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Abstract

Pool boiling heat transfer measurements from different heater sizes were obtained in low-g (0.01± 0.025 g) and high-g (1.7 ± 0.5 g)

aboard the KC-135 aircraft. Boiling on three heaters of different size (0.65, 2.62, 7.29 mm2) was studied. Control circuitry was used

to maintain an isothermal boundary condition on the heater surface while the power dissipated by the heater was measured. Steady-

state boiling data in low-g and high-g were obtained for various bulk fluid subcoolings and wall superheats. For the two larger

heaters in low-g, critical heat flux (CHF) increased with increasing bulk subcooling and is significantly smaller than the CHF

obtained in high-g. Satellite bubble coalescence with the primary bubble was the mechanism by which CHF occurred in low-g for

larger heaters. At high subcoolings and wall superheats, above that of which CHF occurred, the onset of strong thermocapillary

convection caused an increase in heat transfer above CHF. For the small heater in low-g, bulk subcooling had a negligible impact on

boiling performance and a characteristically low heat flux was observed for the CHF. In high-g, boiling on heaters roughly the size

of the bubble departure diameter was dominated by surface tension and characterized by a very low bubble departure frequency.

For larger heaters in high-g, bubble departure frequency decreased with increasing subcooling but time and surface averaged heat

transfer remained unaffected.

� 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Future space technologies are anticipated to dissipate

large amounts of power while placing an emphasis on

miniaturization. Such design characteristics, represen-

tative of today’s high-speed electronics and cutting edge
MEMS devices, raise significant thermal issues that are

not easily solved using contemporary thermal manage-

ment solutions. Boiling heat transfer has gained con-

siderable attention over the years due to the large

dissipative heat flux that can be achieved with relatively

small temperature differences. Such characteristics have

led to research efforts aimed at quantifying boiling

behavior at the small scale in variable gravitational
environments. A firm understanding of the boiling

mechanisms in a host of operational environments is
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paramount to designing robust, efficient, economical,

and reliable solutions for the future.

Boiling heat transfer has traditionally been thought

of as a combination of free convection, vapor–liquid

exchange, microconvection, transient conduction, and

latent heat of vaporization. Vapor bubble dynamics
associated with nucleation, bubble growth, departure,

collapse, and subsequent rewetting of the heater surface

characterize the classical ebullition cycle which consti-

tutes the central mechanism of heat transfer from a

superheated wall during nucleate boiling in earth grav-

ity. Many researchers have characterized heat transfer

from heater sizes much larger than the capillary length

scale, Lb.

Lb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
gðql � qvÞ

r
ð1Þ

Such work has laid the foundation for the classical

boiling curve and its constituent boiling regimes.

Experiments first conducted by Gunther and Kreith

(1956) showed the majority of heat transfer during
subcooled nucleate pool boiling can be attributed to
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Nomenclature

Ai area of individual heater element (m2)

Ah total heater area (m2)

a thermal diffusivity (m2s)

Bo Bond number

C0 0.1

cp specific heat of liquid (J/kgK)

Csf Rohsenhow constant

Dd bubble departure diameter (m)
f bubble departure frequency (Hz)

g gravitational constant (m/s2)

h heat transfer coefficient (W/m2 K)

hfg heat of vaporization (J/kg)

k thermal conductivity (W/mK)

Lb capillary length (m)

kc critical wavelength (m)

kd most dangerous wavelength (m)
Lh heater length (m)

M molecular weight (kg/mol)

m 0.12–0.2 log10 Rp

n number of powered heaters

l dynamic viscosity of liquid (N s/m2)

Nu Nusselt number

P pressure (N/m2)

Pc critical pressure (N/m2)
Pr Prandtl number of liquid

Pr reduced pressure

q00CHF;sub critical heat flux, subcooled bulk conditions

(W/m2)

q00CHF;sat critical heat flux, saturated bulk conditions

(W/m2)

q00 heat flux (W/m2)

qraw;i heat flux from heater element i (W/m2)

qsc;i substrate conduction from heater element i
(W/m2)

qvap heat flux from heater to vapor FC-72 (W/m2)

qi boiling heat transfer from heater element i
(W/m2)

qtotalðtÞ spatially averaged heat flux (W/m2)
�qtotal time and spatially averaged heat flux (W/m2)

ql liquid density (kg/m3)

Rp rms roughness of surface (m)

qv vapor density (kg/m3)
s 1.7 for most liquids (1.0 for water)

r surface tension (N/m)

