
International Journal of Heat and Mass Transfer 46 (2003) 5087–5097

www.elsevier.com/locate/ijhmt
Quasi-homogeneous boiling nucleation on a small
spherical heater in microgravity

Ho Sung Lee a,*, Herman Merte Jr. b, Gerold Picker c, Johannes Straub d

a Department of Mechanical and Aeronautical Engineering, Western Michigan University, Kalamazoo, MI 49008, USA
b Department of Mechanical Engineering, University of Michigan, Ann Arbor, MI 48109, USA

c Thermo-and Aerodynamics Department, ABB Alstom Technology Ltd., CH-5405 Baden/Dattwil, Switzerland
d Faculty of Mechanical Engineering, Technical University of Munich, D-85748 Garching, Germany

Received 17 January 2003; received in revised form 18 June 2003
Abstract

Pool boiling experiments were conducted in the European Space Agency (ESA) multi-user facility, the bubble, drop,

particle unit (BDPU) in the microgravity environment of space. A part of the study involved the heating of a small

sphere immersed in R-123 to the onset of nucleate boiling. An analysis of the nucleation process is presented, based on a

prior work for so-called quasi-homogeneous nucleation with a flat heater surface in microgravity. Reasonably good

qualitative agreement exists between the analysis and measurements.

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

Homogeneous and heterogeneous liquid-to-vapor

nucleation has been not only of scientific and theoretical

interest, related to the understanding of the fundamental

mechanisms involved, but is also of practical interest for

applications where boiling is to be initiated. Pure liquid

can become metastable by superheating if the heat

source in contact with the liquid is sufficiently smooth

and no pre-existing gases or vapors are present, since the

formation of a vapor nucleus requires the work of for-

mation associated with surface tension in addition to the

free energy of the phase change. The onset of the re-

sulting transition is generally termed homogenous nu-

cleation. If foreign solid materials in contact with the

liquid contain cavities within which gases or vapors are

present, with the consequence that less energy is required

to form a nucleus, the resulting process is termed het-

erogeneous nucleation.

It has been postulated that nucleation in metastable

superheated liquids is associated with the random fluc-
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tuations of energy within ensembles of molecules, until a

critical size of vapor embryo is reached, from which

subsequent growth can take place. Any external distur-

bance can cause such a nucleus to be formed prema-

turely in liquids, and this phenomenon is used in

tracking charged particles in a hydrogen bubble cham-

ber, for example, where highly metastable hydrogen

liquid produces a visible bubble trace along the path of

the particles.

Nucleation in boiling differs, in one point, from the

nucleation of liquid drops or crystallization of solids

from vapor, in that in the latter cases a large number of

nuclei form and grow simultaneously and spontaneously

within a volume or over an area, whereas with boiling

nucleation one of the potential vapor nuclei randomly

stimulated to grow is sufficient to dominate the ensuing

process by inhibiting the formation of other potential

nuclei in its neighborhood. This difference in behavior

arises because of the difference in the direction of the

corresponding density changes.

Whether homogeneous or heterogeneous boiling

nucleation takes place in a particular situation has

usually not been open to question: homogeneous nu-

cleation requires special conditions for its onset, and is

sometimes manifested by a rather dynamic subsequent

behavior, depending on the amount of superheated
ed.
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Nomenclature

A heater surface area

B arbitrary constant in Eq. (22) (approxi-

mately 1/3)

C coefficient for nucleation rate. Eq. (24)

G Gibbs number. Eq. (25)

g gravity

GT temperature derivative of Gibbs number

J steady state nucleation rate (nuclei/m3 s)

K constant (denoted as J=n00, Eq. (29); Also

Kelvin

k thermal conductivity; Boltzmann constant

m mass of molecule; m

n, n00 number of nuclei, and per unit area. Eq. (26)

Nl number density of liquid molecules

P input power

Pv vapor pressure

Pl liquid pressure

r spherical coordinate

s seconds

x plane coordinate

t time

t� delay time between the onset of power to

heater and nucleation

T � temperature at nucleation
_TT rate of change of temperature

Tx temperature gradient

Ts saturation temperature

T1 bulk temperature

u000 volumetric internal heat generation rate

V volume of thermistor heater

a thermal diffusivity

hðT � T1Þ temperature rise above the initial ambient

r surface tension

s time
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liquid and the heat capacity of the containing vessel. The

effects of potentially premature nucleation sites inherent

on solid metallic surfaces is eliminated by superheating

liquid droplets in an immiscible liquid having a suffi-

ciently high boiling point (e.g. [2]), or by heating the

solid surface in contact with the test liquid sufficiently

rapidly that the heat transfer to the liquid greatly ex-

ceeds that associated with the evaporative latent heat,

termed the pulse heating method with fine platinum

wires, described by Skripov [10].

