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Abstract

Pool boiling heat transfer measurements using heaters of varying aspect ratio were obtained in low-g (0.01 g = 0.025 g) aboard
the KC-135 aircraft. The heater aspect ratio was varied by selectively powering 2 x 2, 2 x4, 2x 6, 2 x 8§, and 2 x 10 arrays of heaters
in a 10 x 10 heater array containing individual heaters 0.7 x 0.7 mm? in size. Electronic control circuitry was used to maintain an
isothermal boundary condition on the heater surface while the power dissipated by the heater was measured. The working fluid
was FC-72 at 101 kPa and three different bulk subcoolings. Low-g boiling behavior was governed by the dynamics of the primary
bubble. For both square and rectangular heaters, CHF appeared to be a result of the competition between increasing heat transfer
associated with the satellite bubbles and the decrease in heat transfer due to growth of the dry area under the primary bubble as the
wall superheat increases. At low subcooling on rectangular heaters, surface tension acted to pull the bubble into a spherical shape,
allowing liquid to rewet the surface. At high subcooling and high superheat, thermocapillary convection caused the large bubbles
that formed on the surface to shrink by increasing the condensation on the bubble cap, resulting in more wetted area. The presence

of thermocapillary convection at higher subcooolings may be due to FC-72 being a mixture of various components.

© 2005 Elsevier Inc. All rights reserved.

1. Introduction

An understanding of boiling and critical heat flux
(CHF) in low gravity environments is of importance to
the design of space based hardware and processes such
as heat exchangers, cryogenic fuel storage and transpor-
tation, electronic cooling, and material processing. Lack
of understanding of the effects of reduced gravity on
boiling has been identified as one of the primary obsta-
cles to implementation of high efficiency Rankine cycle
based power conversion systems that are being consid-
ered for deep space and manned mission-to-Mars sys-
tems as well as for life support systems [1]. Although
boiling research has been performed over the past four
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decades, the mechanisms by which heat is removed from
heated surfaces in low gravity are still unclear. The
reader is referred to [2-4] for reviews of recent reduced
gravity research in Europe, the US, and Japan.

1.1. Effect of subcooling

An increase in subcooling is believed to provide
higher heat transfer rates during the rewetting process.
Previous investigations have shown that an increase in
subcooling decreases the bubble size and causes depart-
ing bubbles to rapidly collapse [5]. Further investiga-
tions showed that subcooling had little to no effect on
heat transfer during nucleate boiling in earth gravity
[6]. Subcooling effects on bubble departure frequency,
liquid rewetting temperature, and active site population
density act to mitigate heat transfer differences com-
pared to near saturated bulk conditions.
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Nomenclature

A; area of individual heater element [m?]
Ay, area of heated surface [m?]

a thermal diffusivity [m?/s]

BP Boiling point (101 kPa) [°C]

c concentration [ppm]

cp specific heat of liquid [J/kg K]

C, Dissolved gas concentration [ppm]

Co 0.1 (Eq. (1))

g gravitational constant [m/s’]

H Henry’s constant [mole/mole Pa]

heg heat of vaporization [J/kg]
Marangoni length [m]

MW  molecular weight [kg/mol]

M, mass of air in liquid [kg]

n 0.75 (Eq. (1))

P, partial pressure of gas [kPa]

P,; initial partial pressure of gas [kPa]

Pr total pressure [kPa]

qcuFsub critical heat flux, subcooled bulk conditions
[W/m?]

gcHF.sat critical heat flux, saturated bulk conditions
[W/m?]

01 liquid density [kg/m®]

Py vapor density [kg/m?]

R, gas constant [J/kg K]

a surface tension [N/m]

t tangential coordinate direction along bubble
interface

T temperature [°C]

Toux  bulk liquid temperature [°C]

Ty heater temperature [°C]

ATy bulk liquid subcooling = Ty, — Toui [°Cl
AT, wall superheat = Ty, — T, [°C]

Tsat saturation temperature [°C]
V volume [m’]

| volume of gas/vapor [m’]
" volume of liquid [m?]