Dt 0.004 (s)

T length of time average calculation (s)

Tbulk bulk liquid temperature (C)

h contact angle (radians)

DTsub bulk liquid subcooling¼ Tsat � Tbulk (C)

DTsat wall superheat¼ Tw � Tbulk (C)
Tsat saturated temperature (C)

Tw wall temperature (C)
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microconvection and not latent heat transport. For pool

boiling near saturated conditions, Yaddanapuddi and

Kim (2001) showed that during one ebullition cycle, the

majority of heat transfer occurs after the bubble departs

through transient conduction and microconvection to

the rewetting liquid. Such results predict an increase in

time average heat transfer for a corresponding increase

in rewetting frequency. Methods aimed at increasing the
bubble departure frequency, such as electro–hydrody-

namic pool boiling, have clearly shown an increase in

attainable heat flux. Baboi et al. (1968) observed that

dielectrophoretic forces tend to increase CHF by

increasing the rate of bubble departure. Snyder et al.

(1998), while studying boiling from a platinum wire,

observed an increase in nucleate boiling heat transfer

and CHF in the presence of a strong electric field force
co-linear with buoyancy. They concluded that the elec-

tric field acts to increase the forces acting on the bubbles

promoting the rate of bubble departure. Such work

characterizes the effect of two critical components of the

ebullition cycle: the frequency of bubble departure or

surface rewetting, f , and the bubble departure diameter,

Dd.

The bubble departure diameter depends on the forces
acting on the bubble during vapor bubble growth and
departure. Surface tension, buoyancy, inertia of induced

liquid motion, Marangoni or thermocapillary effects,

and bulk fluid motion act to influence departure dia-

meter. In addition, the magnitudes of these forces have

been shown to be a function of bulk subcooling (DTsub),
gravity, wall superheat (DTsat), the thermophysical

properties of the fluid, heater geometry, surface char-

acteristics, and pressure.
The frequency of bubble departure depends on the

time needed for the bubble to grow to departure size

(growth time) and the amount of time it takes after a

bubble departs for nucleation to occur (waiting time).

The bubble growth time in the nucleate boiling regime

tends to decrease with wall superheat due to the in-

creased rate of vapor generation which can cause an

increase in bubble departure frequency. In addition,
higher wall superheats tend to reduce the waiting time

by decreasing the time needed for the bulk liquid to

reach the superheat required for nucleation.

Many analytical models have been developed that

predict nucleate boiling behavior in earth gravity from

horizontal heaters significantly larger than the capillary

length. A model developed by Fritz (1935), based on a

quasistatic force balance between surface tension and
buoyancy, assumes the non-dimensional Bond number
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to be the governing parameter for bubble departure

diameter. Additional models and correlations developed

by Rohsenhow (1962), Eq. (2), Cooper (1984), Eq. (3),

and Stephan and Abdelsalam (1980), provide an esti-
mate of nucleate boiling heat transfer from relatively

large heaters in earth gravity but fail to accurately ac-

count for boiling behavior across gravitational envi-

ronments and at smaller scales.

q00

ðTw � TsatÞ3
C3

sf ¼
lc3p

h2fgPr
3s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gðql � qvÞ

r

r
ð2Þ

h ¼ 55ðq00Þ0:67M�0:5Pm
r ð� log10 PrÞ

�0:55 ð3Þ

Additionally, CHF models developed by Zuber

(1959), Eq. (4), and Haramura and Katto (1983),
quantify the mechanisms responsible for hydrodynamic

instability assuming the non-dimensional Bond number,

Bo, to be the governing parameter controlling the

development of CHF in earth gravity.

qCHF ¼ p
24

qvhfg
rgðql � qvÞ

q2
v

� �1=4

ð4Þ

The correlations mentioned above do not accurately

account for the gravitational dependence on boiling in

low-g. For example, Merte et al. (1998) observed heat
transfer that was higher in microgravity than in earth

gravity at low heat flux. Kim et al. (2002) attributed

bubble coalescence and primary bubble growth as the

mechanism by which CHF occurs in low-g, which differs

from the hydrodynamic instability model proposed by

Zuber governing large horizontal surfaces. These find-

ings and the work of DiMarco and Grassi (1999) show

that boiling behavior cannot be cast solely in terms of
the Bond number.

