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Abstract

The signi®cance of noncondensibles as the origin of thermocapillary convection in subcooled pool boiling is
demonstrated in this paper. The temperature gradients along the bubble interface inducing thermocapillary
convection are caused by saturation pressure gradients due to a nonuniform accumulation of noncondensable gas

along the interface. On the vapour side, the noncondensable gas inhibits the condensation of vapour. The
corresponding increase of the saturation pressure gradient and temperature gradient, respectively, forces
thermocapillary convection on the liquid side of the bubble. A bubble in subcooled liquid can grow or shrink

according to the heat and mass transfer at its top, and even a steady-state mass ¯ow through the bubble can be
maintained. By a combined analytical and numerical approach the various parameters of this complex system are
studied. Furthermore, it is demonstrated that even small amounts of noncondensable gas are su�cient to induce

thermocapillary ¯ow. This ¯ow, in turn, inhibits bubble detachment. 7 2001 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

By natural and forced convection, only moderate
heat ¯uxes are transferable. For supplying higher
amounts of heat in technical equipment at small tem-
perature di�erences, evaporation and condensation are

frequently employed and have gained special import-
ance for reasons of irreversibility and reduction of
entropy. Despite intensive research, many questions of

boiling and condensation have remained unsolved due
to the large number of parameters involved, their inter-

dependence, and the complexity of the corresponding
physical mechanisms:

Boiling is an extremely complex and illusive pro-

cess, which continues to ba�e and challenge
inquisitive minds. (V.K. Dhir, 1990 [4])

For practical applications, a variety of empirical heat

transfer correlations with a limited range of validity
exist. For a long time, gravity was considered the
dominant mechanism in nucleate pool boiling. Straub

and coworkers [30,34±37,39,40,42±52], as well as Abe
et al. [2,26] later on, experimentally proved that the
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heat ¯uxes transferable on earth are also possible in

microgravity, especially in subcooled boiling.

Under microgravity, transfer mechanisms other

than gravity are dominant, such as bubble coalition,

lifting and bubble replacement, mass transport

through the bubble, micro wedge evaporation, and

thermocapillary convection. Although the phenom-

enon of thermocapillary convection is known for

more than 100 years, it was not paid much atten-

tion to due to the dominance of buoyancy ¯ows

under earth gravity. Trefethen [41] in 1961 and

McGrew et al. [22] in 1966 were the ®rst to point

out the importance of surface tension driven convec-

tion as gravity-independent heat transfer mechanism

in boiling.

In subcooled boiling, thermocapillary ¯ows around

vapour bubbles are observed by several authors

[43,46,52]. If the top of a growing bubble exceeds the

supersaturated boundary layer thus reaching into the

subcooled region, the vapour starts to condense

[27,29]. With the evaporating liquid, impurities of gas

dissolved in the liquid (e.g. air) are gasi®ed at the base

of the bubble and carried along with the vapour to the

top of the bubble, where the vapour condenses and the

noncondensable gas accumulates along the interface.

The total pressure of the vapour and the nonconden-

sable gas inside the bubble is determined by the liquid

pressure. For a steady-state mass ¯ow through the
bubble, the bubble radius remains constant, while the

partial pressure of the vapour along the interface and,
as a consequence, the saturation temperature decreases
towards the top. This gives rise to a temperature gradi-
ent along the interface and induces a thermocapillary

¯ow around the bubble directed from the base to the
top (cf. Fig. 1). The coupling between this thermocapil-
lary ¯ow and the amount of noncondensable gas is

investigated in the following.

2. Thermocapillary or Marangoni convection

2.1. Mechanism of thermocapillary convection

A ¯ow induced by surface tension gradients is
termed Marangoni convection after the Italian physi-

cist C.G.M. Marangoni [10±17], or thermocapillary
convection if thermal gradients are involved. A review
of the history of Marangoni convection and its phe-

nomenology is given in [20]. For most ¯uids, the tem-
perature gradient of surface tension @s=@T is negative,
i.e. regions of higher temperature exhibit a reduced

surface tension. Therefore, thermocapillary convection
results in a recirculating ¯uid ¯ow from the warmer to
the colder regions of a liquid (Fig. 1).