@ electrical potential [V]

n viscosity [Pa s]

Although negligible subcooling effects have been ob-
served during nucleate pool boiling, bulk subcooling ap-
pears to significantly increase CHF by condensing vapor
generated at the heated surface thereby providing less
resistance for bulk liquid to rewet the surface. Kutate-
ladze [7] postulated that CHF in subcooled boiling
should increase above similar saturated conditions by
the amount of energy required to bring the subcooled
liquid to a saturated state:

! Tsa - T u
4 CHF sub —14C, (&) Cp( t bulk) (1)
4 CHF sat hrg

Ivey and Morris [8] suggested Cy=0.1 and n=0.75
based on available data.

For nucleate boiling on flat horizontal heaters in
low-g, the formation of a primary bubble that causes
significant dryout over the heater surface has been
documented [9-11]. At low heat flux, some researchers
measured a higher heat transfer compared to similar
1-g conditions [9]. Under such conditions, bubble depar-
ture can be non-existent and bubble dynamics associated
with the classical ebullition cycle no longer occur. Under
highly subcooled conditions in low-g, it has been shown
that for heater sizes where the primary bubble does not
cause total dryout, bubble coalescence on the peripheral
regions of the heater array causes similar heat transfer
performance to classical 1-g nucleate boiling [10,11].

Studies on boiling in low-g indicate a strong gravita-
tional dependence on CHF. Bubble coalescence has
been observed to be the primary mechanism for CHF

v

[10,11], which differs from the hydrodynamic instability
model proposed by Zuber [12]. CHF in low-g was mea-
sured to be significantly smaller and occurred at lower
wall superheats compared to higher gravity boiling.
Kutateladze’s model (Eq. (1)) inaccurately predicts the
effect of gravity on CHF performance and could not
correlate the data.

1.2. Thermocapillary flow

The absence of gravity increases the contribution of
other mechanisms normally masked by natural convec-
tion and buoyancy, such as Marangoni or thermocapil-
lary convection. Thermocapillary flow results from
surface tension gradients along an interface which can
form due to temperature gradients, material composi-
tion differences, and electrical potential variations or
gradients [13]:

do_ 2007 o 20y o
dt OT ot Oc ot 0¢ ot

Thermocapillary effects were observed by Trefethen [14]
and McGrew [15] where it was shown that flow around
vapor and air bubbles could be similar. They predicted
that thermocapillary flow is the primary mechanism
for boiling in low-g, replacing other boiling heat transfer
mechanisms.

Strong surface tension driving flows have also been
observed near an air bubble in silicon oil under applied
temperature gradients [16]. Convective velocities near
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the surface of a bubble on the order of 10~ m/s were ob-
served, which provided an additional force preventing
departure in low-g.

Numerical studies performed on gas bubbles [17]
showed that the magnitude of thermocapillary liquid
flow is determined primarily by the Marangoni number
(Ma),

L2

an

0o

Ma = |22
“=lor

(3)

or
or

the Prandtl number (Pr), and the Biot number (Bi). In
addition, experimental results indicate that the flow
may be very sensitive to surface active contaminants, a
small amount of which can entirely suppress the thermo-
capillary motion. Most of the driving surface tension
gradient was found to develop close to the liquid-
vapor—solid interface and move even closer to the heater
surface for higher Marangoni numbers. More recent
studies have incorporated new interferometric tech-
niques that allow the liquid motion and temperature
gradients that exist during thermocapillary motion to
be measured with greater accuracy [18].

Most of the above studies involve a binary system
with either gas bubbles injected into the boiling chamber
or large amounts of dissolved gases already present. For
a gas bubble on a vapor surface, it is clear that temper-
ature gradients can exist along the liquid—gas interface
due to the lack of latent heat transport across the inter-
face. For pure fluids however, much debate has centered
on the ability of the bubble’s liquid-vapor interface to
maintain a temperature gradient during phase transi-
tion. Recent studies in low-gravity have indicated the
formation of strong thermocapillary convection under
highly subcooled conditions around a vapor bubble in
systems with very low to minimal gas concentrations
(nominally pure systems) e.g., [9-11]. It has been sug-
gested by Straub [19] that thermocapillary flows can
form in such systems in the following manner. In sub-
cooled boiling, the top of a growing bubble may extend
out of the superheated boundary layer and start to con-
dense. With evaporation occurring near the three phase
contact line, impurities such as dissolved gas are carried
along with vapor to the top of the bubble. The vapor
subsequently condenses while the non-condensable
gases accumulate along the interface. Under steady-state
conditions, the presence of the non-condensables
reduces the vapor pressure locally along the interface
thereby decreasing the saturation temperature locally.
A negative temperature gradient oriented away
from the heated surface and along the bubble interface
forms, inducing thermocapillary motion from the base
of the bubble to its top. This theory predicts an
absence of thermocapillary motion under saturated con-
ditions due to a nominally constant temperature
interface.

