in microgravity, Ahmed
[4] and Abe et al. [5] were able to study boiling phenom-
ena that were not influenced by external body forces,
and provided the opportunity to distinguish Marangoni
forces from buoyancy effects in binary mixtures. Ahmed
[4] found that Marangoni effects successfully sustained
the pool boiling process for positive mixtures and
achieved an equivalent critical heat flux (CHF) at micro-
gravity, contrary to the deterioration of heat transfer for
single component fluids observed by Oka et al. [6]. This
suggested that the Marangoni effects became dominant
under reduced gravity, and provided a means to improve
heat transport performance in aerospace applications.

Nevertheless, the aforementioned research was lim-
ited to the pool boiling phenomena. The Marangoni ef-
fects on boiling in a confined space remained unknown,
regardless of the fact that it is associated with a wide
range of practical applications in many fields, including

large-scale heat exchangers, micromixers (Evans et al.
[7]) in bioengineering, bubble pumps (Lin et al. [8], Tsai
and Lin [9]) in microelectromechanical systems
(MEMS), and inkjet printheads (Finke [10]). One of
the earliest studies on boiling in confined spaces was
done by Ishibashi and Nishikawa [11]. They conducted
extensive experiments of boiling in vertical annuli and
found that the confined geometry repressed the micro-
layer underneath the vapor bubble, resulting in the
enhancement of heat transfer at low superheat levels.
Later, this augmentation effect on heat transfer was also
confirmed for horizontal confined geometry by Katto
et al. [12]. However, they found that the heat transfer
deteriorated at higher superheat levels because of dryout
patches on the heated surface caused by bubble coales-
cence in the gap geometry. To distinguish these two dif-
ferent characteristics, Yao and Chang [13] proposed a
modified Bond number, which represents the ratio of
the gap size to the departure diameter of the bubble,
in order to identify two boiling regimes corresponding
to these opposite heat transfer features.

The experiments in this study were performed in
order to closely examine the impact of a constrained
space configuration on the Marangoni force effects dur-
ing the boiling process of 2-propanol/water mixtures. In
the experimental apparatus, a horizontal cold surface
was added above the heated surface in parallel to form
a confined gap ranging from 3.2 to 12.7mm. The tem-
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perature gradient across the gap resulted in evaporation
over the portion of the vapor-liquid interface near the
heated surface, and condensation near the cold surface.
This mass transport phenomenon inside the vapor bubble
produced the heat pipe effect. Since the confining walls re-
stricted the bubble motion, it also helped to eliminate
other heat transfer mechanisms that are caused by the
momentum transfer associated with bubble dynamics.

The system pressure in the test section was main-
tained at subatmospheric levels (5.54-9.42kPa) through-
out the experiments, with the bulk liquid temperature
varying from slightly subcooled to near saturation.
The subcooling Ty, — T, ranged from 10 to 30K. 2-pro-
panol/water mixtures were chosen as the test fluids due
to the highly nonlinear dependency of their surface ten-
sions on concentration in the low concentration range.
The molar fractions of 2-propanol, x, used for this study
were 0 (distilled water), 0.015, and 0.025. The surface
tension gradient was at its maximum for x =0.015,
and was associated with the greatest Marangoni forces
among the tested concentrations. Boiling experiments
at the low and high gravity levels were conducted aboard
NASA’s modified KC-135A aircraft. By conducting the
experiments under low gravity conditions, direct obser-
vation of the effects of the Marangoni forces on trans-
port was possible without the presence of the
obscuring buoyancy forces.

2. Experimental setup

The schematic of the experimental test system is de-
picted in Fig. 1(a). The apparatus was composed of
the test section, the copper heater element, the condenser
with the cooling circuits, the charging circuits and the
vacuum system.

The test section was a 304.8mm long,
76.2mm X 76.2mm square channel made of stainless
steel (as shown in Fig. 1(b)), with the heater holding
flange and condenser installed. The heated surface ele-
ment consisted of a stainless steel holding flange and a
copper element to accommodate the two electric car-
tridge heaters. Five T-type thermocouples with a
6.4mm pitch were embedded along the subsurface por-
tion of the copper element, which had a diameter of
12.7mm. The nearest thermocouple was 2.2mm from
the top face of the cylinder, which made it possible to
estimate the heated surface temperature with a total
uncertainty of 3.3K. The cartridge heaters were con-
nected to a variable voltage controller that was capable
of adjusting the power input during the boiling experi-
ments. To reduce undesired heat loss, a fiberglass sheet
was wrapped around the copper element to serve as ther-
mal insulation. The copper element was silver soldered
to the stainless steel holding flange with minimum joint
area to virtually eliminate radial heat conduction. The

total uncertainty of the heat flux calculated from the
least-square fit of the five temperature measurements
was determined to be 7.2% including the heat loss.