It has been observed (Forster and Greif, 1959) that

subcooling has little to no effect on heat transfer during

nucleate boiling in earth gravity. The combination of

bubble departure frequency, liquid rewetting tempera-

ture, and the fraction of active nucleation sites acts to

mitigate heat transfer differences across bulk subcoo-

lings. Although negligible subcooling effects have been
observed during nucleate pool boiling, bulk subcooling

appears to significantly affect CHF. From a hydrody-

namic perspective, an increase in subcooling acts to

condense the vapor generated at the heated surface

allowing bulk liquid to rewet the surface, delaying the

onset of CHF. Kutateladze (1962) postulated that CHF

in subcooled boiling should increase above similar sat-

urated conditions by the amount of energy required to
bring the subcooled liquid to a saturated state, Eq. (5).

Ivey and Morris (1962) suggested C0 ¼ 0:1 and n ¼ 0:75
based on available data.

qCHF;sub

qCHF;sat

¼ 1þ C0

ql

qv

� �n cpðTsat � TbulkÞ
hfg

ð5Þ
While extensive research has been conducted on

heaters larger than the capillary length, less is known of

boiling on the smaller scale and at lower gravity levels.

Under low and microgravity conditions, the capillary
length becomes very large raising questions about its

scaling effectiveness. Analyzing the boiling mechanisms

at the small scale, Bakhru and Lienhard (1972) studied

boiling from small wires. Boiling curves presented in

their work deviate significantly from classical boiling

behavior in that no transitional boiling behavior from

nucleate boiling to film boiling was observed and the

formation of ‘‘patchy’’ boiling partially covered the
wire. The Liedenfrost point and CHF were not observed

in their study, leading to the conclusion that such re-

gimes vanish for heater sizes smaller than Lh=Lb < 0:01.
They concluded that classical pool boiling behavior

is observed if the heater length is of the order

Lh=Lb > 0:15. Additional studies of boiling on thin wires

in low-g were performed by DiMarco and Grassi (1999).

They report a boiling heat transfer coefficient to be
largely unaffected by gravity level although bubble

dynamics were strongly affected.

For flat horizontal heaters, experiments in low-g

indicate the formation of a primary bubble that causes

significant dryout over the heater surface. Under such

conditions, bubble departure can be non-existent indi-

cating that some of the bubble dynamics associated with

the classical ebullition cycle no longer occur. Increased
subcooling acts to reduce the size of the primary bubble

causing, in some cases, bubble coalescence around the

perimeter of the heater. Under highly subcooled condi-

tions 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 (Kim et al., 2002). Such
findings lend support to the idea that if the primary

bubble size can be predicted in low-g (0.01 g), earth

gravity models and correlations might provide an

accurate prediction of boiling behavior and total heat

flux in low-g.

Thermocapillary or Marangoni convection has been

shown to be a significant heat transfer mechanism in

low-g at higher subcoolings. Temperature gradients
along the vapor–liquid interface of the bubble cause

surface tension induced convection which can act to

hold growing bubbles on the heater surface. Although

normally masked in 1-g by natural convection and

bubble departure, thermocapillary convection becomes

significant when coupled with reducing buoyant effects.

Thermocapillary flow has been experimentally observed

using interferometric techniques (Abe and Iwasaki,
1999).

While surface tension and primary bubble dynamics

clearly dominate the boiling process in low-g, it also has

been shown to dominate boiling at the small scale in



Fig. 1. Boiling on a 3 · 3-heater array (0.8 mm· 0.8 mm) at 1.7-g,

DTsub ¼ 31 �C, DTsat ¼ 34 �C.

Fig. 2. Boiling on heaters of various size in low-g and high-g,

Tbulk ¼ 28 �C, DTsat ¼ 34 �C.

Fig. 3. Platinum resistance heater array, each heater element¼
0.27 mm· 0.27 mm.
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high-g. Recent work performed by Kim and Henry

(2003) shows high-g boiling on small heaters (0.8

mm · 0.8 mm), where Lh=Lb ¼ 1:5, can be surface ten-

sion dominated forming a stable primary bubble, as

shown in Fig. 1, similar to boiling in low-g. They pro-

posed that the transition from buoyancy to surface

tension dominated boiling occurred when the bubble
departure diameter and the heater size are on the same

order, as seen in Fig. 2. Over the gravity levels where the

primary bubble departed, the departure frequency was

observed to decrease with increased subcooling due to

enhanced condensation at the bubble cap. In this paper,

the effects of heater size, subcooling, and gravity level on

pool boiling heat transfer is presented through photo-

graphic and quantitative results.
2. Experimental appartus

Local heat flux measurement and temperature control

were performed using an array of platinum resistance

heater elements deposited on a quartz wafer in a ser-

pentine pattern. Each of these elements was 0.27
mm · 0.27 mm in size, had a nominal resistance of 1000

X, and a nominal temperature coefficient of resistance of
0.002 �C�1. The heater consisted of ninety-six individual

heaters arranged in a square array approximately 2.7

mm on a side, Fig. 3. The reader is referred to Rule and

Kim (1999) for details of the heater construction.