1.3. Objectives

Previous work by the authors have indicated
that thermocapillary convection has a strong role in
determining heat transfer on small, square heaters
2.7x27mm? and smaller in low gravity environ-
ments [10,11]. The objective of this work was to ob-
tain data on larger square heaters (up to 7 x 7 mm?)
and on rectangular heated areas of various aspect
ratio.

2. Experimental apparatus
2.1. Test rig description

An array of 96 platinum, serpentine resistance heater
elements were deposited within a 7 x 7 mm? area on a
quartz wafer, and provided local surface heat flux and
temperature measurements. The individual heaters were
0.7 x 0.7 mm? in area, and had a nominal resistance of
260 Q with a temperature coefficient of resistance of
0.0028 °C~!. The lines that supply power to the heaters
were routed between the heaters and a pin grid array
ceramic package. Details of the construction of a simi-
lar heater array are given in [20]. Each heater in the
array was kept at constant temperature by individual
feedback circuits similar to those used in hotwire ane-
mometry. The output of the circuit was the voltage
across the heater, and the heat dissipated by a given
heater could be calculated directly from this voltage
and the heater resistance. The heater temperature was
controlled by varying the wiper position of the digital
potentiometer in one leg of the Wheatstone bridge.
The frequency response of the circuit was measured
to be 15 kHz. Additional details regarding the electron-
ics of the circuits are given in [21]. When the individual
heaters were quite a bit smaller than the bubble, the
bubble saw, to a first approximation, a constant wall
temperature boundary condition. On scales smaller
than an individual heater, the boundary condition
was neither constant wall temperature nor constant
wall heat flux.

The test chamber was filled with nominally 31 of
FC-72. A bellows above the test chamber allowed
the test section pressure to be changed when needed.
A stirrer was used to break up any stratification
within the test chamber before taking data, while a
series of thin film heaters attached to the outside of
the chamber were used to control the bulk liquid tem-
perature. Video of the bubble motion was obtained
through the heater (only 50% of the quartz substrate
was covered by the heater lines) using a 30 Hz CCD
camera. An air jet was used to cool the backside of
the quartz wafer to ensure that all of the heaters were
regulating.
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2.2. Test procedure and data reduction

Data presented in this paper was taken aboard the
NASA KC-135. During a portion of the parabolic flight,
low-g levels (107%g) are produced. A typical flight
consisted of 40 parabolic maneuvers. Each parabolic
maneuver consisted of a high-g pullup (1.8 g), a low-g
period of about 25s, followed by a high-g pullout
(1.6-1.7 g). Data acquisition for a particular wall tem-
perature was initiated during the transition from high-
g to low-g. Data were obtained for 90 s throughout
the entire low-g period and into the high-g pullout and
pullup. For a given flight, AT, was held constant while
AT, was varied with successive parabolic maneuvers.
Part of the heat supplied to the heater is dissipated into
the substrate. Substrate conduction was subtracted from
the heat input to obtain the heat transferred from the
heater to the fluid. Time averaged data was taken in
the low-g period where the heat transfer had reached
steady state over an interval of 5-10 s. The reader is re-
ferred to previous papers [10,11] for additional details
regarding the test rig and data reduction.