Nomenclature

a thermal di�usivity (m2 sÿ1)
FM Marangoni force (N)
g gravitational acceleration (m sÿ2)
h heat transfer coe�cient in the presence of

noncondensable gas (W mÿ2 Kÿ1)
h0 heat transfer coe�cient in the absence of

noncondensable gas (W mÿ2 Kÿ1)
JaE Jakob number for evaporation
KC�E � condensation (evaporation) coe�cient

L characteristic length (m)
_m�net speci®c net mass ¯ow rate (kg sÿ1 mÿ2)
M mass per mole (kg molÿ1)
Ma Marangoni number

Nu Nusselt number
Nu0 Nusselt number of pure heat conduction
p pressure (N/m)

pc critical pressure (N mÿ2)
R universal gas constant (J molÿ1 Kÿ1)
R bubble radius (m)

T temperature (K)
x coordinate (m)
yn, avg average mole fraction of noncondensable

gas

yn, i mole fraction of noncondensable gas at the
interface

yn, 1 mole fraction of noncondensable gas in the

bulk

Greek symbols

DT temperature di�erence (K)
DTL subcooling of the liquid (K)
DTW wall superheat (K)

Z dynamic viscosity (kg sÿ1 mÿ1)
Y dimensionless temperature
x dimensionless coordinate
s surface tension (N mÿ1)
c contact angle of the bubble (deg)

Subscripts

b bottom
C condensation
E evaporation

l liquid
n noncondensable gas
t top

v vapour
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In saturated pool boiling, the bubble interface is at
saturation temperature and shows no temperature gra-
dients, except for the interface in the region of the

micro wedge with its high heat ¯ux, which is not con-
sidered here. Up to now, no thermocapillary convec-
tion could be observed in saturated boiling under

microgravity [30,43]. On the contrary, thermocapillary
convection is an important heat transfer mechanism in
subcooled boiling, as shown under micro and earth

gravity conditions by the experiments of Weinzierl
[44,46]. Its strength is characterized by the Marangoni
number:

Ma �
���� @s@T

���� � ����@T@x
���� L 2

al � Zl

�1�

In several numerical simulations [3,18,19,31±33,38], it
could be proved that already small temperature gradi-
ents give rise to relatively high ¯uid velocities along

the phase boundary. In order to separate the complex
interactions of several mechanisms involved in the boil-
ing process, gas bubbles without phase transition are
considered in the ®rst step.

2.2. Marangoni force on bubbles

The thermocapillary ¯ow around a bubble exerts a
force on the bubble preventing the bubble from
detaching under microgravity and increasing time of

bubble attachment under earth gravity. In [20] an ana-
lytical model is developed for calculating the reaction
force on a gas bubble of spherical shape. The model is

applicable both for attached �c > 0, Fig. 2) and
detached bubbles �c � 0).
For several temperature pro®les around the bubble

(linear, parabolic, hyperbolic, power law, etc.), analyti-
cal solutions for the corresponding Marangoni force
were derived and compared to a numerical solution

obtained from a two-dimensional ¯ow calculation with
®nite di�erences for a detached bubble. Thus, suitable
analytical temperature pro®les could be determined

su�ciently representing the temperature distribution
around the bubble within the applied model.
The dimensionless temperature pro®le Y around

the bubble interface can be expressed by the tem-
perature T�x�, the temperatures at the top (Tt) and
the bottom (Tb) of the bubble, and a dimensionless

coordinate x:

Y�x� � T�x� ÿ Tt

Tb ÿ Tt

�2�

x � x

R
�3�

As depicted in Fig. 3, a parabolic temperature pro®le
described by Eq. (4) and a hyperbolic temperature pro-
®le described by Eq. (5) were investigated in detail:

Y1�x� � 1ÿ 2x� x 2

�1� cos c� 2
�4�

Fig. 1. Heat transfer mechanisms in subcooled boiling.