2.1. Electronics

The temperature of each heater in the array was kept

constant by a bank of feedback circuits similar to those

used in constant temperature hot-wire anemometry. The

electronics provided temperature control over the range

20–125 �C±1 �C after calibration. The electronics used

in this experiment were similar to those used in previous
experiments and are described in Bae et al. (1999). The

transient voltage across each individual heater was

sampled by a data acquisition system with a maximum

sample rate of 500 Hz.

2.2. Payload

A schematic of the boiling rig used in this study is
shown in Fig. 4. The bellows and the surrounding

housing allowed the test section pressure to be con-

trolled. A pump was used to break up thermal stratifi-

cation within the test chamber, while a PID temperature

controller, a thermistor, and thin film heaters attached

to the boiling chamber were used to control the bulk

fluid temperature. A pressure transducer rated at 200

psia was used to measure the pressure at the heater
surface.

The test chamber was filled with nominally 3 liters of

distilled FC-72 (Tsat ¼ 56:7 �C at 1 atm). The fluid was

degassed by periodically reducing the pressure with a

vacuum pump allowing dissolved gases to diffuse out of

the liquid. Degassing was performed over several days

ensuring minimal gas concentrations. The final dissolved

gas concentration in the liquid (determined using the
chamber temperature and pressure, the thermophysical

properties of FC-72, and Henry’s law) was less than

1.5 · 10�3 moles/mole. Gas concentrations smaller than
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Fig. 4. Schematic of test rig.
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2 · 10�3 moles/mole have been shown to have no influ-

ence on the boiling behavior (You et al., 1995) in earth

gravity. However, it has been argued that the presence

of even minute amounts of dissolved gas can cause

formation of thermocapillary convection around vapor

bubbles in subcooled, low-g environments (Straub,

2002). Strong Marangoni convection was observed in
the present data at high subcoolings. Unfortunately,

very little information is currently available regarding

the influence of thermocapillary convection on boiling

heat transfer in microgravity, and consequently the ex-

tent to which the data was influenced by the small

amount of dissolved gas is unknown.

The heater array was cooled from the bottom using

an air jet at ambient temperature with a flow rate of 230
cm3/s through a 1.6 mm ID diameter nozzle to prevent

individual heaters from shutting off at low heat transfer

levels (such as occurs when a large bubble covers the

heater). The heat flux associated with air jet cooling was

subtracted from the heat flux signal during data reduc-

tion to determine the actual heat transfer from the

heater surface to the liquid.

Side windows and the transparent characteristics of
the heater array allowed for images to be taken of the

boiling from the bottom and side. Two 29.97 Hz CCD

cameras and mini-DV camcorders were used for this

purpose. Acceleration data in the direction perpendic-

ular to the floor of the aircraft was obtained using one

axis of an accelerometer (Entran EGCS3) with a sensi-

tivity of 2.5 V/g and a frequency response of 0–90 Hz.

Accelerometer, pressure, and the output voltage of the
heater array were sampled at 250 Hz.

The heater array was calibrated using a constant

temperature oven. PID temperature controllers, two

thermocouples, and two thin film heaters were used to
maintain a constant temperature environment within the

oven. The heater was allowed to equilibriate within the

oven for 2 h before each calibration. For additional

comments on the calibration procedure, the reader is
referred to Bae et al. (1999).

