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Abstract In literature it is generally supposed that under

terrestrial conditions the driving force in natural, nucleate

boiling heat transfer is namely buoyancy caused by earth

gravity, which is expressed in the empirical correlations for

technical applications. However, experiments in micro-

gravity performed during the past three decades demon-

strate unanimously that up to a medium level heat flux the

overall heat transfer in pool boiling is nearly independent

from gravity. We refer and discuss in this paper on results

of experiments performed with various liquids and liquid

states and also using various heater geometries on mission

platforms which provide low gravity for short and long

periods. Beside the measurements of the experimental

parameters to determine the heat transfer, we observed the

macroscopic boiling process itself with movie films and

videos in order to study the bubble dynamics. From these

records we learned about the mechanisms of heat and

vapour bubble transport, about the interaction between

solid heater, superheated liquid, and vapour without gravity

or other external force only generated by the bubbles

themselves, and we observed significant details about the

boiling process not recognized so far. These findings are

essential for a better understanding of the complex physical

process; and therefore they are important for the formula-

tion of empirical correlations, and in future for numerical

simulations to predict properly boiling heat transfer for

technical applications.

1 Introduction

The overall boiling process is known to be very complex

due to the combination of various physical phenomena

occurring in a very transient manner. Because it consists in

sequences of nucleation or bubble activation at onset of

boiling, followed by bubble growth up to detachment from

the heated wall, the bubble departure, and transport of

liquid and vapour away from the heater. At pool boiling

under terrestrial conditions these processes are influenced

more or less on buoyancy effects caused by earth gravity

and it is generally assumed that their interaction is

responsible for the overall heat transfer expressed in the

applied empirical correlations for pool boiling. In spite of

the numerous experimental investigations of boiling heat

transfer the question of the influence of gravity was not

studied. Only few experiments of limited quality with

lower or higher gravity values have been performed up to

the 1980s with partially contradictory results.

At the beginning of our research the objective was to

answer the following key questions:Is boiling an appro-

priate mechanism of heat transfer in space applications for

heating, or cooling purposes, and energy conversion. From

a scientific point of view it was interesting, how heat

transfer and bubble dynamics would occur without buoy-

ancy, or generally, without any external force have an

effect on them like shear, electrical or magnetic field for-

ces? Is phase change and bubble dynamics itself able to
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maintain stable heat transfer in pool boiling? Most ana-

lytical correlations used today to calculate heat transfer

coefficients for practical applications in pool boiling are

more or less based on the assumption that buoyancy

detaches the bubbles from the heating surface and carry the

bubbles, respectively the vapour and its latent heat away. If

according to this basic model the bubbles would not

detach, they would form rapidly a vapour layer at the heat

exchanger surface and thermally insulate it, consequently

heat transfer would break down in absence of gravity. In

contrast to this assumption that buoyancy is the driving

force for bubble departure and stable heat transfer, it was

surprising that in the experiments performed in a micro-

gravity environment the bubbles basically still detach and

depart from the heater surface, they did not form an insu-

lating vapour film which leads to heater burnout, and the

heat transfer did not collapse. On the contrary the experi-

ments in microgravity show that the boiling heat transfer

coefficients up to about 50–60% of the critical heat flux

achieved under earth gravity stay nearly identical com-

pared with the terrestrial values. At lower heat fluxes and

low system pressures they are even up to 15% higher

compared to terrestrial conditions and show a slow

decrease with increasing heat flux. Most used analytical

model correlations for pool boiling heat transfer fail com-

pletely when extrapolated to the actual low gravity con-

ditions. Thus gravity in these correlations must be

practically treated as a constant and can not be regarded as

a physical parameter. Furthermore the theoretical treatment

of heat transfer between the gravity-free and terrestrial data

indicates that the basic physical mechanisms in both cases

must be identical and more or less independent from

gravity. Today there is general agreement that the evapo-

ration at the liquid–vapour interface at the bubble base at

the heater is the dominating process for the heat transfer

with very high values at the contact line of the three phases

solid–liquid–vapour. But just as important as the bubble

generation is the bubble transport away from the heater

surface.

The basic questions arise how the bubbles eventually

detach, depart and move away from heater without buoy-

ancy or other external forces, and what are the mechanisms

able to replace the buoyancy driven effects? Therefore we

concentrated our research on pool boiling only, without

applying any external forces [1], in order to find out what

are the heat and mass transport mechanisms the bubbles

develop. That’s why a microgravity environment itself is

an outstanding environment to study boiling in order to

gain a better detailed understanding of the complex inter-

related thermo-physical mechanisms for correct application

under space conditions but rather at earth too. We like to

refer to flow boiling studies performed under microgravity

by H. Ohta [2].