Fig. 2. Bubble in a vertical temperature gradient attached to a

heater surface.
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Y2�x� � 1

�2� cos c�10ÿ1

"�
2� cos c

x� 1� cos c

�10

ÿ1
#
�5�

The agreement of the Marangoni force FM calculated

from the parabolic pro®le with the numerical two-
dimensional ¯ow calculation with ®nite di�erences is
quite good up to Ma1104 (Fig. 4). For higher Maran-

goni numbers, the hyperbolic temperature pro®le yields
a better agreement, as the form of the temperature

pro®le is in¯uenced more signi®cantly by the stronger

thermocapillary ¯ow.

Another characteristic feature of thermocapillary

convection becomes obvious from the numerical calcu-

lation. The thermocapillary ¯ow tends to reduce its

driving temperature di�erence. With growing intensity

of the thermocapillary convection, i.e. growing Maran-

goni number, the temperature gradient along the inter-

face is more and more reduced. As shown in Figs. 5

Fig. 3. Investigated dimensionless temperature pro®les for a detached bubble �c � 0).

Fig. 4. Comparison of numerically calculated Marangoni force with analytical solutions.
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and 6, the number of isotherms touching the bubble

surface decreases with increasing intensity of the ¯ow.

2.3. Enhancement of heat transfer

In [20,32] the thermocapillary ¯ow around sessile
and pending half-spherical bubbles is examined to ana-

lyze the in¯uence on the heat transfer. Figs. 7 and 8
show the ¯ow and temperature ®elds around the
bubbles calculated by two-dimensional ®nite di�er-

ences. Even for the smallest temperature di�erences

along the bubble interface, i.e. small Marangoni num-

bers �Ma � 10 corresponds to DT � 1:4� 10ÿ4 K), a

¯uid motion with a typical toroidal vortex can be

observed. In contrast to buoyancy convection, no criti-

cal Marangoni number has to be reached for the onset

of ¯uid ¯ow. With growing Marangoni number, the

isotherms are displaced from the bubble towards the

rigid surfaces leading to an increased heat transfer

there.

Fig. 5. Flow ®eld (left) and isotherms (right) for a ¯oating bubble under reduced gravity.

Fig. 6. Decrease of the number of isotherms with increasing Marangoni number.
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The increased heat transfer is depicted in Fig. 9 as
the ratio of the Nusselt number with thermocapillary

convection Nu and the Nusselt number for pure con-
duction Nu0. Experimental con®rmation of an
enhanced heat transfer by thermocapillary convection
is given by Betz [3].

3. In¯uence of noncondensable gas

3.1. Reduction of heat transfer

Noncondensable gas carried with the vapour
towards the interface tends to accumulate there, while
the vapour condenses. The gas thus impedes the arrival
of new vapour and reduces the heat transfer rate.

Fig. 10 shows the reduced heat transfer as the ratio of
the heat transfer coe�cient in presence of nonconden-
sable gas h and the heat transfer coe�cient for pure

vapour h0 for ®lm, direct, and dropwise condensation
and di�erent bulk mole fractions of gas yn, 1: Already
mole fractions of noncondensable gas of less than 1%

reduce the heat transfer signi®cantly.
A theoretical model for calculating the reduced heat

transfer in presence of noncondensibles has been devel-

oped in [20]. Equalizing the heat ¯ux through the

vapour±gas mixture and the heat ¯ux through the con-
densate, the temperature of the phase boundary can

iteratively be calculated. The model has successfully
been tested with experimental data for ®lm conden-
sation on a vertical tube [9] (Fig. 11).