The copper condenser was bolted to the bottom wall
of the test section to form the gap geometry. In addition,
the use of the replacement plate created the flexibility of
altering the size of the gap geometry. Initially, the pres-
ence of the condenser formed a default 12.7mm gap
without any replacement plate. To examine the influence
of the gap geometry, a clamping suspension support was
designed to attach an extra plate to the condenser. By
attaching a 6.4mm or 9.5mm thick copper plate to the
condenser, the gap between the heater surface and the
condenser became either 6.4 mm or 3.2 mm, respectively.
Inside the condenser, the coolant falling from the inlet
impinged vertically on the center of the cavity and then
discharged in the radial directions through guided fins.
Cold water, which was used as the coolant in the con-
denser, was circulated from the reservoir tank to the
condenser by a centrifugal pump. The temperature of
the cold water was kept at 0°C in the reservoir. The flow
rate of the coolant was controlled by a variable voltage
controller and the bypass valve. Two T-type thermocou-
ples were attached to the inlet and outlet sections of the
cooling circuits near the condenser. The cold plate tem-
perature was then evaluated by taking the average of
these two measurements. In addition, the bulk liquid
temperature inside the test section was measured by a
long thermocouple probe. The total uncertainties of
the subcooled temperature and the bulk temperature
were estimated to be 2.9K and 1K, respectively. Prior
to each experiment, the test section was connected to
the Vacu/Trol water-driven aspirator in order to pro-
duce the desired subatmospheric pressure in the system.
The working fluid was boiled at low pressure for several
minutes to reduce dissolved gas. The raw measurements
of temperature, pressure and acceleration data were
taken and recorded by a PC-based data acquisition sys-
tem with a scanning frequency of 2.5Hz. The test sys-
tem, along with its support structure, was mounted on
one NASA instrument rack, while the desktop compu-
ter, data acquisition system and two variable voltage
controllers were mounted onto a similar rack.

The reduced and high gravity experiments were
carried out aboard a KC-135A aircraft at the NASA
Glenn Research Center. The specially modified Boeing
KC-135A turbo jet performed a series of parabolic
maneuvers that resulted in short periods of reduced
gravitational acceleration during the in-flight falls, and
high gravitational acceleration during the climbs. All
the 1g experiments were conducted in the Multiphase
Transport Laboratory at the University of California,
Berkeley.

The overall uncertainties for the molar fraction and
system pressure were estimated to be 6.7% and 8.4%,
respectively. The overall uncertainty of the built-in
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Fig. 1. (a) Schematic diagram of the experimental system, and (b) test section with the condenser and the heater element installed.

accelerometer in the KC-135A was roughly estimated to
be 0.007g. Physical properties of the 2-propanol/water
mixtures were evaluated based on the methods and
information provided by Poling et al. [14], McGillis
[3], and Daubert and Danner [15]. And the overall
uncertainty of the computed bubble point temperature
was estimated to be 1%.

3. Results

Though it was found that the results with the gap
constraint did not resemble the classical pool boiling
curve, the observed boiling phenomena could still be
classified into two different regimes similar to pool boil-
ing. At low superheat levels, small bubbles grew from
active nucleation sites on the heated surface, and were

then released before growing to larger size and condens-
ing in the subcooled bulk liquid. This is categorized as
the nucleate boiling regime. Increasing the input heat
flux caused the small bubbles to coalesce, and then to
grow into a large, wavy vapor bubble. The resulting
vapor bubble was trapped in the parallel-plate gap and
began to blanket the heater surface, ultimately leading
to the critical heat flux (CHF) condition. Beyond
CHEF, the heat flux decreased gradually with a rapid in-
crease in the superheated temperature due to the low
thermal conductivity of the vapor blanket that covered
the heated surface. Under such conditions, nucleation
only occurred at the perimeter of the bubble base, result-
ing dry patches on the heated surface. This was defined
as the “pseudo film boiling” regime in this investigation.