High superheats at nucleation have been achieved on

glass surfaces by the use of convective heating of the

glass, also described by Skripov. However, difficulties

involved in relating the measurements obtained to the

analysis of homogeneous nucleation arise because of the

transient conduction and convection heat transfer tak-

ing place. These were eliminated when the opportunity

arose for heating a liquid in the absence of gravity in

space experiments. Results of heating R-113, with step

changes at various levels of heat flux, from a flat semi-

transparent gold film sputtered on a polished quartz

substrate are presented by Merte and Lee [7]. For what

was observed and classified as quasi-homogeneous nu-

cleation in that work, the influence of heat flux level and

system pressure, used to vary the initial bulk liquid

subcooling, were described by the modification of clas-

sical homogenous nucleation theory: The heater surface

superheat at nucleation increased as the heat flux in-

creased, and decreased as the system pressure increased.

However, at the highest level of heat flux used, the nu-

cleation process reverted to heterogeneous nucleation,

based on the observations that the nucleation occurred
at the same fixed locations when the experiments were

repeated. This is contrasted with the results at the lower

levels of heat flux, where nucleation took place at dif-

ferent random locations when the experiments were re-

peated.

The opportunity arose to further test the concept of

so-called quasi-homogeneous nucleation presented in

Merte and Lee [7] for a different heater geometry, when

pool boiling experiments were conducted in the bubble,

drop, particle unit (BDPU) on the STS-78 Life and

Microgravity Science (LMS) Mission in 1996 published

partly in Straub [13]. The LMS mission was a re-flight of

experiments flown on the IML-2 Mission in 1994, with

the results reported by Straub et al. [11] and [12]. A

vapor bubble was initiated in liquid R-123 using an

approximate spherical heater, consisting of a thermistor

coated with a smooth glass material, with a step onset of

the input power. The mean thermistor heater tempera-

ture and power were measured, along with bulk liquid

temperature and pressure. In the absence of gravity the

heat transfer to the liquid is by pure conduction, until

nucleation disturbs the liquid. This is particularly ad-

vantageous for nucleation studies in that the tempera-

ture distribution in the liquid is known at the instant of

nucleation. It will be demonstrated below that the pre-

sent spherical heater experiments with R-123 support

the conclusions of the previous study with a flat heater

and R-113.

In order to provide the explicit temperature data

needed for evaluation of the nucleation process––the

temperature gradients and rates of temperature change

in the liquid in the vicinity of the glass surface at the



Fig. 2. Schematic of the thermistor heater for analytical model.
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instant of nucleation, an analytical model was devel-

oped, rather than a numerical model, assuming a

spherical shape for the thermistor heater and its glassy

coating. The model solves the transient one-dimensional

boundary-value heat conduction problem in spherical

coordinates for three concentric materials, with the as-

sumption of perfect thermal contact between the layers.

The model approximates the smooth thermistor heater

used in the present experiments.

The objective here is to determine the behavior of

nucleation on a smooth approximately spherical solid

heater, in which the heat flux or steep temperature gra-

dient at or near the solid surface might work as a dis-

turbance to initiate the nucleation. Basic homogeneous

nucleation theory is adopted, rather than heterogeneous

nucleation theory, to explain the nucleation taking

place, presumed to be adjacent to the smooth solid

heater. The first two authors in the work presented here

conducted the analysis and calculations, while the last

two authors were responsible for the experimental

measurements.
2. Experiments and measurements

The experiments were performed in a pool boiling

test container in the ESA multi-user facility, the BDPU

on the STS-78 LMS mission. The test cell, filled with R-

123, is internally spherical with a diameter of 50 mm. A

photo of the glass coated thermistor used as the heater is

shown in Fig. 1, with a schematic for mathematical

modeling given in Fig. 2, assuming spherical symmetry

as an approximation to the actual case. The thermistor,

having a diameter of about 1.56 mm, provides not only

the energy required for the bubble nucleation, but the

measurement of its internal temperature as well. Further

details are given in Straub et al. [11] and [12].