2 Experiments

Various carrier systems that allow the simulation of

microgravity could be used, such as the Drop Tower at

ZARM, Bremen, Germany (5 s duration of microgravity,

10-4 g), Drop Shaft at JAMIC, Hokkaido, Japan (10 s),

parabolic flight trajectories with NASA’s aircraft KC-135,

Houston, USA (20 s), ballistic sounding rockets TEXUS at

Kiruna, Sweden (6 min), and as highlights finally three

Space Shuttle missions (several hours/days). As far as the

experimentation possibilities of the respective missions

allowed, a systematic research program was developed and

realized which was always adjusted to the possibilities of

the respective mission platform, and the mission boundary

conditions itself; and it was continuously updated to the

scientific findings of preceding experiments, and to new

experimental parameters. Likewise appropriate experiment

assemblies were developed, designed and adopted to the

mission platforms to obtain optimum results. The mean

features of the experiment configuration consisted of a

hermetically sealed liquid cell with control of the bulk

temperature, and the fluid pressure was controlled by

means of an elastic metallic bellows with adjustable pres-

sure setting applied from a gaseous pressure bottle [3, 4, 7].

With this system the pressure during boiling could be kept

at constant level, and with liquid temperature variation the

saturation pressure of the liquid could be changed easily, as

well as a wide range of subcooled liquid conditions could

be established and kept. Various heater geometries were

used like platinum wires with 0.05–0.2 mm diameter,

semiconductor thermistors with a shape of small spheres of

0.3–1.4 mm diameter, and a flat gold coated surface of

20 9 40 mm2 in order to study also the influence of

geometry. These heaters could be employed simulta-

neously both for heat flux control and as resistance ther-

mometers to measure the average temperature at the heater

surface. Moreover the experiment assemblies also com-

prised special electronics for process control, data record-

ing, film and video cameras. It should be mentioned that in

all cases certain limitations existed in terms of available

power, size and mass, and experimental time, therefore we

could not apply technical heater systems.

3 Results and the gravity efficiency

As mentioned the most important result of the boiling

experiments performed was the study of the influence of

gravity as a parameter [1, 3]. As usual the heat flux, the

heater wall temperature, the liquid bulk temperature, and

the liquid pressure (at saturation state or sub cooling) have

been measured. Simultaneously visual observation of the

boiling process and bubble dynamics are recorded by video
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cameras. Reference measurements to all microgravity

experiments are performed on earth under terrestrial con-

ditions with exactly the same experimental facility, the

same liquid and liquid conditions before and after each

mission. With it the influence of gravity can be best

described by the gravity efficiency elg represented as the

ratio of heat transfer coefficients or heat fluxes determined

under microgravity (lg) to those under earth (1 g) per-

formed at identical experimental conditions.

elg ¼
alg

a1g
ð1Þ

As an example in Fig. 1 the gravity efficiency at

nucleate pool boiling for a saturated refrigerant R123 in

microgravity 10-4 g at a small circular plan heater is

shown versus the heat flux at various system pressures

(saturation states). It is interesting to note, as already

mentioned above, that the heat transfer under microgravity

conditions is in the same order as at 1 g, and that at low

system pressures and low heat fluxes the efficiency is even

enhanced by up to 15%. This trend is decreasing with

increasing heat flux and with increasing saturation

pressure. The last assessment indicates the great effect of

surface tension, which may be shown that with increasing

saturation temperature the surface tension decreases and

the heat transfer efficiency decreases too. We achieved

similar results with other heaters and other liquids too, thus

the results according to Fig. 1 can be regarded to be

representative for all of our microgravity experiments [1, 3,

5, 6]. In order to avoid the destruction of the heaters by

thermal burnout the heat flux could not be increased above

a certain value, however, the general observation was that

nucleate boiling could be maintained up to about 50–60%

of the maximum heat flux values achieved on earth before

transitioning to the critical regime of film boiling.