2.3. Degassing procedure

The air concentration in the liquid was reduced to less
than 3 ppm by repeatedly pulling a vacuum on the
vapor/air above the liquid. For a given partial pressure
of gas (P,) above the liquid, the dissolved gas concentra-
tion C, (moles gas/mole liquid) in the liquid phase is
given by Henry’s law C, = H(T)P, where H(T) is Henry’s
constant. For air in FC-72, H has been measured to be
5.4 x 10~® mole/mole Pa for 31 °C < T'< 60 °C. P, can
be determined from a measurement of the total pressure
(Pt) and temperature (7Ty,,) of the gas above the liquid
after it has come to equilibrium in a sealed container
from Py, = Py — Py (Ts,) where Pg, is the saturation
pressure of the liquid at the measured temperature 7y,,.
Consider now the case where liquid and air are sealed
in a container of volume V, and that the volume of liquid
containing dissolved air is V; and the volume of vapor/air
is V. We wish to determine the number of times V, must
be removed to reduce C, below a specified value. The ini-
tial partial pressure of air above the liquid is assumed to
be P, ;. The initial concentration of gas in the liquid is
then C,; = H(T)P, ;. The mass of air in the liquid (M, )
can be shown to be:

Mot = H(DPup Vi g ()
where MW, and MW, are the molecular weights of the
liquid and air, respectively. If the vapor and air above
the liquid are removed using a vacuum pump (we will
assume the liquid volume does not change) and the
chamber allowed to equilibrate, the air contained in
the liquid must come out of solution to fill this volume.

The total mass of air in the container is the sum of the
air within and above the liquid:
Mwa Pa‘i+l

H(T)P,,p)Vi—— =
(T)Paip 11\/1\7\/1 R.T

MW,
Vet H(T)Pa,i+lp1 VIM—VV]

()

where P, ;. is the partial pressure of air above the liquid
after the vacuum has been applied. Rearranging yields

P HDpRE .
Pa,i %‘FH(T)pIVll\I\//[IxT 1+Z
where
1 V, MW,
z et (7)

T RJIH(T)p, Vi MW,

Egs. (6) and (7) give the reduction in partial pressure of
air above liquid due to the removal of the air and vapor
above the liquid.

As an example, assume we wish to reduce the air con-
centration to below 3 ppm for liquid and air at 25 °C
(this corresponds to a partial pressure of air of 55 Pa),
and we have a container half filled with liquid (V, = V).
Using the properties of FC-72 (MW, = 0.34 kg/mole,
p=1680 kg/m’) and air (MW, =0.028 kg/m’>, R, =
286 J/kg K), we find Z =1.57, so the partial pressure
of air is reduced to 39% of its previous value every time
a vacuum is applied. If the initial total pressure is
101 kPa, then the vapor pressure is 36.6 kPa, and the
partial pressure of air above the liquid is 64.7 kPa,
resulting in an initial air concentration in the liquid of
3500 ppm. If we wish to reduce this to below 3 ppm,
we find that a vacuum must be applied eight times.

Because the pressure in the chamber is never below
the vapor pressure of the liquid, high performance vac-
uum pumps are not needed to thoroughly degas the
liquid. In these measurements, the pressure was mea-
sured using a high-accuracy pressure transducer (PTG
PXO01CI1-015AS5T 15 PSIA, .01% FS). The accuracy of
this transducer is about 10 Pa, well below the partial
pressure of air at 3 ppm concentration. Accurate tem-
perature measurements are also required. Near room
temperature, the vapor pressure of FC-72 changes by
about 1300 Pa/°C, so a 3 ppm error (55 Pa error) can
result from a temperature change of 0.016 °C. The tem-
perature was measured with a high precision RTD
(Techne, Inc. model WSP350 PRT with TECAL Accu-
temp RTD indicator, £0.001 °C). Both of our instru-
ments were chosen such that the dissolved gas content
could be determined to levels well below 3 ppm. In
practice, the chamber pressure and temperature were
measured just before degassing, and the pressure mea-
surements were corrected to obtain what the total pres-
sure would be at a reference temperature of 25°C. A
vacuum pump was then connected to the chamber and
the pressure above the liquid was lowered long enough
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to boil the liquid for a few seconds, ensuring that all of
the vapor/air was removed. The pressure was observed
to quickly stabilize to levels below what would be ex-
pected at C, = 3 ppm after a few rounds. Once the liquid
was degassed, the pressure around the bellows was
brought up to 101 kPa—since there was no pressure dif-
ferential across the seals in the boiling chamber, gas
infiltration back into the liquid was minimized.