Fig. 3 shows typical measurements of the thermistor

heater temperature and input power over the experi-
Fig. 1. Photo of glass coated thermistor used as heater.
mental period. Since operation in microgravity virtually

eliminates natural convection in the liquid, the nucle-

ation process can be studied using temperature distri-

butions known at the instant of nucleation. The

thermistor temperature is seen to rise to 141.2 �C at

nucleation after the application of power: this also heats

the surrounding stagnant liquid by transient conduction

heat transfer. Nucleation takes place at approximate

13.9 s following the onset of heating, which is defined

here as the nucleation delay time (t�). The mean

thermistor heater temperature of 141.2 �C corresponds

to a superheat of 27.2 K for the saturation temperature

of 114 �C in this run. This does not take into consider-

ation the temperature drop across the glass coating in

Fig. 1, which will be determined from the analytical

model to be described in the following section. The

nucleation delay time, the heater surface superheat as

well as its rate of change, and the liquid temperature

distribution in its vicinity at the nucleation time are

important parameters in the description of the nucle-

ation process. The imposed experimental conditions and

corresponding measurements related to nucleation are

listed in Table 1, columns [1–10], for selected tests. The

basis for this selection will be given below. It is inter-

esting to note in Fig. 3 that after nucleation occurs,

whereby the heater temperature decreases abruptly,

steady nucleate boiling sets in at a constant temperature

of 130 �C.
3. Analytical model

An analytical 1-D spherical model for three layered

bodies was developed, using the existing solutions of

Bulavin and Kashcheev [3], to provide the transient

temperature distributions for the following case, which

approximates the experimental physical circumstances

used: a metal central core with internal heat generation



Fig. 3. Sample data from STS-78 LMS Mission. BDPU Pool Boiling. Test PB-31.
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and two outer layers without heat generation. The

boundary-value heat conduction problem was solved by

means of the method of variables and by construction of

orthogonal expansions of functions over multi-layer re-

gions, for the case with perfect thermal contact between

the layers. The materials for each of the three layers are

silicon, glass, and fluid R-123, from the center in turn,

and denoted as 1, 2, and 3 in Fig. 2.

The boundary-value problem of heat conduction

becomes:

06 r6 r1 : a1
1

r2
o

or
r2
oh1
or

� �
þ a1

k1
g ¼ oh1

ot
ðr; tÞ ð1Þ

r1 6 r6 r2 : a2
1

r2
o

or
r2
oh2
or

� �
¼ oh2

ot
ðr; tÞ ð2Þ

r2 6 r6 r3 : a3
1

r2
o

or
r2
oh3
or

� �
¼ oh3

ot
ðr; tÞ ð3Þ

with the boundary conditions:

oh1
or

ð0; tÞ ¼ 0 ð4Þ

h1ðr1; tÞ ¼ h2ðr1; tÞ ð5Þ

k1
oh1
or

ðr1; tÞ ¼ k2
oh2
or

ðr1; tÞ ð6Þ
h2ðr2; tÞ ¼ h3ðr2; tÞ ð7Þ

k2
oh2
or

ðr2; tÞ ¼ k3
oh3
or

ðr2; tÞ ð8Þ

h3ðr3; tÞ ¼ 0 ð9Þ

and initial conditions

h1ðr; 0Þ ¼ h2ðr; 0Þ ¼ h3ðr; 0Þ ¼ 0 ð10Þ

Although r3 in Eq. (9) might have been considered as an

infinite domain, it is taken to be sufficiently large relative

to r2 that the temperature gradient at r3 is negligible,

for all practical purposes, and the temperature at that

location remains unchanged. The three-composite

spherical problem satisfying the boundary and initial

conditions here results in the formation of a six-by-six

matrix, in which the determinant permits the theoretical

determination of the infinite number of eigenvalues and

eigenvectors. In the problem addressed here, the first

(10) modes were considered sufficient for a reasonable

approximation, with each mode having its own eigen-

value and eigenvector. The matrix associated with the

present geometry appeared to be difficult to solve due to

the so-called ill-matrix. For such a case, a special

treatment was applied by multiplying the matrix ap-

propriately with numbers to make the elements of the ill-



Table 1

Summary of selected nucleation data from STS-78 LMS Mission pool boiling

Grp # {1} BDPU-LMS-nucleation data-large spot heater Calculated-large spot heater