The phase equilibrium diagram and surface tension
vs. molar fraction for 2-propanol/water mixtures are
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Fig. 2. (a) Phase equilibrium diagram, and (b) surface tension
vs. concentration, for 2-propanol/water mixtures at bubble
point temperature, P = SkPa.

shown in Fig. 2(a) and (b). During the boiling process,
the concentration gradient created a surface tension dif-
ference along the bubble interface, a phenomenon re-
ferred to as the concentration-induced Marangoni
effect. For positive mixtures like 2-propanol/water mix-
tures, where the more volatile liquid has lower surface
tension, the surface tension gradient tends to draw lig-
uids toward the heated surface and separates bubbles.
On the other hand, the thermocapillary effect creates
opposite influences for 2-propanol/water mixtures. Cold
region results in lower surface tension on the interface
that pulls liquids toward the cold plate. The comparison
of the concentration-induced Marangoni effect and the
thermocapillary effect was evaluated by the correspond-
ing differences of the surface tensions Ag/Ac,:

Ao, (36/0T) (Tmax — Tmin)
AO'X - (aa/ax)y*(xmax - xmin)

(1)

where Tiax and T, were the maximum and minimum
temperature on the liquid—vapor interface, and x,,, and
Xmin Were the maximum and minimum liquid concentra-

tion of 2-propanol on the interface. The value of Aay/
Ag, was estimated to be in the order of 107 at our test
conditions due to the steep surface tension gradient for
x <0.01. This indicated the thermocapillary effects were
proportionally small. Apparently, the addition of a
small amount of 2-propanol into the water inhibited
coalescence of small embryos into larger bubbles, re-
duced dry-out on the heated surface, and delayed the
CHF condition.

The boiling curves for x =0 and x = 0.015 at terres-
trial gravity are shown in Fig. 3(a). By facilitating nucle-
ate boiling with minimal coalescence, the 2-propanal/
water mixtures were able to deliver high heat flux at
small superheat levels. On the other hand, the strong
surface tension of the distilled water (x = 0) resulted in
the retention of a stable bubble in the gap. This led di-
rectly to partial dryout (pseudo film boiling), and re-
sulted in poor heat transfer. The maximum heat flux
for distilled water was only about 2 x 10°W/m?, while
the CHF for the x = 0.015 mixture exceeded 10°W/m?.
In the pseudo film boiling regime, the addition of 2-pro-
panol was observed to cause waves on the vapor-liquid
interface. This disturbance might evoke a mixing effect
near the interface which augments the heat transfer.
For AT, <50K, the heat transfer coefficient for
x =0.015 was 4-6 times of that of x = 0. However, this
augmentation quickly diminished with an increase in
superheat levels beyond 50K. The heat transfer coeffi-
cient for x = 0.015 decreased to 60007000 W/m>K when
ATy, exceeded 100K. This suggests that although the
Marangoni effect proved to enhance heat transfer below
AT, = 50K, the effect was less important at higher
superheated temperatures under normal gravity.

Similar phenomena were observed under reduced
gravity conditions, as shown in Fig. 3(b). Bubbles were
stabilized to stay in the gap and fluctuated slowly for
x =0, 0.015, and 0.025 in the pseudo film boiling regime.
For distilled water, the top portion of the bubble did not
reach the cold plate and demonstrated less instability.
The boiling curves in the nucleate boiling regime for
x =0.015 and 0.025 showed a trend that resembled the
pool boiling (no gap) results of Ahmed [4] under corre-
sponding conditions. Nevertheless, the CHF condition
for x = 0.015 with a 6.4mm gap was reached at a lower
superheated temperature (AT} =22K) compared to
AT, =33K for x = 0.025. The value of the CHF for
x = 0.015 was also found to be about 65.2% lower than
the CHF for x =0.025. However, Ahmed [4] found
that the CHF for x = 0.015 was enhanced by 25% more
than the CHF for x = 0.025 for pool boiling at micro-
gravity. This revealed that the CHF characteristics with
the gap geometry differed from the pool boiling results.
Moreover, the heat transfer for x = 0.025 was found to
be always greater than that for x = 0.015 in the pseudo
film boiling regime under reduced gravity. This showed
that with the presence of the gap geometry, the weaker
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Marangoni effects (x = 0.025) actually corresponded to
the better heat transfer performance at higher superheat
levels under reduced gravity. For ATy, > 40K, the heat
transfer rate for x = 0.015 was even poorer than distilled
water.