2.4. Uncertainty analysis

Uncertainties associated with the heater wall super-
heat, (ATg,,) are due to errors in the heater temperature
resolution (2 digital potentiometer settings or 0.62 K),
calibration temperature errors, and errors in the satura-
tion temperature of the fluid which arise from uncertain-
ties in the pressure measurement. Considering the worst
case scenario, the saturation temperature of the fluid
(Tsa) was calculated from a measurement of the time re-
solved pressure at the heater surface and the saturation
curve data for FC-72. The pressure transducer was cali-
brated with an uncertainty of +1.01 kPa. Incorporating
this uncertainty into the saturation curve data, the result-
ing uncertainty in the time resolved saturation tempera-
ture is £0.25 °C over the range tested. A propagation of
uncertainty analysis of the heater wall temperature yields
an error due primarily to the uncertainty in the temper-
ature resolution of the heater, £0.80 °C. The final uncer-
tainty in the wall superheat is +0.84 °C.

The thermistor used to measure the fluid temperature
and the RTD used to the control the chamber sidewall
temperature was calibrated in a constant temperature
water bath using a NIST traceable liquid-in-glass ther-
mometer. Although the thermistor measurement repre-
sents a local temperature value, it was assumed to be a
representative average temperature of the bulk fluid. A
micropump was used to minimize thermal gradients
within the fluid between runs. For a given flight, the bulk
temperature reading never varied by more than 2 °C. A
summary of the test uncertainties is given in Table 1.

3. Results and discussion

Boiling curves for heaters of various aspect ratio
along with videos of the bubble behavior were obtained

Table 1

Summary of test uncertainties

Variable Uncertainty (20)
Heat flux [W/cm?] *11.2%

Ty [°C) +0.80 °C

Toui [°Cl 2.0°C

Tt [°C) +0.25°C

AT, [°C) +0.84 °C

AT [°C] +2.02°C

A; [em?] +5.0%

in the low gravity environment provided by NASA’s
KC-135 in October, 2003. The heater aspect ratio was
changed by varying the number of heaters powered
(2x2, 2x4, 2x6, 2x8, 2x10, and 10x10) on a
7 x 7 mm? array. The bulk fluid was subcooled between
9 °C and 29 °C. This data is compared to previous data
obtained using a 2.7 X 2.7 mm? array containing individ-
ual heaters 0.27 x 0.27 mm? in size (subcooling between
6 ° C and 31 °C).

3.1. Subcooling effects on square heaters

Boiling curves for square heated areas of various size
are shown in Fig. 1. Images of the boiling process are
shown in Fig. 2a-c.

3.2. Low subcooling

Consider first the lowest subcooling cases
(AT, = 6 °C and ATy, =9 °C). For the two smaller
heater arrays (2.7 mm-6x6, and 2.7 mm-10x 10), a
large primary bubble forms over the heater surface
and remains consistent in size over the wall superheat
ranges tested (Fig. 2a and b). The primary bubble causes
dryout over most of the powered heaters resulting in
heat transfer levels less than 3 W/cm? for the superheats
tested. Primary bubble departure did not occur during
the approximately 20 s of low-g. For the largest heater
(7 mm-10 x 10), the heat transfer increases with increas-
ing superheat up to 26 °C, then decreases for a given
subcooling. CHF for this heater is over 200% higher

--- 2.7 mm array, 6x6, Tsub=6 °C

2.7 mm array, 10x10, Tsub=6°C
--- 7 mm array, 10x10, Tsub=9 °C

15 [ o 2.7 mm array, 6x6, Tsub=23 °C L ®

$00 |7

B 2.7 mm array, 10x10, Tsub=23 °C
----¢--- 7. mm array, 10x10, Tsub=19 °C 1
----@--- 2.7 mm array, 6x6, Tsub=31 °C 1
¢ 2.7 mm array, 10x10, Tsub=31°C / . i
- ------- 7. mm array, 10x10, Tsub=29 °C 3'0 ]
~ g 4
£ : ]
) L i
= 10 C u ]
,< i
3 i
o i
= -4
© i
]
I ]
5 [ ]
0 1 1
0 50

Twall-Tsat (°C)