Local test Pressure Tsat Tbulk Tsub Input

power

T �
i T �

i sup t� K T �
i T �

i sup

No. {2} Bar {3} �C {4} �C {5} K {6} W {7} �C {8} �K {9} s {10} (ms)�1 {11} �C {12} �K {13}

1 PB-31 10.635 114 108.8 5.2 0.052 141.2 27.2 13.9 6.829E+13 145.9 31.9

1 PB-33 8.46 103.2 98.8 4.4 0.104 146.6 43.4 5 1.065E+14 145.6 42.4

2 PB-24 1.36 36.2 33.9 2.3 0.085 86 49.8 10.8 6.514E+12 89.1 52.9

2 PB-64 1.58 40.7 38.9 1.8 0.057 84.4 43.7 20.3 4.516E+12 85.0 44.3

2 PB-79 1.57 40.5 38.9 1.6 0.057 75.8 35.3 12.2 2.313E+13 77.7 37.2

2 PB-82 1.57 40.5 38.8 1.7 0.067 81.9 41.4 12.1 1.189E+13 84.3 43.8

3 PB-66 1.79 44.5 39 5.5 0.057 80.4 35.9 15 2.274E+13 80.8 36.3

3 PB-80 1.78 44.3 38.9 5.4 0.058 78.1 33.8 13 3.423E+13 79.4 35.1

4 PB-30 9.6 109.1 108.4 0.7 0.155 159 49.9 2.3 3.152E+14 151.7 42.6

4 PB-32 7.665 98.8 98.8 0 0.053 130 31.2 9.2 8.971E+13 131.0 32.2

4 PB-34 6.1 88.9 88.8 0.1 0.105 135.8 46.9 5 5.039E+13 136.1 47.2

5 PB-7 2.86 59.9 58.5 1.4 0.11 109 49.1 5 4.135E+13 108.0 48.1

5 PB-38 5.09 81.5 78.7 2.8 0.055 112.5 31 12.6 3.888E+13 116.6 35.1

5 PB-42 2.85 59.8 48.9 10.9 0.099 100 40.2 6 1.341E+14 98.0 38.2

PB-35 6.96 94.5 88.9 5.6 0.053 123 28.5 21.9 1.262E+13 132.7 38.2

PB-37 7.94 100.3 78.8 21.5 0.079 133.6 33.3 39.1 1.804E+12 153.8 53.5

PB-40 3.94 71.5 68.5 3 0.13 115.7 44.2 5.3 2.046E+13 128.9 57.4
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matrix uniform. The details of the process are beyond

the scope of this presentation. The calculations were

performed successfully using a mathematical tool, such

as MathCad. The computed temperature rise is defined

for convenience as hi ¼ Ti � T1, where i ¼ 1,2,3.

The solution of the boundary-value problem of the

heat conduction becomes:

h1ðr; tÞ ¼
XM
n¼1

expð�b2
ntÞX1n

P
VNn

�
Z r1

0

X1nr2 dr
Z t

0

expðb2
nÞtdt ð11Þ

h2ðr; tÞ ¼
XM
n¼1

expð�b2
ntÞX2n

P
VNn

�
Z r1

0

X1nr2 dr
Z t

0

expðb2
nÞtdt ð12Þ

h3ðr; tÞ ¼
XM
n¼1

expð�b2
ntÞX3n

P
VNn

�
Z r1

0

X1nr2 dr
Z t

0

expðb2
nÞtdt ð13Þ

where

X1n ¼ C1n
1

r
sin

bnrffiffiffiffiffi
a1

p
� �� �

þ D1n
1

r
cos

bnrffiffiffiffiffi
a1

p
� �� �

ð14Þ

X2n ¼ C2n
1

r
sin

bnrffiffiffiffiffi
a2

p
� �� �

þ D2n
1

r
cos

bnrffiffiffiffiffi
a2

p
� �� �

ð15Þ

X3n ¼ C3n
1

r
sin

bnrffiffiffiffiffi
a3

p
� �� �

þ D3n
1

r
cos

bnrffiffiffiffiffi
a3

p
� �� �

ð16Þ

Nn ¼
k1
a1

Z r1

0

X 2
1nr

2 dr þ k2
a2

Z r2

r1

X 2
2nr

2 dr

þ k3
a3

Z r3

r2

X 2
3nr

2 dr ð17Þ

V ¼ 4

3
pr31 ð18Þ

bn is the eigenvalues for non-trivial solution of the 6 · 6
matrix, which in general is a transcendental equation.