3.2. Kinetic evaporation and condensation

Evaporation and condensation across a plane phase
boundary are described according to kinetic theory by

the Hertz±Knudsen±Schrage equation [8,28]:

_m�net �
2

2ÿKC

�
M

2pR

�1=2�
KC

pv

T 1=2
v

ÿKE
pl

T 1=2
l

�
�6�

For a curved interface, an analogous equation has
been deduced [20]

_m�net �
4

4ÿ 3 KC

�
M

2pR

�1=2�
KC

pv

T 1=2
v

ÿKE

pl

T 1=2
l

�
�7�

KE and KC are the evaporation and the condensation

coe�cient, respectively. An extensive analysis of the

Fig. 7. Flow ®eld (left) and isotherms (right) for a sessile bubble.

Fig. 8. Flow ®eld (left) and isotherms (right) for a pending bubble.
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evaporation and condensation coe�cients of water is

given in [21]. Frequently, evaporation and conden-

sation coe�cients are equalized, although there is no

physical justi®cation for this simpli®cation. Eq. (7) is

integrated into the numerical model for the accumu-

lation of noncondensibles in bubbles.

3.3. Model for the accumulation of noncondensable gas

In subcooled nucleate boiling, evaporation and con-

densation are coupled in a very complex manner, as

shown in Fig. 12 for an isolated bubble. Due to the

superheating of liquid caused by the heat ¯ux from the

Fig. 9. Relative increase in heat transfer by thermocapillary convection for sessile and pending bubbles.

Fig. 10. Reduction of heat transfer in condensation due to noncondensable gas.
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Fig. 11. Comparison of the numerical model (curves) with the experimental data (symbols).

Fig. 12. Interaction of di�erent mechanisms in subcooled boiling for an isolated bubble.
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heater at the base of the bubble, vapour evaporates

into the bubble and carries along noncondensable gas.
Vapour and gas are transported to the top of the
bubble, where the vapour condenses due to the sub-

cooling of the surrounding liquid and the nonconden-
sable gas accumulates. The arriving vapour has to
di�use through the stagnant layer of noncondensable

gas to condense at the top. Due to the accumulation
of gas, the partial pressure of the vapour and the sat-

uration temperature decrease along the interface. The
corresponding temperature gradients induce a thermo-
capillary ¯ow around the bubble, which removes the

heat released by condensation of the vapour. The
e�ort of thermocapillary convection to reduce its driv-

ing temperature gradient leads to a decrease of the
interface temperature near the bubble base and an
increase near the bubble top. As a consequence, the

intensity of thermocapillary ¯ow around the bubble
diminishes. An equilibrium with a steady-state mass
transport through the bubble is reached, when the

evaporated mass ¯ow rate at the base equals the con-
densing mass ¯ow rate at the top. The accumulation of

noncondensable gas on the top of the bubble increases
the concentration di�erence of the liquid. The accumu-
lated gas partly dissolves into the liquid. This process

is favoured by the thermocapillary convection bringing
continuously new liquid to the interface.

Gradually the amount of noncondensable gas accu-
mulated at the top of the bubble increases and signi®-
cantly reduces the interface temperature. According to

Eq. (7), this decreases the condensing mass ¯ux. On
one hand, a steady-state mass transport through the
bubble can no longer be maintained, and the bubble

begins to grow. On the other hand, the temperature
drop on the vapour side propagates through the inter-

face to the liquid side enhancing the thermocapillary
¯ow around the bubble. As a consequence, the conden-
sation is intensi®ed again due to the increased heat

transfer in the liquid, and the bubble begins to shrink.
A bubble collapse is limited by a growth process, when
the shrinking bubble reaches warmer layers of liquid.

Likewise, the growth of the bubble into the subcooled
liquid is limited by condensation when the growing

bubble reaches colder layers of liquid. Finally, due to
these countercurrent e�ects, a new state of equilibrium
is possible for the bubble.