Fig. 1. Boiling curves on square heated areas of various size:
1.2x1.2mm? (2.7mm array-6 x 6 heaters), 2.7 x2.7mm? (2.7 mm
array-10 x 10 heaters), and 7.0x7.0mm? (7mm array-10x 10
heaters).
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Fig. 2. Images of typical boiling behavior on square heated surfaces of various size. The superheat at which the images were obtained are listed below
each image. Each heater in the array has been shaded according to the time average wall heat transfer [W/cm?]. (a) 2.7 mm heater array, 6 x 6 array,

(b) 2.7 mm heater, 10 x 10 array, and (c) 7 mm heater, 10 x 10 array.

than CHF for the two smaller heaters (Fig. 1). The rea-
sons for this are apparent from the bubble dynamics
(Fig. 2¢). For the 7 mm heaters, the primary bubble in-
creases in size as the superheat increases, but does not
grow large enough to cover the entire heater. Occasional
departure of the primary bubble also occurred, allowing

the entire heated area to be rewet. Primary bubble
departure in low-g may be due to induced liquid motion
from the surrounding satellite bubbles and/or the signif-
icant g-jitter in all three axial directions aboard the KC-
135. G-jitter has a much larger effect on the primary
bubbles that form on the 7 mm array than on the smal-
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ler heaters. Thermocapillary effects were not observed to
be significant at this particular subcooling for all three
heater sizes.

3.3. High subcooling

The heat flux at the highest subcooling
(AT4p, =29 °C and 31 °C) was much higher than for
low subcooling. For the smallest heater (2.7 mm-6 x 6)
in low-g, the boiling process was dominated by the pri-
mary bubble, which was significantly smaller than at low
subcooling at a given superheat (Fig. 2a). At superheats
lower than AT, = 23 °C (not shown), the primary bub-
ble was significantly smaller than the heater size and few
active nucleation sites were observed. The rapid increase
in wall heat transfer as the superheat increases to 23 °C
(CHF) was due to an increase in the number of active
nucleation sites (the images shown in Fig. 2 are inter-
laced to convey the magnitude of bubble displacement).
Coalescence with the primary bubble was observed to be
the satellite bubble removal mechanism. As the super-
heat is increased to 28 °C, a sharp decrease in heat trans-
fer occurs due to increased dry area on the heater.
However, as the superheat was increased to 38 °C and
above, increasingly stronger thermocapillary convection
was observed, resulting in a decrease in the primary bub-
ble size through an increase in the rate of condensation
at the bubble cap. This allowed increased satellite bub-
ble formation and an enhancement in heat transfer. As
seen in Fig. 1, the heat flux at this superheat is 50% lar-
ger than at CHF. The trend in the boiling curve at this
point indicates that a second local maximum heat flux
may exist in low-g. Similar trends in the heat transfer
data are observed for the ATy, =23 °C case, but the
enhancement due to thermocapillary convection above
AT, = 30 °C is not as significant.

Boiling curves for the 2.7 mm-10x 10 array show
trends similar to those for the 36 heater array. At high
subcooling (AT, = 31 °C), the size of the primary bub-
ble decreased resulting in an increase in satellite bubble
formation. Coalescence was again observed to be the
primary mechanism for CHF. Although strong thermo-
capillary convection was observed at high subcoolings
and high superheats, data was not obtained with suffi-
cient superheat resolution to determine whether a local
maximum occurs after CHF, but the trends indicate sim-
ilar behavior to that observed on the smallest heater.
Heat fluxes up to 60 W/cm?> were observed locally at
the highest superheat.

Boiling on the 7 mm-10 X 10 array appeared to be
again dominated by the characteristics of the primary
bubble (Fig. 2¢). At low superheats, the heat flux was
much lower than on the smaller heaters, and may be
due to a lack of nucleation sites on the larger heater
array. At 25 °C superheat, visual observations of the
boiling behavior appeared to be similar to those on

the smallest heater, even though the smallest heater is
in a transition boiling regime where thermocapillary ef-
fects are insignificant. As the superheat is increased to
30 °C, the primary bubble size reaches a maximum,
but does not cause dryout on the heater. The heat flux
continues to increase, however, due to a higher nucle-
ation site density and heat transfer around the primary
bubble. Further increases in superheat were accompa-
nied by increases in thermocapillary convection which
reduced the primary bubble size and increased the over-
all heat transfer. CHF was not reached since the satellite
bubble heat transfer increased faster than the increase in
the dry area fraction.