For each eigenvalue, the coefficient Cin and Din are de-

termined.
Table 2

Properties and dimensions used in calculation

Radius (mm) k (W/mK) q

Spot heater r1 ¼ 0:5 148 2

Glass r2 ¼ 0:78 0.7 5

R-123 r3 ¼ 5:0 0.0782 1
By taking derivative of h3ðr; tÞ with respect to r, we
have

oh3
or

ðr; tÞ ¼
XM
n¼1

expð�b2
ntÞX 0

3n

P
VNn

Z r1

0

X1nr2 dr

�
Z t

0

expðb2
nÞtdt ð19Þ

where

X 0
3n ¼ C3n

�1

r2
sin

bnrffiffiffiffiffi
a3

p
� ��

þ 1

r
cos

bnrffiffiffiffiffi
a3

p
� �

bnffiffiffiffiffi
a3

p
�

þ D3n
�1

r2
cos

bnrffiffiffiffiffi
a3

p
� ��

� 1

r
sin

bnrffiffiffiffiffi
a3

p
� �

bnffiffiffiffiffi
a3

p
�
ð20Þ

By taking derivative of h3ðr; tÞ with respect to t, we have

oh3
ot

ðr; tÞ ¼
XM
n¼1

1

�
� b2

n expð � b2
ntÞ
Z t

0

expðb2
nÞtdt

�

� X3n
P
VNn

Z r1

0

X1nr2 dr ð21Þ

Using Eqs. (11)–(13) with the properties and dimensions

in Table 2, for the heater power of 0.05 W and t� ¼ 13:9
s of Fig. 3, corresponding to Local Test no. PB-31 in

Table 1, the results of the computation of the tempera-

ture distributions surrounding the heater for the three

regions are shown in Fig. 4. By presenting the temper-

ature in terms of superheat above the prevailing satu-

ration temperature, the superheat or subcooling in the

surrounding liquid can be readily ascertained. The

temperature variation across the thermistor heater ap-

pears to be negligible for this size, and justifies the use of

a uniform heater temperature. The transient superheat

of the thermistor, and of the surface of the glass coating

of r2, computed from Eqs. (11) and (12), are given in

Fig. 5 as a function of time, with the measured nucle-

ation time as indicated. The temperature drop across the

glass coating is computed to be 1.4 K at this time, as

may also be see in Fig. 5. It can be noted from Table 1

(for Local Test no. PB-31) that the difference between

the measured and computed thermistor superheats at

nucleation (columns [8] and [12], respectively) is 4.7 K.

This discrepancy can be attributed to the difference be-

tween the actual geometry of the thermistor, seen in Fig.

1, and the spherical shape assumed for convenience in

the analysis.
(kg/m3) C (J/kgK) a� 106 (m2/s)

330 712 89.2

000 500 0.28

459 1022 0.0524
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4. Kinetics of nucleation

The role of the heat flux or temperature gradient in

the liquid at the heater surface, as well as the rate of

change of heater surface temperature in addition to the
heater surface temperature itself, was examined by

Merte and Lee [7] for the description of the quasi-

homogenous nucleation process observed to take place

on a flat surface acting as a heater in microgravity. This

work will be summarized below, taking into account the
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change in heater surface geometry from a plane to a

spherical surface.

The classical theory of homogenous nucleation pro-

vides the steady state nucleation rate, the number of

nuclei formed per unit volume and per unit time, and

has been described in the works of Volmer [14], Kagen

[5], Blander and Katz [2], and more recently with ap-

plication to hydrocarbons by Kwak and Lee [6]. The

expression in each converge approximately to:

J ¼ Nl

r
pmB

� �1
2

exp
�16pr3

3kT ðPv � PlÞ2

 !
ð22Þ

Here B is an arbitrary constant that possesses usually

1/3. Nl is the number density of liquid molecules. Eq. (22)

can be rewritten in a simple form for convenience:

J ¼ C expð�GÞ ð23Þ

where

C ¼ Nl

r
pmB

� �1
2 ð24Þ

and G is the dimensionless ratio of the work of forma-

tion of a critical size bubble nucleus and kT , the mean

molecular fluctuation energy per degree of freedom. This

was termed the Gibbs number by Skripov [10], defined

as:

G ¼ 16pr3

3kT ðPv � PlÞ2
ð25Þ

Several different forms for C in Eq. (24) have been

proposed, as discussed by Merte and Lee [7], each of

which are essentially constant, but differ by two orders

of magnitude.