4 Gravity efficiency of some extrapolated correlations

In the same way we analysed pool boiling correlations

[8–10]. If except the actual gravity all other experimental

and liquid parameters are regarded to be identical, the

efficiency of gravity can be formed as ratio of actual

gravity a over earth gravity g and a power law eq. (2) can

be developed.

elg ¼
alg

a1g
¼ a

g

� �n

ð2Þ

The gravity efficiency is plotted in Fig. 2 versus the

gravity ratio from 102 to 10-4 g. It can be seen that no

common trend concerning the gravity dependence could be

deduced from existing correlations. The exponent n of the

power law in Eq. (2) vary in the range between 0.5 and

-0.35. However derived from microgravity experiment

results the exponent should be close to unity ± 10% over a

wide range of pressures and heat fluxes. Certainly this

exponent can not be a constant number; it will be itself a

function of liquid state and heat flux. The correlation of

Rohsenow [8], especially most used in USA, with n = 0.5

drops drastically down to 1% at microgravity. The

uncertainty resulting from the extrapolated equations may

be the reason that pool boiling systems have not been used

for technical space applications. It should be mentioned

that in agreement with the lg results also hyper-gravity

experiments in centrifuges do not show an increase of the

heat transfer efficiency as some correlations predict, but

more a decrease of the efficiency of about 5–10% by an

increase of gravity to 100 g [11].

Of course all these correlations are based on experi-

mental results achieved on earth, and they were never

thought for extrapolation to microgravity; but they are

based on the physical model that buoyancy force acts on

the bubbles for detachment and departure, and determine

Fig. 1 Gravity efficiency at saturated boiling, R123, BTPU, circular

plane heater of 3 mm diameter [6]

Fig. 2 Gravity efficiency of various correlations [8–10] extrapolated

to lower and higher gravity values
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the heat transfer under these assumptions; this is even the

case when the departure diameter is used as a characteristic

length scale in the correlations. From our microgravity

results these buoyancy dependent boiling models are

questionable. In the following we will discuss the detailed

thermo-physical phenomena events which are influenced

by gravity, and which mechanisms still maintain heat

transfer in microgravity, and what are the relevant driving

forces if buoyancy effects go to zero.

5 Onset of boiling

Let us begin to elaborate on the boiling regime with

nucleation at the onset of boiling. According to the nucle-

ation theory the onset of boiling doesn’t depend on gravity.

Rather it depends on the geometry of the nucleate sites, the

heater material, on the liquid and its thermodynamic state

and most on the local temperature at the nucleate site. The

latter one is influenced by the heat flux and by natural

convection at 1 g. It was observed that incipience of boiling

occurs at lg at a lower heat flux than at 1 g but nearly at the

same average temperature. After heater power on at 1 g

buoyancy driven natural convection sets in developing

liquid flow patterns, and cools the heater not evenly, but

according to the formation of the convection patterns.

Nucleation occurs where locally the temperature fits a

nucleation site to become active. In Fig. 3 the temperature

course versus time at lg after power on is compared with 1 g

under the same experimental conditions: (platinum wire

0.05 mm diameter, heat flux 69 kW/m2, liquid is refrigerant

R134a at saturation state, p/pc = 0.21). In both cases the

temperature increase of the wire follows first according to

heat conduction. Under lg conditions onset of boiling

occurs at about 60�C, it follows a rapid temperature decrease

to 45�C within 0.5 s. Under 1 g conditions the average

temperature seems to be 1�–2� lower at onset of boiling, and

then within 3 s the temperature slowly decrease to reach the

same value than at lg. In the further course of ramping up

the boiling curve both temperatures remain almost at the

same level which means, that at the same heat flux also the

same heat transfer coefficients are adapted, that means the

gravity efficiency elg. = 1. At the onset of boiling the slow

decrease of the heater temperature at 1 g compared to lg

indicates that a large part of the wire is still cooled by

buoyancy convection, and the temperature necessary for

nucleation spreads only slowly over the entire heater wire

and activates boiling. Under lg the onset of boiling occurs

more evenly along the whole heater due to the preceding

thermal diffusion regime and is like a small phase change

explosion. These heater temperature evolutions are well in

line with the evolution of the bubbles spreading along the

wire as recorded by the video observation.