2.3. Test procedure

Data presented in this paper were taken aboard the

NASA KC-135 over a three week period totaling 10

flights. During a portion of the parabolic flight, low-g

levels (0.01 g) were produced, and a typical flight con-
sisted of 40 parabolic maneuvers. Each parabolic

maneuver consisted of a high-g pullup (1.8 g), a low-g

period of about 25 s, followed by a high-g pullout (1.6–

1.7 g). Data acquisition for a particular wall tempera-

ture 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. The

pump was turned on during turns (every eighth para-
bola) providing turbulent mixing that minimized tem-

perature gradients within the bulk liquid. Data were

obtained for 9 (3 · 3, 0.65 mm2), 36 (6 · 6, 2.62 mm2)

and 96 (7.29 mm2) heaters powered for bulk fluid tem-

peratures of 28, 35, 45, and 55 �C. The wall temperature

was varied from 70 to 105 �C in 5 �C increments. Be-

cause the bulk temperature could take up to 2 hours to

stabilize, one set of data at a given bulk temperature was
obtained per flight. The order in which data were ob-

tained on a given day at various wall superheats and

heater sizes was randomized.
3. Data reduction and uncertainty analysis

Data analysis was performed using a Matlab routine.
The transient output voltage of each heater in the array

was used with its corresponding resistance and area to

effectively measure the transient heat flux supplied to

each heater element (qraw;i). Heater resistances were

measured during the calibration process using a multi-

meter to obtain an accurate value for calculating the

power dissipated by the heater while providing a reliable

measurement of the temperature coefficient of resistance
for each heater element.

The amount of heat transferred to the boiling liquid

(qi) was calculated by subtracting the heat flux dissi-

pated through the quartz heater substrate, qsc;i, from

qraw;i. The magnitude of qsc;i was determined by locating

relatively long time periods during which vapor totally

covered a heater (such as occurs when a large bubble

causes dryout over a heater at low bulk subcoolings) in
low-g and attributing the heat flux at this time to sub-

strate conduction. During such times, the heat transfer

from the wall to the vapor was very low due to the

comparatively low thermal conductivity of FC-72 vapor



Fig. 6. Spatially averaged and time resolved heat flux trace (heat flux

trace at a smaller time scale, bottom).
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compared to that of quartz. Assuming a vapor thermal

conductivity equal to that of the liquid, a vapor layer

thickness of 0.5 mm, and a maximum temperature dif-

ference to be equal to the maximum wall superheat
tested (47 �C), a conservative estimate of qvap ¼ 0:5 W/

cm2 was obtained. This value was on the order of the

uncertainty in the total heat flux measurement and is an

order of magnitude smaller than calculated substrate

conduction values. The radiation between the wall and

liquid was negligible compared to the substrate con-

duction. All heat transferred to the liquid during times

when local dryout occurs was assumed negligible.
Typical experimental distributions of qsc;i on the

heater array are shown in Fig. 5. Higher substrate

conduction values are observed near the corner and edge

heaters due to the increased area for lateral conduction

to the substrate. Numerical modeling of the substrate

conduction was also performed and the results agreed to

within 10% of the experimental values. Such results

provide a good estimate of the uncertainty in qsc;i. A
propagation of uncertainty analysis, accounting for

additional errors in the hardware measurements, yielded

an uncertainty in qi of ±12%.

Boiling heat transfer data was taken from data ob-

tained in high-g and low-g where the heat transfer had

reached steady state (in each respective environment)

over an interval of 5 s to 10 s where the g-levels were

within ±0.025 g and ±0.5 g respectively. Spatially
averaged, time resolved heat flux data were obtained

using the following equation:

qtotalðtÞ ¼
Pn

i¼1½qraw;iðtÞ � qsc;i�AiPn
i¼1 Ai

ð6Þ

where the subscript i denotes the heaters and n is the

total number of powered heaters. A typical qtotalðtÞ is

given in Fig. 6, and shows the variation in heat transfer

during the low-g and high-g environments. The space

and time averaged heat flux were obtained using:

�qtotal ¼
PT

j¼1 qtotalðtÞDt
T

ð7Þ

where Dt is the time between data points and T is the

total time over which the average is obtained.
Fig. 5. Typical substrate conduction (W/cm2) from a 9-, 36-, and 96-heater a

96-heater arrays are checkered.
Uncertainties associated with the wall superheat and

subcooling level occur due to uncertainties in heater

calibration (2 digital potentiometer settings or ±0.68 �C),
uncertainties associated with measurement of bulk fluid
temperature, Tbulk, and pressure errors. The thermistor

used to measure the fluid temperature and the RTD used

to control the chamber sidewall temperature were cali-

brated in a constant temperature water bath using a

NIST traceable liquid-in-glass thermometer. The satu-

ration temperature of the fluid, Tsat, was calculated from

a measurement of the time resolved pressure at the heater

surface and the saturation curve data as presented in the
3M catalog (3M, 1995). Hydrostatic pressure changes

due to the vertical position of the pressure transducer

were also accounted for. The uncertainties associated

with DTsub and DTsat were both ±1 �C.
The liquid rewetting frequency in high-g was deter-

mined from qtotalðtÞ. For example, times when a peak in

heat transfer occurs in Fig. 6 (bottom) are thought to

correspond to bulk liquid rewetting the heater surface.
rray, Tbulk ¼ 55 �C, Tw ¼ 90 �C. Non-functional heaters on the 36- and