Under high gravity (a/g = 1.466-1.891), the buoy-
ancy was so strong that it overpowered the Marangoni
effect on heat transfer. Bubbles were highly unstable
for all three tested concentration and remained in the
nucleate boiling regime for x =0 and 0.015. According
to Fig. 3(c), distilled water reached the same level of heat
flux at smallest superheat. This resulted in greater heat
transfer coefficient for distilled water than that of any
other tested concentration of the 2-propanol/watrer mix-
tures. Since the Marangoni forces acted in the opposite
direction to the buoyancy, the heat transfer performance
was the poorest for x =0.015, which corresponded to
the greatest surface gradient. There was no CHF
reached for x = 0 and 0.015, they remained in the nucle-
ate boiling regime throughout the tests. The only CHF

C.-li. Sun, V.P. Carey | International Journal of Heat and Mass Transfer 47 (2004) 5417-5426

observed under high gravity was 1.5x 10° W/m? for
x =0.025. In the pseudo film boiling regime, the heat
transfer coefficient for x=0.025 diminished from
31,400W/m?K at AT, =47K to 12,900W/m’K at
AT, =96K.

4. Discussions

Pool boiling correlations of binary mixtures based on
different postulates of the mass transfer resistance were
compared with our experimental results to access their
usefulness for boiling in a gap geometry. For heat trans-
fer in nucleate pool boiling, Stephan and Korner [16]

used [y, — xp|as the key factor and proposed:
o 1

e 2
dg  L+A|yy—x | @

where oig = ¢"/ATy iq 1s the ideal heat transfer coefficient
of the binary mixtures, ATy ;q is the molar fraction

2x108 2x1
W reo x=0015ag=1 R0
O x=0,ag= 1:
108 4 108
9x10% 9x10°
. 810’ o Bx10°
‘" Ti08 ' 7x108
z 6x10% |- = 6x10% |-
3. 5x10° B
2 4x10° £ 4x108
= =
£ axi0° 3§ axi08
] =
2x105 |- 2x10°
108 - = - ~ . 108 3 - —=
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® x=00152a/g=159101.82 : ATc=16t0 32K
4 x=0.0253a/g=147101 A P=761094kPa
[ ] , alg =1.6210 1.89 H DA ;
108 | PP TR N e i
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B OTx108 |-
E 6x10°
. 5x10°
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=
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Fig. 3. Comparison of boiling curves for 2-propanol/water mixtures and distilled water (x = 0), L = 6.4mm, (a) under normal gravity,
(b) under reduced gravity, and (c) under high gravity. Solid symbols represent nucleate boiling regime, while open symbols represent
pseudo film boiling regime.
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weighted average of the pure fluid superheats, and 4 is a
parameter that depends on the fluid type and pressure.
Fujita et al. [17] suggested an empirical correlation for
nucleate pool boiling that employed the boiling range,
ATy, for the mass diffusion effect:

e 1
%] [1 — exp (—2.87“‘“‘1 )} (AT"P

Top2—Top.1 AThg

3)
)

Instead of the empirical approach, Kandlikar [18] pre-
sented a theoretical analysis to model the mixing effect
on nucleate pool boiling heat transfer of binary mix-
tures. He introduced a pseudo-single component heat
transfer coefficient, os. by applying the averaged mix-
ture properties to the Stephan and Abdelsalam [19] cor-
relation. The mass diffusion resistance at the bubble
interface was taken into account by the diffusion-in-
duced suppression factor Fp. Hence, the heat transfer
coefficient could be expressed as:

o = OpscF'p 4)

The comparison of these three correlations and the
experimental results is depicted in Fig. 4. It was found
that the above correlations underestimated the experi-
mental values by over 30%.

40000 -
® Fujita, 6t al. (1995) v <
O Kandlikar (1998) " e
¥ Stephan and Korner(1969) 7 -

30000

20000

o/ Wm?PK!

10000

T T
10000 20000 30000 40000

Fig. 4. Comparison of correlations and experimental data for
heat transfer coefficients of 2-propanol/water mixtures in
nucleate boiling, L =6.4mm, a/g=1, —0.06 to 0.05, and
1.62-1.89, AT, = 3-32K.