3.4. Intermediate subcooling

At the intermediate subcooling (AT, = 19 °C and
23 °C) the boiling is again dominated by the primary
bubble. Trends similar to the high subcooling cases are
observed in both the heat flux data and the images for
all heater sizes.

3.5. Summary of heater size effects

In summary, low-g boiling behavior on square heat-
ers appears to be governed by the dynamics of the pri-
mary bubble. Increased subcooling decreases the size
of the primary bubble, allowing satellite bubbles to form
with a corresponding increase in heat transfer. CHF ap-
peared to be a result of the competition between increas-
ing heat transfer associated with the satellite bubbles
and the decrease in heat transfer due to growth of the
dry area under the primary bubble as the wall superheat
increases. Thermocapillary convection may be responsi-
ble for the post-CHF increase in heat flux observed on
the two smaller heaters (2.7 mm-6x6 and 2.7 mm-
10 x 10) at higher subcoolings. For the largest heater
(7 mm-10 x 10), CHF was not observed.

Increased subcooling causes increased condensation
at the bubble cap, resulting in a smaller bubble, which
in turn increases the temperature gradient along the sur-
face of the bubble. This leads to an increase in the
strength of the thermocapillary convection, which brings
cold liquid to the bubble cap increasing condensation,
causing the bubble to shrink even further. The ultimate
size of the primary bubble results from a balance be-
tween vapor removal by condensation and vapor addi-
tion by evaporation at the base and coalescence with
the satellite bubbles.

3.6. Aspect ratio effects

Boiling curves for heaters of various aspect ratio
(2x2, 2x4, 2x6, 2x8, and 2x 10 heaters powered
on the 7mm array) at three subcoolings (9 °C, 19 °C,
and 29 °C) are shown in Fig. 3. Images of the boiling
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Fig. 3. Boiling curves on heaters of various aspect ratio.

behavior obtained through the heater array are shown in
Fig. 4. In general, higher subcoolings for a given aspect
ratio result in higher overall heat transfer. The boiling
behavior at various subcoolings is described below.

3.7. Low subcooling

At low subcooling (AT, =9 °C, red! symbols in Fig.
3), the heat flux appears to increase with increasing as-
pect ratio, especially at higher superheats. Thermocapil-
lary motion around the bubble was quite weak. For
example, at ATy, = 31.4 °C (Fig. 4), it can be seen that
large increases in the wetted area fraction occur as the
aspect ratio increases from 2 X 2 to 2 X 6. On non-square
heaters, surface tension acts to pull the bubble away
from the ends of the array, allowing liquid to partially
rewet the surface. Correspondingly larger increases in
heat flux are observed. The wetted area fraction in-
creases less dramatically between 2x 6 and 2 x 8 with
smaller increases in heat flux. On the 2 x 10 array, two
large bubbles are observed, which may result in a nom-
inally larger increase in wetted area and heat transfer. In
the absence of thermocapillary effects, larger aspect ratio
heaters may enhance the heater by allowing multiple
bubbles to form on the surface.

3.8. High subcooling
At high subcooling (AT, =29 °C, blue symbols in

Fig. 3) the heat flux increases slightly with aspect ratio
at low superheats (<20 °C). Visual observations indi-

! For interpretation of the references in colour in figures, the reader
is referred to the web version of this article.

cated that the nucleation site density was very low. At
higher superheats, the heat flux decreases as the aspect
ratio increases, contrary to what was observed at low
subcooling. At a superheat of ~24.6 °C, a single oblong
bubble is observed on the 2 x4 array (Fig. 4). Strong
thermocapillary convection around the primary bubble
was seen, as would be expected for high subcooling,
causing it to shrink in size. This bubble was stationary
on the surface as it merged with smaller bubbles nucle-
ating at the ends of the array, accounting for the higher
heat transfer at the ends. As the aspect ratio increases,
the single bubble splits into two bubbles (2 x 6 and
2 x 8) due to surface tension effects. On the 2 x 10 hea-
ter, the increased heater area allows for additional nucle-
ation sites, but similar heat transfer levels are observed.
Heat fluxes up to 30 W/ecm? are seen around the three
phase bubble interface.