Table 1

Summary of test conditions for each flight

Flight no. Tbulk (�C) Saturation temperature (�C)
[subcooling level (�C)]

Low-g High-g

1 35.0 58.1 [23.1] 59.9 [24.9]

2 54.8 61.2 [6.4] 62.8 [8.0]

3 45.3 59.7 [14.4] 61.3 [16.0]

4 28.4 57.2 [28.8] 59.6 [31.2]
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The number of heat flux peaks per unit time was taken

to be the average rewetting frequency. For frequencies

well below the video framing rate (29.97 Hz), the re-

wetting frequency as computed above agreed well with
the primary bubble departure frequency obtained from

the video. For the 9 and 36 heater array, the formation

of a bubble was clearly observed across gravitational

levels. For the 96-heater array, a distinct primary bubble

was not observed at higher gravity levels and therefore

primary bubble dynamics no longer strongly affected the

boiling behavior. Primary bubble formation and growth

of a dry area on the surface is believed to cause a
reduction in heat transfer. Primary bubble departure did

not occur in low-g, as indicated by the relatively low

heat transfer and the absence of distinct peaks in Fig. 6.
Fig. 7. Boiling pictures (bottom and side view) from a 9-heater array in

low-g. (a) DTsub ¼ 6 �C, Tbulk ¼ 55 �C. (b) DTsub ¼ 29 �C, Tbulk ¼ 28 �C.
4. Results

The saturation temperatures for each g-level were
calculated based on the measured liquid pressure at the

heater surface and the thermophysical properties of the

fluid. For higher bulk temperatures, the pressure within

the chamber increased slightly above atmospheric pres-

sure increasing the saturation temperature of the fluid.

Table 1 summarizes the conditions studied.

4.1. Low gravity boiling characteristics

Nine-heater array. Images of the boiling behavior for

a 9-heater array are shown in Fig. 7 and the corre-

sponding boiling curves in low-g are presented in Fig. 8.

For the 9-heater array, a primary bubble was observed
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Fig. 8. Boiling curves in low-g (0.01 g) for different heater sizes and subcoolings.



Fig. 9. Boiling pictures (bottom and side view) from 36 (a) and 96 (b)

heater arrays in low-g. (a) 36-heater array, DTsub ¼ 6 �C, Tbulk ¼ 55 �C.
(b) 96-heater array, DTsub ¼ 6 �C, Tbulk ¼ 55 �C.
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to form and cause dryout over significant portions of the

heater surface. Subcooling was found to have little effect

on the size of the dry area, and may explain why the

boiling curves are not affected by subcooling. At low
wall superheats, the primary bubble oscillated laterally

on the surface, and allowed rewetting to occur over a

portion of the heater surface. The cause of such oscil-

lations is currently unknown but may be due to g-jitter

or thermocapillary forces. The magnitude of oscillations

decreased with increasing wall superheat and the dry

area size increased, resulting in a lower average heat

flux. CHF appeared to occur at very low superheats
immediately following boiling incipience.

Thirty six-heater array. For the 36-heater array in

low-g the boiling process was again dominated by the

primary bubble. Boiling curves in low-g for a 36-heater

array are shown in Fig. 8. At low subcoolings (DTsub ¼ 6

�C, Fig. 9a), nearly complete heater dryout occurred,

and boiling performance was relatively constant and

characteristically low over the superheats studied. At
higher subcoolings, the primary bubble becomes signif-

icantly smaller. Consider first the highest subooling

tested (DTsub ¼ 29 �C), Fig. 10(a). At low superheats, the

primary bubble is significantly smaller than the heater

size and few active nucleation sites are observed. The

rapid increase in wall heat transfer as the superheat in-

creases to 23 �C (CHF) is due to an increase in the

number of active nucleation sites (the images shown in
Fig. 10 are interlaced which conveys the magnitude of

bubble velocity). Coalescence with the primary bubble
Fig. 10. Boiling pictures (bottom and side view) from 36 (a) and 96 (b) hea