6 Bubble growth

The bubble growth rate depends on the heat flux and

temperature at the heater surface. We may assume that in

boiling the temperature at the interface on the vapour side

of the bubble is nearly at saturation and small gradients

lead to strong evaporation. From our experimental obser-

vations we conclude that the major part of the evaporation

results from the thin liquid micro layer at the bubble base

in direct contact with the solid heater, at this location high

temperatures are calculated at the interface [12]. Further

we observed [3] that smaller bubbles move with a liquid

flow toward the wedge formed contour of larger bubbles,

Fig. 3 Temperature course

during onset of saturated boiling

at lg and 1 g, R123a, p/

pc = 0.21 wire 0.05 mm
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this supports new boiling models [13, 14]. As far as the

bubble interface is in direct contact with the superheated

liquid of the boundary layer at the heater surface additional

evaporation comes along the bubble interface. The size of

this boundary layer is gravity dependent, and has so far

influence on the growth rate, but this part of evaporation is

very small compared with the strong evaporation rate from

the micro layer at the bubble base; its influence is hard to

ascertain experimentally.

7 Bubble detachment and departure

Of course steady state boiling in microgravity needs even

mechanisms that the bubbles can be transported away from

heater. Since the heat transfer coefficients are practically

identical for microgravity and earth gravity, these transport

mechanisms in lg must replace gravity, and they are

responsible for bubble detachment and departure from

heater. After nucleation and during growth static and

dynamic forces hold the bubbles attached at the heater

wall, and there are forces which provide them a first push

to detach and depart them. In the following we will

describe some observations to understand these mecha-

nisms without consisting on completeness.

7.1 Inertia forces

In some video recordings we could observe under micro-

gravity after incipience of boiling on heater wires a swarm

of very tiny bubbles shooting from the heater. These first

nucleated bubbles are growing in the very high superheated

liquid boundary layer at the heater; due to the high

superheat they grow very fast, and push the liquid away.

The inertia forces of this liquid act on these bubbles and

detaches them and carries them along. But this happens

only during the first event of boiling onset at the very fast

bubble growth rate. This event is well known as a mech-

anism for bubble detachment due to inertia forces, but

calculations show, that this effect happens only at the first

phase of boiling onset where a high superheat of the liquid

boundary layer is necessary for bubble nucleation resulting

in a fast bubble growth. This was even the reason that the

temperature of the thin heater wire dropped down fast as

observed in Fig. 3. This swarm of tiny bubbles move

slowly away, while subsequently at the heater wire the

usual bubble boiling appears.

7.2 Oscillation of heater wall temperature (Ripening)

It is often observed that the temperature of the solid surface

below a bubble oscillates with the frequency of bubble

generation and departure. The heat for evaporation during

bubble growth is mainly taken from the small, thin circular

area of the heater wall at the bubble base, where the bubble

is attached at the wall. In the centre of it a dry spot is

formed, as recent numerical and experimental studies

demonstrate [14]. The reaction force resulting from bubble

growth and the recoil force caused by the strong evapora-

tion at the bubble base holds the bubble at the surface and

deforms it, forming an obvious wetting angle. This strong

evaporation consumes the heat from the solid wall, and

reduces that way very locally the wall temperature. Also a

very thin slice of the solid wall is affected by the local heat

sink, the temperature recovery by thermal diffusion in the

solid material is a slow process compared with the spon-

taneous evaporation process. Therefore temperature oscil-

lation is caused. At the low temperature phase of this

oscillatory process the evaporation rate is highly reduced

and further bubble growth practically stops, and just at that

moment the bubble holding forces vanish. Now the bubble

gets released and detaches from the heater and reforms

itself to spherical shape, and the dry spot below the bubble

rewets by superheated liquid flowing from the side. The

bubble lifts itself by the formation to sphere and the inertia

of the following liquid pushes it further off. This bubble

departure mechanism is confirmed in all our boiling

experiments at microgravity by the observation that when

the power of the heater was switched off suddenly all

bubbles depart immediately. They jump from the heater

surface and immediately the liquid fills the empty space

and rewets the solid surface. The bubble is like a spring

which is kept at the wall by the holding forces caused by

evaporation and dynamic bubble growth, and gets released,

when evaporation and therefore bubble growth is stopped.

The energy for such a bubble departure process is stored in

the deformed bubble by surface tension energy and

released by reshaping from the deformed shape to a sphere.

The bubble departure is also supported by the inertia of the

moved liquid during bubble growth, see Sect. 7.1. That

process of temperature oscillation for bubble detachment

can also be compared in a simplified way with an apple

hanging at a tree, when the apple is getting ripe the sap

(heat flux) to the apple is interrupted, the apple falls down;

therefore we may call it also ‘‘bubble ripening’’, but this

biological oscillation process in nature occurs only once a

year.