The complete simulation of such a complex system
with vapour±gas-¯ow through the bubble, a moving

phase boundary with evaporation and condensation of
vapour, accumulation of noncondensable gas in the
bubble and dissolution of gas in the liquid, as well as

thermocapillary ¯ow around the bubble has not been
performed due to limited computer capacities and the
aim of the study to clarify basic mechanisms. There-

fore, a simpli®ed simulation model focusing on essen-
tial processes was developed. As the thermocapillary

convection around the bubble has already been studied
above, the accumulation of noncondensable gas and

the condensation at the top of the bubble, and the in-
¯uence on the heat transfer is now paid special atten-
tion to. The interface of the bubble is treated as

spherical and nondeformable. The mass transport
model of Robin and Snyder [27,29] is applied for the
simulation of a steady-state mass ¯ow through the

bubble in combination with Eq. (7). According to
Vogel [43], an isolated bubble with a distinct conden-
sation zone and an evaporation zone is considered.

The dissolution of noncondensable gas in the liquid is
regarded as negligible compared to its accumulation
along the interface. The model is summarized in Fig. 13
and described in more detail in [20].

The in¯uence of accumulated noncondensable gas
on the condensation at the top of the bubble is quanti-
®ed followed by the increase in heat transfer (heat

transfer coe�cient h ) necessary to remove the heat of
condensation completely for a steady-state mass ¯ow
through the bubble. The relative increase in heat trans-

fer is given by h/h0, where h0 denotes the heat transfer
coe�cient in absence of noncondensibles. If this
increased heat transfer cannot be provided by the ther-

mocapillary convection around the bubble, the bubble
begins to grow, as discussed above. If, on the other
hand, the heat transfer by thermocapillary ¯ow is
higher than the required amount to remove the heat of

condensation, the condensation rate exceeds the evap-
oration rate at the base, and the bubble shrinks. Thus,
the experimentally observed growth and collapse of

bubbles with steady-state vapour ¯ow can be explained
by the employed model.

3.4. Results

If a certain mole fraction of noncondensable gas in

the bulk of the bubble yn, 1 is exceeded, a signi®cant
increase in the heat transfer in the liquid is necessary
to sustain a steady-state mass transport through the

bubble (Fig. 14).
With increasing subcooling, the increase ¯attens

gradually and the bubble is less sensitive to an ac-

cumulation of noncondensable gas. However, for small
subcoolings, a steep increase in the necessary heat
transfer is observed. If the thermocapillary convection
cannot provide the necessary heat removal, the bubble

grows.
Furthermore, regions, where a steady-state mass

¯ow through the bubble is possible, can be determined

from Fig. 14. For a bulk concentration of nonconden-
sable gas of yn, 1 � 5� 10ÿ3 and a subcooling of
DTL � 5 K, no steady-state mass ¯ow is possible due

to an in®nite necessary heat transfer in the liquid (no
intersection of the curve for DTL � 5 K and the line
yn, 1 � 5� 10ÿ3); as a consequence, the bubble grows
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under the given conditions. For yn, 1 � 5� 10ÿ4, how-
ever, a steady-state mass ¯ow through the bubble is
possible with a ®nite increase in heat transfer that can

be provided by the thermocapillary convection around
the bubble.
The accumulation of noncondensable gas expressed

by its mole fraction at the interface yn, i is depicted in

Fig. 15 as a function of the concentration of noncon-
densable gas in the bulk of the bubble yn, 1 and the
subcooling of the liquid DTL: As mentioned above, the

thermocapillary convection around the bubble cannot
provide an arbitrary high removal of heat from the

bubble. The corresponding regions of bubble growth
are marked with dashed curves in Fig. 15.
The in¯uence of the system pressure on the accumu-

lation of noncondensable gas is depicted in Fig. 16.
With rising system pressure, the impediment of con-
densation at the top of the bubble is displaced towards
the lower bulk concentrations of noncondensable gas.

Due to the increased system pressure, the mass ¯ows
of vapour and noncondensable gas through the bubble
are also enhanced. Therefore, higher concentrations

of noncondensable gas occur along the interface and
the increased heat transfer necessary for a steady-

Fig. 13. Nondeformable isolated vapour bubble with steady-state mass ¯ow.