In a manner similar to that given by Skripov [10], the

homogeneous nucleation is considered to take place

within a distance from the solid heater surface on the

order of the size of the embryo bubble at the thermo-

dynamic equilibrium, the so-called critical size. A con-

sequence of this is that the curvature of a realistic sized

solid spherical heater can be neglected, except for its

effect on the heater surface heat flux, and the analysis for

a plane heater surface in Merte and Lee [7] used to es-

timate the number of embryo bubbles formed, which

result in the onset of nucleate boiling.

The number of nuclei formed within a time s and

within a distance x from the heater surface is given by

(using the plane approximation):
Table 3

Comparisons of computed values of G2
T, Tx and _TT for three tests cho

Test run Power (W) Delay time ðt�Þ T � (�C)

PB-31 0.052 13.9 144.4

PB-82 0.067 12.1 82.3

PB-30 0.155 2.3 148.8
n00 ¼ n
A
¼
Z s

0

Z x

0

J dxdt ð26Þ

where J is given by Eq. (23).

The Gibbs number G in Eq. (25) is a function of

liquid temperature, following substitution of the Clau-

sius–Clapyron equation and an appropriate expression

for the surface tension, and is thus also a function of

time and space, as:

GðT Þ ¼ G½T ðx; tÞ� ð27Þ

Expanding GðT Þ into a Taylor series according to

powers of T ðs; 0Þ, followed by successive substitution

into Eqs. (23) and (26), and integration of Eq. (26),

results in:

n00 ¼ �C exp½�Gð0; sÞ�
G2

TTx _TT
ð28Þ

It should be noted that GT ¼ dG
dT , Tx ¼ oT

ox and _TT ¼ oT
ot .

Details of the above can be found in Merte and Lee [7].

The numerator of Eq. (28) represents Jð0; sÞ evalu-

ated at the heater surface conditions at the moment of

nucleation. A constant K is introduced and denoted as J
divided by n00.

K ¼ J
n00

¼ �G2
TTx _TT ð29Þ

It is noted that Eq. (29) no longer contains the coefficient

ðCÞ in Eq. (23), and its form is of no consequence as long

as it can be approximated as constant for any particular

circumstances. Tx and _TT can be calculated for the spher-

ical geometry case by Eqs. (19) and (21), respectively,

and GT can be obtained by taking the derivative of GðT Þ
in Eq. (27) with respect to T .

G2
T, Tx and _TT in Eq. (29) are computable values at

given conditions of time, heater size and power input,

and provide the possibility to estimate the nucleation

rate ðJÞ with the assumption that at least one bubble per

unit area is needed for n00. Values of the three terms on

the right hand side of Eq. (29) are listed in Table 3 for

the experimentally imposed parameters of three selected

tests, along with their product, K. It is noted that the

absolute magnitude of K, which represents the ratio of

the volumetric nucleation rate to the unity number of

nuclei per unit heater surface area, depends predomi-

nantly on ðGTÞ, whereas the relative magnitudes depend

more on Tx and _TT , which depend in turn on the level of

heat flux and the length of the heating time up to nu-

cleation, respectively.
sen from Table 1

G2
T Tx _TT Kð¼ J=n00Þ

1.1· 109 6.6 · 104 0.943 6.829· 1013
1.0· 108 8.3 · 104 1.416 1.189· 1013
2.1· 108 1.2 · 105 12.24 3.152· 1014
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5. Results and discussion

Of the 84 sets of data available from the BDPU pool

boiling experiments in the STS-78 LMS mission, 17 sets

were selected as amenable to analysis for nucleation, due

primarily to the distinct drop in the heater temperature

that occurs at nucleation. These are tabulated in Table 1,

and include the values of K computed from Eq. (29) in

Column {11}. The 17 sets of data are divided into five

different groups, indicated in Column {1}, based on the

approximate levels of the system pressure. In computing

K, the surface tension terms in GT were initially taken as

constant at each level of system pressure. Sample com-

putations made later incorporated or=oT , with negligi-

ble effects on the results, particularly in light of other

uncertainties, e.g., the non-sphericity of the actual hea-

ter.