7.3 Bubble coalescence mechanisms

Very strong transport mechanisms are bubble coalescence

processes, Fig. 4. We observed during boiling vigorous

lateral and vertical bubble coalescence processes, which

push the bubbles from the surface and further away. There

are three effects: (i) even regarding only the steady state

case before and after unification of bubbles, the centre of

Heat Mass Transfer (2010) 46:1147–1157 1151
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the joint bubbles moves away from the heater surface, the

released volume is replaced by following liquid, it’s inertia

pushes off the bubbles; (ii) after coalescence the unified

bubble oscillates alternately in lateral and orthogonal

direction, in perpendicular direction it hits the wall and

pushes it selves off, (iii) the momentum and inertia of the

following liquid push the bubbles further off.

8 Bubble removal at saturation state

As described before the mechanisms of bubble detachment

and departure are observed to be identical both for satu-

rated and subcooled liquids. However, the mechanisms of

bubble or vapour removal differ. In saturated liquids the

removal is mainly caused by coalescence processes, which

depend on the size of the coalesced bubbles. From videos

we observed that the bubbles still grow and therefore get

larger after detachment from the heater. If two bubbles of

same diameter freely coalesce in liquid the centre of the

joint bubble will be at the contact point, when the oscil-

lation comes to rest. The released surface energy caused by

the reduced surface of the joint bubble is dissipated by

oscillatory motion. If this coalescence happens parallel to

the heater surface, the joint bubble will move away, Fig. 4.

After detachment the bubbles at saturated boiling hover

above the heater surface, and newly generated bubbles

grow below, touch, and join them, and lift the bubble by

the dynamics of the coalescence process. If a small bubble

contacts a larger one, the vapour of the small bubble flows

fast into the larger bubble by the pressure difference due to

Laplace equation. The velocity of this vapour flow is

accelerated with the decreasing diameter of the small

bubble. The empty space of the vanishing small bubble is

filled up by following liquid, which becomes accelerated

with the decreasing bubble size, and pushes by its inertia

the large bubble. In Fig. 5 we observed on the 0.2 mm

diameter heater wire the bubble removal by coalescence

processes. In the upper picture row on the left the two

bubbles 1 and 2 contact each other, followed to the right by

the coalescence process between them. In the second row

the united bubble 3 oscillates lengthwise and crosswise. If

we follow the position of the two bubbles from the first row

to the last picture for bubble 3, we register a remarkable

movement within the period of 300 ms, the frame sequence

is 20 ms, the frame width is 6.4 mm. We must regard that

no external forces act on the bubble. As we observed in the

video, all bubbles grow with increasing distance from the

heater by continuous coalescence processes, each bubble

coalescence pushing the joint bubbles step by step by the

inertia of the following liquid. These basic hydrodynamic

processes maintain the vapour transportation in micro-

gravity. Certainly the boiling process at saturated liquid

state comes to rest when the pool is filled up with vapour.

9 Heat and vapour removal at subcooled liquid state

In case of subcooled boiling the bubbles generate a strong

flow as long as they are attached to the heater. This flow is

perpendicular to the heater surface and causes a reaction

force which presses the bubbles together with the recoil and

bubble growth force towards the heater surface. However,

as described before even at subcooled boiling bubbles

detach from the heater by temperature oscillation (ripening)

and coalescence processes. If the bubbles detach also the

reaction force of the flow around the bubble is stopped.

Such detached bubbles move away along with the flow, they

are taken along by the inertia and shear of their own pro-

duced flow, and by the flow generated by neighbouring

bubbles. They become smaller with distance from the heater

due to condensing in the subcooled liquid, Fig. 6.

This flow can be identified as a certain type of thermo-

capillary flow or surface tension driven flow (Marangoni

Fig. 4 Various forms of

oscillations after lateral and

vertical coalescence
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convection), caused by temperature gradients along the