(b) 96-heater array, DTsub ¼ 29 �C, Tbulk ¼ 28 �C.
was observed to be the satellite bubble removal mech-

anism. As the superheat is increased above CHF to 28
�C, a sharp decrease in heat transfer occurs due to

increased dryout of the heater. As the superheat was

increased above 32 �C, a strong increase in thermo-

capillary convection was observed. This resulted in a
ter arrays in low-g. (a) 36-heater array, DTsub ¼ 29 �C, Tbulk ¼ 28 �C.
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decrease in the primary bubble size by increasing the

rate of condensation at the bubble cap, and allowed

increasing satellite bubble formation and an enhance-

ment in heat transfer. As seen in Fig. 8, the heat flux at
this superheat is 50% larger than CHF. The trend in the

boiling curve at this point indicates that a second local

maximum heat flux may exist in low-g. Further experi-

mentation is necessary to validate such trends. The

mechanism by which thermocapillary convection devel-

ops in nominally pure fluids is still unclear, but may be

related to the presence of dissolved gases in the liquid, as

suggested by Straub (2002). Similar trends in the heat
transfer data are observed for the DTsub ¼ 23 �C and

DTsub ¼ 14 �C cases.

Ninety six-heater array. Boiling curves for the 96-

heater array in low-g are shown in Fig. 8. Images of the

boiling behavior are shown in Figs. 9(b) and 10(b). For

the 96-heater array, trends similar to those for the 36-

heater array are observed. At low subcoolings

(DTsub ¼ 6 �C), heater dryout caused the boiling heat
flux to be relatively small. At higher subcoolings, the size

of the primary bubble decreased resulting in an increase

in satellite bubble formation. Coalescence was again

observed to be the primary mechanism for CHF at

higher subcoolings, similar to the 36-heater array. Al-

though strong thermocapillary convection was observed

at high subcoolings and high superheats, data was not

obtained with sufficient superheat resolution to deter-
mine whether a local maximum occurs after CHF.

In summary, low-g boiling behavior is governed by

the dynamics of the primary bubble. For the 9-heater

array, total dryout of the heater occurs over the sub-
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Fig. 11. Boiling curves in high-g for diff
cooling ranges studied. For larger heaters, increased

subcooling decreased the size of the primary bubble,

allowing satellite bubbles to form with a corresponding

increase in heat transfer. CHF appeared to be a result of
the competition between increasing heat transfer asso-

ciated 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 responsible for the post-CHF in-

crease in heat flux observed in the 36- and 96-heater

cases at higher subcoolings.

4.2. High gravity boiling characteristics

Nine-heater array. Boiling curves for the 9-heater

array in high-g are presented in Fig. 11. Images of the

boiling behavior for a 9-heater array in high-g are shown

in Fig. 12. At low wall superheats, the images show few

active nucleation sites. At higher superheats, the images

clearly indicate the formation of a primary bubble sur-
rounded by satellite bubbles, similar to what is observed

in low-g for larger heaters. No primary bubble depar-

ture was observed except for one case (DTsat ¼ 37:3 �C,
DTsub ¼ 8 �C) in which departure was infrequent (<1

Hz). Surface tension clearly dominated the boiling

dynamics over the superheat and subcooling ranges

tested. Coalescence of the satellite bubbles with the

primary bubble, surface tension, and increased con-
densation at the cap of the bubble due to natural con-

vection prevented the primary bubble from reaching the

size required for departure. The primary bubbles in

high-g were seen to be significantly smaller than those
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Fig. 14. Primary bubble departure frequency in high-g for a 36-heater

array.

Fig. 13. Boiling pictures (bottom and side view) from a 36-heater array

in high-g. (a) DTsub ¼ 8 �C, Tbulk ¼ 55 �C. (b) DTsub ¼ 31 �C, Tbulk ¼
28 �C.

Fig. 12. Boiling pictures (bottom and side view) from a 9-heater array in

high-g. (a)DTsub ¼ 8 �C, Tbulk ¼ 55 �C. (b)DTsub ¼ 31 �C, Tbulk ¼ 28 �C.
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observed in low-g. The high heat fluxes observed in Fig.

11 compared to those in low-g for larger heaters are a

direct result of the smaller primary bubble size which

allows an increase in the area over which satellite bubble

formation can occur. Increased subcooling was seen to
have a negligible effect on heat transfer over the ranges

tested. The heat transfer from the array at higher

superheats again appears to be the result of 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.