It is noted in Table 1 that the computed values of K
do not appear to vary significantly over all the tests,

covering a range of 1012–1014 (m s)�1. As described

previously, K qualitatively represents the volumetric

nucleation rate ðJÞ for a unity value of n00. If one con-

siders that at least one critical size nucleus per square

centimeter is sufficient for the nucleation process to
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Fig. 6. Predicted thermistor superheat at nucleation from homogeneo

are measured thermistor superheats from Table 1.
proceed [10], this provides a minimum value of n00 ¼ 104

nuclei/m2. Hence, the minimum value of J can be esti-

mated from the known value of K. For example, in

Table 1, K ¼ 6:829� 1013 (m s)�1 for test PB-31, and

results in J ¼ 6:628� 1017 nuclei/m3 s. This is within the

range of 1012–1028 for the nucleation rate for many or-

ganic liquids and water [1,4].

Eq. (29) can be written more specifically in terms of

the independent variables as:

KðsÞ ¼ Jð0; sÞ
n00

¼ �fGT½T ð0; sÞ�g2Txð0; sÞ _TT ð0; sÞ ð30Þ

As described previously, K can be computed explicitly

from Eq. (30) for a given s with the aid of Eqs. (13), (19),

(21), and (27). Values of K for s ¼ t� so computed are

given for each test in column {11} of Table 1, for the

levels of heat flux, system pressure and subcooling used.

Conversely, for given values of K, heat flux, system
pressure and subcooling, t�, the nucleation delay time,

and the corresponding heater surface superheat can be

computed from these same equations, albeit only im-

plicitly. Noting in Column {11} of Table 1 that the values

of K appear to be reasonably uniform, the value of

K ¼ 6:829� 1013 (m s)�1 of Test PB-31 is selected as
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typical, for purposes of comparisons between the various

tests and the relevant predictions. The heater surface

temperature at nucleation is computed by Eq. (13), tab-

ulated in Column {12} of Table 1, and expressed in terms

of the corresponding superheat in Column {13}. The

measured heater superheat at nucleation (Column {9}) is

within 5% of the computed values (Column 13) for all

except three tests (PB-35, 37, 40), which have discrep-

ancies of 14%. It should be pointed out that T � in Table 3

is the surface temperature of the glass layer surrounding

the thermistor heater, and is the relevant temperature for

nucleation, while T �
i in Table 1 (column 12) is the com-

puted thermistor temperature at nucleation, for com-

parison with the measured temperatures in column {8}.

For convenience, the heater superheat is plotted in

Fig. 6 as a function of heater power input, for three

levels of subcooling which span the range 0–12 K en-

countered in the experiments. Also included are the

measured heater superheats at nucleation, distinguished

by symbols according to the groups defined in terms of

system pressure, and by the subcooling appearing

alongside each data point. It is to be noted that, for the

most part, reasonably good qualitative agreement exists

between the measurements and predictions in that heater

superheat at nucleation increases with power input, and
decreases as the subcooling increases. The discrepancies

are attributed to the necessary approximation of the

heater as a sphere, which includes a uniform glass

coating around the heater. The degree to which this is

not valid can be judged by examining Fig. 1.

Fig. 7 is a plot of the predicted nucleation delay time

ðt�Þ as a function of the input power with K ¼ 6:829�
1013 (m s)�1 of Test PB-31, together with the measure-

ments from Table 1, again distinguished by symbols

according to the groups and by the subcooling alongside

each data point. It is to be noted that the delay time

increases exponentially as the power input decreases,

similar to that in the microgravity pool boiling experi-

ments of Merte and Lee [7].
6. Conclusions

A microgravity experiment is particularly advanta-

geous in the study of homogenous nucleation on a

spherical shaped heating surface, since the transient

temperature distribution is known in the fluid at the

moment of nucleation. An analytical model was used to

predict the temperature distribution around the spheri-

cal heater, making feasible a quantitative determination
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of the conditions associated with homogenous nucle-

ation.

The results of the present study are in essential

agreement with the quasi-homogenous nucleation re-

sults for a plane heating surface developed by Merte and

Lee [7]. It is possible, using the nucleation model, to

predict the superheat of the heating surface and the

delay time of nucleation under given conditions of

power input, system pressure, liquid subcooling, and

heater radius.
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