To evaluate the CHF of binary mixtures in pool boil-
ing, McGillis [3] used the surface tension difference
corresponding to different molar fractions at the lig-
uid-vapor interface to calculate the Marangoni forces
and suggested:

1

" — 4" 1+ ! ao-(y ) ' (5)
qdenrMe = 9CHF Zuber Cm\ 5 ) o Vo T

Fujita et al. [20] also incorporated the Marangoni effect
into their empirical correlation and proposed:

" " — ‘ Ma‘ Ho8
4CHF Fujita — 9CHF,Zuber (1 +4.18 x 10 4Ta (6)

where Ma is the Marangoni number defined as

Ma = 4,
pivi Le(or—py)

9érrzamer M Egs. (5) and (6) was evaluated by using
molar-weighted properties in the Lienhard and Dhir
[21] correlation. The CHF values calculated by the cor-
relations, Egs. (5) and (6), and those found empirically
are listed in Table 1. The correlations underpredicted
the experiment by 14.0-81.8%. In addition, the molar
fraction dependence derived from Egs. (5) and (6) did
not match the experimental results with the gap geome-
try. At first glance, Eq. (5) predicted that the CHF
would increase with the magnitude of the Marangoni
parameter, (1) (y, —x,), for positive mixtures. How-
ever, the CHF corresponding to stronger Marangoni
forces was found to be lower than that corresponding
to weaker Marangoni forces with the gap geometry.

For the pseudo film boiling regime, the theoretical
correlation of film boiling by Liu et al. [22] for a hori-
zontal cylinder was used for comparison:

a:did(1+F)" (7)

where a4 is the ideal heat transfer coefficient of a binary
mixture evaluated by the Berenson [23] correlation, 7 is
0.25 as suggested by Liu et al., and F is the mass diffu-
sion factor. According to Fig. 5, the experimental heat
transfer coefficients for x =0.015 with a 6.4mm gap
had a very steep decline with the increase of superheats,
while Eq. (7) predicted a moderate variation. Though
Sakurai et al. [24] suggested that the rapid deterioration
with increasing superheats might be relevant to the sub-
cooled temperature imposed in the system, the data for

}%Pr in their investigation. The value of

Table 1

CHF conditions comparisons

alg Xp AT, (K) qéHF’exp (Wm™?) 9EHEMC (Wm™?) % difference ql(/?HF,Fujita (Wm™?) % difference
1 0.015 5 1.234 % 10° 7.407 x 103 —40.0% 6.046 x 10° —51.0%
0.01 0.015 7 4717 % 10° 4.058 x 10° —14.0% 3.297 x 10° —30.1%
0.00  0.025 25 1.355 % 10° 2.722 % 10° —79.9% 2.463 x 10° —81.8%
1.76 0.025 25 1.514 x 10° 8.102 x 10° —46.5% 7.336 % 10° —51.5%




5424 C.-li. Sun, V.P. Carey | International Journal of Heat and Mass Transfer 47 (2004) 5417-5426

35000

o ® =0
T, 30000 Ob o x=0.015 |
= — Eqgn. (6)
5 25000
&
= 20000 o
: ~_
T 15000
3 o —_—
& o
£ 10000
= AT,=10K
§ ATc=31010K oSty o
£ 5000 C
0.
0
0 20 40 60 80 100 120 140

superheated temperature, AT, K

Fig. 5. Heat transfer coefficients for 2-propanol/water mixtures
in pseudo film boiling regime, L = 6.4mm, a/g = 1.

distilled water does not exhibit the same trend as for
x=0.015.

According to the above comparisons in different boil-
ing regimes, the gap geometry was shown to alter the
characteristics of the heat transfer for 2-propanol/water
mixtures. Under the earth’s gravity, the vapor bubble
was restricted by the confining gap, and pulled upward
by buoyancy to form a mushroom shape. However, the
vapor formed more symmetrically under reduced gravity.
This resulted in a thinner liquid film underneath the va-
por bubble, and a shorter conduction path between the
heated surface and the bubble interface that augmented
the heat transfer. Under high gravity, the gap effect was
minimized because the departing bubbles’ diameter was
so small that they departed from the heated surface be-
fore reaching the cold plate. This implies that the evapo-
ration process did not interfere with the confined
geometry under high gravity, yielding a lower heat trans-
fer rate in the nucleate boiling regime. This characteristic
is similar to the results from pool boiling.