Thirty six-heater array. Boiling curves for the 36-

heater array are shown in Fig. 11. Primary bubble for-
mation was again witnessed at higher wall superheats

and higher bulk subcoolings. Fig. 13 shows high-g

boiling behavior for various wall superheats and bulk

subcoolings. The primary bubble that formed in high-g

was pulled off the heater array periodically, allowing the

entire heater to be rewetted with liquid. The size of the

primary bubble was smaller for higher subcoolings, as

observed for the 9-heater case and the low-g cases. The
heat fluxes at lower superheats were very similar to those

observed for the 9-heater array. At higher superheats,

the subcooling level appears to have a negligible affect

on heat flux, contrary to many previous studies which

indicate an increase in the heat transfer with increased

subcooling near CHF.

Although the subcooling level had a negligible affect

on time and space averaged heat flux, increased sub-
cooling was shown to dramatically reduce the departure

frequency of the primary bubble as shown on Fig. 14.
The departure frequency was determined from qtotalðtÞ,
as discussed in the data reduction section. The bubble

departure frequency increased by over 100% as the bulk

subcooling decreased from DTsub ¼ 31 �C to DTsub ¼ 8

�C at a superheat of 32 �C. Increased subcooling in-

creased condensation from the cap of a growing primary
bubble reducing its growth rate. The longer time needed

for the bubble to reach departure size resulted in a



Fig. 15. Boiling pictures (bottomand side view) froma 96-heater array in

high-g. (a)DTsub ¼ 8 �C, Tbulk ¼ 55 �C. (b)DTsub ¼ 31 �C, Tbulk ¼ 28 �C.
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decreased departure frequency which decreased time-

averaged heat transfer. It appears this effect is com-

pensated for by the larger temperature difference

between the wall and the bulk liquid. The effect on

CHF observed by other researchers and models, e.g.
Kutateladze (1962) is clearly not observed in Fig. 11. As

mentioned previously, the Bond number and capillary

length have been used as scaling parameters for many

boiling heat transfer models. Additional parameters

accounting for heater size and gravity are clearly needed

in future prediction models.

Ninety six-heater array. Boiling curves for a 96-heater

array in high-g are shown in Fig. 11. Pictures of boiling
are shown in Fig. 15. Nucleate boiling without primary

bubble formation was observed at all subcooling and

superheats except for those corresponding to DTsat � 40

�C. At this temperature, the beginning of a primary

bubble was observed for DTsub ¼ 16 �C and DTsub ¼ 8

�C. For DTsub ¼ 31 �C and DTsub ¼ 25 �C, the primary

bubble fractured into four primary bubbles (e.g., Fig.

15(b), DTsat ¼ 40:9 �C).
5. Conclusions

At low wall superheats (DTsat < 18 �C), boiling per-

formance appears to be constant across gravity levels.

At higher wall superheats, boiling performance is sig-

nificantly reduced in low-g due to heater dryout and the
reduction of bubble removal forces such as buoyancy.

Increased subcooling appears to delay the degradation

in boiling performance (compared to high-g) to higher
wall superheats. In low-g, a reduction in heater size

appears to decrease satellite bubble formation. In

addition, the heater size appears to strongly affect

thermocapillary induced heat transfer that occurs post
CHF. In high-g, heater size appears to strongly affect

bubble departure frequency by placing limitations on

the size of a growing bubble.

In summary, it appears that the size of the primary

bubble relative to the heater size determines the heat

transfer. The wall superheat, heater size, subcooling,

and the development of thermocapillary convection all

impact the size of the bubble that forms.

5.1. Low-g

(1) CHF increases with subcooling if the dry area under

the primary bubble is smaller than the heater array

(36- and 96-heater arrays). Subcooling does not
affect small heaters (9-heater array).

(2) CHF appears to be a result of a 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.

(3) Thermocapillary convection at higher superheats

and subcoolings can decrease the size of the primary

bubble, resulting in an increase in heat transfer
above CHF.

5.2. High-g

(1) Boiling on the 9-heater array was very similar to
boiling on larger heaters in low-g. A primary bubble

forms on the heater that departs infrequently. This

primary bubble is significantly smaller that the one

that forms in low-g, allowing liquid to wet the

peripheral regions of the heater surface providing a

relatively higher heat transfer.

(2) For the 36- and 96-heater cases, increased subcool-

ing decreases primary bubble departure frequency
which tends to reduce the time-averaged heat trans-

fer. This effect is compensated for by the larger tem-

perature difference between the wall and the bulk

fluid which increases the heater transfer.
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