Fig. 14. Increase in heat transfer necessary for steady-state mass ¯ow.
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state mass ¯ow through the bubble is reached already
with lower bulk concentrations of noncondensable

gas.
Further results concerning other parameters, such as

the wall superheat, the type of ¯uid, as well as the con-

densation coe�cient, are presented in [20].
The increase of the average concentration of non-

condensable gas in the bubble with respect to time is
shown in Fig. 17. Depending on the wall superheat

DTW, gas concentrations between 2 and 1000 ppm are
already reached after 1 ms. Growth times in the order

of microseconds for vapour bubbles in saturated boil-
ing on earth are too short for high concentrations of
noncondensable gas to build up. However, in sub-

cooled boiling, the bubbles are attached to the heater
surface for some milliseconds. Both temperature and
partial pressure of the vapour are reduced at the
bubble top by the accumulated gas, and thermocapil-

Fig. 15. Mole fraction of noncondensable gas at the interface as a function of bulk mole fraction of noncondensable gas.

Fig. 16. Increase in heat transfer for di�erent system pressures.
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lary convection around the bubble is enhanced. Es-
pecially, under microgravity, where the bubbles do not

detach due to the missing buoyancy, high concen-
trations of noncondensable gas in the bubble are poss-
ible.

4. Conclusion

The in¯uence of noncondensable gas as an import-
ant source for the thermocapillary ¯ow in subcooled
boiling observed in microgravity experiments has been

investigated in the previous sections. Due to the com-
plexity and interaction of several mechanisms involved,
the individual mechanisms have been de-coupled in
simpli®ed models with the aim to clarify basic mechan-

isms.
The thermocapillary convection around the bubble

induced by gradients of saturation pressure and tem-

perature along the bubble surface impedes the detach-
ment of a bubble by a reaction force due to the ¯ow.
For small and medium Marangoni numbers, parabolic

temperature pro®les describe the action of the Maran-
goni force on the bubble quite adequately. For higher
Marangoni numbers, hyperbolic pro®les are more suit-

able, as the form of the temperature pro®le is directly
in¯uenced by the strength of the thermocapillary con-
vection.
To investigate the in¯uence of noncondensable gas

on the condensation process in subcooled boiling, an
isolated bubble with steady-state mass ¯ow from its
bottom to top is considered. Noncondensable gas is

carried along with the evaporating vapour at the base
of the bubble and accumulates at its top. The di�usion

resistance caused by the noncondensable gas impedes
the motion of vapour towards the interface. It
increases the vapour pressure and temperature gradient
along the interface and enhances the thermocapillary

¯ow around the bubble. By the thermocapillary con-
vection, heat is removed from the heater and the
bubble, as well.

To ensure a steady-state mass ¯ow through the
bubble in presence of accumulated noncondensable
gas, an intensi®ed heat transfer in the liquid is necess-

ary, which is possible by the thermocapillary convec-
tion. However, the heat transfer rate to remove the
heat of condensation cannot be increased arbitrarily.
From the performed parameter study, conditions could

be revealed, where a steady-state mass ¯ow through
the bubble is no longer possible and the bubble begins
to grow into the subcooled liquid, which is in accord-

ance with experimental observations.
With increasing subcooling of the liquid or with

reduced system pressure, the bubble is less sensitive to

the accumulation of noncondensable gas. Transient in-
vestigations reveal that within a few milliseconds high
concentrations of noncondensable gas can build up in

bubbles under steady-state mass ¯ow conditions.
Depending on the system parameters, thermocapillary
¯ow can also be observed for bulk mole fractions of
noncondensable gas of 10ÿ4. The signi®cance of the ac-

cumulation of noncondensable gas for thermocapillary
convection is thus emphasized for subcooled nucleate
boiling.

Fig. 17. Increase of the average concentration of noncondensable gas with time.
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