Conversely, the gap geometry played a different role
in determining the CHF and pseudo film boiling heat
transfer rates. Although the CHF was reported to be
nearly independent of gravity for 2-propanol/water mix-
tures for free pool boiling, this was not the case with the
presence of the confined gap. In the confined geometry,
the value of the CHF under reduced gravity was found
to be much less than that under terrestrial conditions.
It is believed that, under terrestrial gravity, buoyancy
helped to rip vapor bubbles off the heated surface, and
continuous nucleation occurred at the stem portion of
the bubble mushroom. This mechanism not only re-
sulted in a higher CHF, but it also helped to maintain
higher heat transfer coefficients in the pseudo film boil-
ing regime under earth’s gravity.

Yao and Chang [13] demonstrated that the Bond
number was an important parameter in indicating this
geometry effect. The Bond number is defined to be the

ratio of the gap size, L, to the departure diameter of
the isolated bubble, which was assumed to be the capil-
lary length scale:

Bo = L (8)

a
glpi—py)

According to Bonjour and Lallemand [25], the squeezing
effect becomes more important for low Bond numbers
(Bo < 1) since the gap is narrower than the bubble diam-
eter. On the other hand, for high Bond numbers, boiling
can be almost considered unconfined. However, it was
found that the experimental results did not asymptoti-
cally rejoin the pool boiling curve for 2-propanol/water
mixtures, even for Bo = 4. In Eq. (8) the departure diam-
eter of the bubble was estimated by the capillary length
scale, which may not reflect reality. Straub [26] reported
that the departure diameter was independent of the
gravity levels. This suggested the need for a new model
to evaluate the departure diameter for the calculation
of the Bond number, particularly for binary mixtures
whose interfacial phenomena are highly different from
those of pure liquids. In Fig. 6, a regime map is pre-
sented for 2-propanol/water mixtures at x =0.015 by
using the Bond numbers evaluated by Eq. (8) and the
superheat levels. However, this regime definition is not
applicable to other concentrations. A more sophisticated
correlation for the departure diameter of the bubble
might help to identify a more universal regime map for
this geometric configuration.

Ultimately, the influence of the gap geometry on boil-
ing was found to be most significant under reduced grav-
ity and almost negligible under high gravity. However,
this effect is completely opposite for different boiling re-
gimes, since the gap assisted the heat transfer in the
nucleate boiling regime but hindered it for the pseudo
film boiling regimes. The effect of the confined gap
geometry was also found to reduce the CHF values.

CHF

Nucleate Boiling Pseudo Film Boiling

Bond number, Bo

0 T T T T T
20 25 30 35 40 45 50

superheated temperature, AT, K

Fig. 6. Regime map for 2-propanol/water mixtures with the
gap geometry, x = 0.015, based on experimental data in this
study.
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5. Concluding remarks

In this study, small bubbles were generated and con-
densed quickly in the nucleate boiling regime. The agita-
tion in the system resulted in great heat transfer
performance. In the nucleate boiling regime, the values
predicted by the pool boiling correlations were over
30% lower than the experimental results. As the super-
heat level increased, the bubbles coalesced into a large
vapor slug that was constrained by the gap geometry
and started to blanket the heated surface. The maximum
heat flux, (i.e. the critical heat flux, CHF), was then
reached. Under reduced gravity, the CHF for
x =0.025, which corresponded to weaker Marangoni
forces, was almost triple in magnitude of that for
x =0.015. Thus, CHF exhibits different concentration
dependencies with and without gap geometry. The cor-
relations were found to underestimate the experimental
CHF by 14.0-81.8%. The pseudo film boiling regime
was obtained by further increasing the superheat level,
creating a slow, fluctuated bubble where boiling only oc-
curred at its base perimeter because the heated surface
was dried out. Due to the rapid descent with increasing
superheat, the heat transfer is only improved at low
superheat levels (AT}, <40K) for x = 0.015 when com-
pared to the distilled water results.

The boiling heat transfer is greatly improved by add-
ing a small amount of 2-propanol into the water under
earth and reduced gravity environments. With the gap
geometry, a 0.025 molar fraction of 2-propanol seemed
to be a better choice for heat transfer improvement near
and beyond CHF.
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