surface of the bubbles between base and top. The origin of

this thermocapillary flow will be discussed below. After

departure in some distance from the heater these bubbles

come to rest in the subcooled bulk liquid, condense, and

disappear. A detailed view shows Fig. 7. Bubble 1 jumps

from the surface after coalescence with the two small

neighbouring bubbles, the joint bubble stops in some dis-

tance from the heater and condenses. The bubble set 2

coalesces, the joint bubble lifts up from the surface and

returns to it. This behaviour may be due to the fact that this

bubble penetrates with its top into colder liquid layers,

developing a thermocapillary flow along its surface which

drives the bubble backwards towards the heater. In the same

way we may explain the sudden stop and stand still of

bubbles in the middle of the overall flow. They penetrate

with their top into the subcooled bulk liquid, and develop

around them a thermocapillary flow. Even this flow is in the

same direction as the overall flow, a reaction force is gen-

erated on the bubbles in the opposite direction which stops

the bubbles and holds them in place, if the reaction force of

the thermocapillary flow on the bubbles surface is of

the same order as the shear force on the bubbles of the

overall flow. This opinion is supported by the observation

that stagnant bubbles condense much slower than moving

ones.

10 Liquid jet stream generated on large bubbles

A further observation [1, 6] was noted on small plane

circular heaters and on spherical beads (glass-coated

semiconductor thermistors); under certain conditions of

liquid state and heat flux large bubbles were formed, they

are attached and remain at the heater and grow to a size

much larger, than the size of the heater itself (up to 10

times). These bubbles produce a strong thermocapillary jet

flow at the top, Fig. 8, visualised by diffraction interfer-

ometry applied to a dedicated nucleation and boiling

experiment operated in the Bubble, Drop and Particles Unit

Fig. 5 Bubble removals by coalescence processes; frame frequency 50 Hz, frame width 6.4 mm. Reference explanations for bubbles 1/2/3 see

text

Fig. 6 Subcooled boiling, bubbles depart and move away by

thermocapillary flow
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(BDPU, ESA facility) during the LMS Spacelab mission

(1996). In this case the energy and mass balance is covered

by the evaporation at the base, the vapour flow through the

bubble, the condensation of the vapour at the upper part,

and the thermocapillary flow on the liquid side of the

bubble, which takes heat and mass with it into the bulk

liquid. If the heat flux was changed these large bubbles

adjust their size until heat, respectively, mass transfer from

bubble base to top is balanced. These bubbles act quasi as

steady state adjustable heat pipes between the heater and

liquid.

In order to study this surface tension driven jet flow we

measured the radial velocity distribution with particle

image velocimetry (PIV) which was provided in the optical

diagnostic system of BDPU as mentioned above. For

example at a subcooling of DTsub = 4.8 and 9.9 K the

Gaussian velocity distributions are shown in Fig. 9, the

parameter Dx indicates the distance from the heater sur-

face. The maximum velocity in the centre of the jet flow is

increasing with the heat flux and decreasing with the dis-

tance from the heater. Surprising was that at higher sub

cooling the velocities are getting lower, for example at

DTsub = 4.8 K the maximum velocity is 8.5 m/s, and at

9.9 K it is 4.6 m/s, even at a higher heat flux. This result is

against the common understanding of thermocapillary

convection. That’s why in this case the temperature dif-

ference between heater and the bulk liquid, generally used

to describe thermocapillary convection by Marangoni

number, can not be applied, and is no measure to describe

heat transfer in subcooled boiling.

11 Origin of thermocapillary convection

in subcooled liquid

It must be emphasised that in the case of boiling in satu-

rated liquids we could never observe any flow in the liquid

which would indicate the existence of surface tension dri-

ven flow, however, at subcooled boiling, as demonstrated,

always convection was observed in all of our experiments.

Up to now, it is not clear whether thermocapillary con-

vection starting in the micro wedge region at the bubble

base may occur or not. Indeed, there exist high temperature

gradients [14] along the interface due to the high evapo-

ration rates there. However, the dimension of this area is so

small that either a flow doesn’t develop or could not be

observed with present applicable optical methods. There-

fore, we exclude the micro-wedge area from our further

consideration concerning thermocapillary convection.

Fig. 7 Detailed views of

subcooled boiling: Bubble 1

coalesces with the two

neighbouring bubbles, depart,

and condense. Bubble 2

coalesce, depart and return

Fig. 8 Thermocapillary convection at a single bubble, visualised by

diffraction interferometer BDPU, LMS 2 mission 1966
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We repeat the statement expressed before: no convec-

tion could be observed at saturated boiling, but a strong

convection appears always at subcooled boiling, see

Figs. 6, 7, 8. The first is understandable by the general

experience that the interfacial heat and mass exchange is a

strong process, already very small temperature differences

lead immediate to a strong mass exchange either through

evaporation or condensation, so that deviations from

equilibrium at the interface are immediately balanced. This

leads to nearly uniform temperature along the interface, so

that no temperature gradients along the bubble interface

appear strong enough to generate a thermocapillary flow.