To a first approximation, the trends in the high sub-
cooling data might be due to the increasing two dimen-
sionality of the flow field around the heater. The 2 x 2
array experiences thermocapillary convection from all
four sides of the array equally, causing the primary bub-
ble size to shrink to its minimum value. As the aspect
ratio increases, thermocapillary convection from the
ends of the array become less important, and the bubble
is cooled only on two sides.

3.9. Intermediate subcooling

At the intermediate subcooling (AT, = 19 °C), the
data tends to collapse onto a single curve. This case rep-
resents a case where both thermocapillary convection
and surface tension are important.

3.10. Summary

With varying aspect ratios, there appears to be two
boiling mechanisms at play—thermocapillary convec-
tion and surface tension. In both cases, they result in
increasing heat transfer when the wetted area increases.
At low subcooling, it appears that the heat transfer in-
creases due to an increase in wetted area fraction when
surface tension acts to pull the bubble away from the
heater edges at higher aspect ratios. At high subcooling,
thermocapillary convection causes the primary bubble
to shrink due to increased condensation, resulting in
more wetted area.

3.11. Origin of thermocapillary convection

Strong thermocapillary convection was observed as
the subcooling was increased. Its origins are not known.
Previous researchers have observed that if the surface
tension of water is lowered by as little as 0.1% due to
contaminants, thermocapillary convection can be sup-
pressed [17]. Other researchers [22-24] have observed
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Fig. 4. Images of boiling on heaters of various aspect ratio. The superheat at which the images were obtained are listed below each image. Each
heater in the array has been shaded according to the time average wall heat transfer [W/cm?).

Table 2

Mass spectrometry study results on FC-72

Substance MW Composition based BP (°C)
on GC peak area %

n-Perfluorohexane 338 73.2 56

Perfluoro-2-methylpentane 338 17.892 57.66

Perfluoro-3-methylpentane 338 5.954 58.37

Perfluoro-2,3-dimethylbutane + perfluoro-2,2-dimethylbutane 338 1.723

Perfluorocyclohexane 300 1.105 50.61

Perfluoromethylcyclopentane 300 0.126 48

strong thermocapillary convection in boiling of binary
mixtures which delay the onset of CHF. We believe
the thermocapillary motion observed in these experi-
ments is not due to dissolved gas effects as suggested
by Straub [19] since the gas concentration was reduced
to well below 3 ppm. It may be due to contaminants
in the system. Although reasonable care was taken to
clean the system, it was not possible to remove all con-
taminants. Contaminants may have been introduced
into the system from the O-rings used to seal the system,
or the small amount of silicone RTV used to seal the
PGA containing the heater array to the bottom of the
test chamber. In addition, recent mass spectrometry
studies aimed at determining the purity of FC-72 were
performed. FC-72 was found to consist of a number
of compounds at relatively high concentrations as
shown in Table 2. Although significant quantities of per-
fluoro-2-methylpentane and perfluoro-3-methylpentane
were measured, their boiling temperatures are similar
to that for n-perfluorohexane. Perfluorocyclohexane

and perfluoromethylcyclopentane were present in
smaller concentrations, but their boiling points are sig-
nificantly different from that of n-perfluorohexane, and
may be the cause of the strong thermocapillary convec-
tion observed in this study. These substances may accu-
mulate at the top of a stable primary bubble in low-g,
reducing the saturation pressure locally and causing a
temperature gradient to form along the bubble interface.
Additional analysis is required to ascertain the full
effects of these substances.

4. Conclusions

Low-g boiling behavior is governed by the dynamics
of the primary bubble. For both square and rectangular
heaters, CHF appears to be a result of the competition
between increasing heat transfer associated with the
satellite bubbles and the decrease in heat transfer due
to growth of the dry area under the primary bubble as
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the wall superheat increases. At low superheats on
rectangular heaters, surface tension acts to pull the
bubble away from the heater ends, allowing liquid to re-
wet the surface. At high superheats, thermocapillary
convection causes the large bubbles that form on the
surface to shrink by increasing the condensation on
the bubble cap, resulting in more wetted area.
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