The question arises: what generates the liquid flows at

subcooled boiling? Following the arguments discussed

above we should assume, that the bubble interface in

subcooled boiling is also near equilibrium at saturation

temperature. Also any bubble at subcooled boiling is

generated in the superheated liquid at the heater wall, and

grow within it, but if it grows beyond this superheated

layer, and penetrates with it’s top into the subcooled liquid,

by that the interface may get only a little below saturation

temperature, and the vapour molecules will condense

immediately. At the subcooled liquid side the heat of the

condensing molecules is transported into the subcooled

liquid. However, non-condensable gases, inert gases (like

air), first dissolved in the liquid, are released on the bubble

base with the evaporating molecules, transported with them

to the upper part, but when the vapour molecules condense;

the non condensable molecules remain at the interface and

accumulate there. The total pressure inside the bubble can

be assumed to be constant; it consists of the partial pressure

of the accumulated non condensable gas and the partial

pressure of the vapour. At the top of the bubble interface

where the non-condensable gas is most accumulated

the partial vapour pressure is reduced, and according

with it the saturation pressure, and with it the saturation

temperature. The partial vapour pressure determines the

saturation temperature at the interface, which is lower at

the bubble top than at its base; consequently at the interface

a temperature gradient from bubble top to base is estab-

lished, which generates a thermocapillary flow in opposite

direction from base to top Fig. 10. Calculations show that

also very small impurities of non-condensable gases in the

liquid are sufficient to generate a layer of inert gas inside

the bubble interface which is thick enough to cause ther-

mocapillary flow [15, 16, 17]. The difference of the partial

vapour pressure between bubble base and top drives also

the vapour and with it the non-condensable gases to the

top. The shear force of the thermocapillary flow at the

bubble interface on the liquid side supports this transport,

and promotes on the top the accumulation of non-con-

densable gases. There could be a limit of the thickness of

the accumulated non-condensable gas layer, because the

vapour molecules must diffuse across this layer, but then

Fig. 9 Radial velocity

distribution from the jet flow of

Fig. 8, Dx distances from heater

T 

vapor 
condensation, 
inert gas 
accumulation 

evaporation 

Thermocapillary  
flow 

Fig. 10 Origins of thermocapillary flow (Marangoni convection) by

accumulation of non condensable gases at the top of the bubble
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the bubble will grow and the surface for condensation will

increase. This could be the reason that large bubbles adapt

their size for optimal heat transport, as described in Sect.

10.

It must be emphasized that for our experiments we have

used liquids as pure as commercially available and we

further purified and de-gassed them further by multiple

distillations under high vacuum conditions.

12 Pumping at high liquid subcooling,

cavitation boiling

At high liquid subcooling a higher heat flux is necessary to

raise the wall temperature so far up to nucleation temper-

ature, that bubbles may be generated. Otherwise heat

conduction at lg or convection at 1 g is sufficient to cool

the heater below nucleation temperature. If boiling occurs,

the high heater surface superheat causes a rapid bubble

growth, which consumes the surrounding superheat energy

immediately. The bubble grows, the interface extends, and

gets in touch with subcooled liquid, and then the vapour

condenses spontaneously, the bubble collapse. The rapid

periodic bubble expansion and collapse acts like the piston

of a pump pushing with high frequency hot liquid away.

During the short period in which the bubble and its inter-

face exist, thermocapillary flow cannot be developed.

Because of the microscopic size of the bubbles and the high

frequency of this bubble growth, and condensation process

the details of the events could not be visualized with the

available optical instrumentation, but by in situ diagnostic

inspection with an interferometer a slow moving plume of

hot liquid could be detected in microgravity, which is

identified with the pumped liquid, whereas at 1 g strong

convection prevails and cover the whole process. This

process is similar to the mechanism according them ink jet

printers are working.

13 Conclusions

We achieved unexpected scientific results at boiling

experiments in microgravity. At low system pressures and

medium heat flux nearly the same and partially even higher

heat transfer coefficients compared to earth conditions

were measured. We must draw the conclusion that the key

mechanisms for heat transfer in boiling are the same in 1 g

and lg. The standard analytical correlations describing the

heat transfer in boiling fail, if they are extrapolated to

microgravity or hyper-gravity.

1. The evaporation at the bubble base is the most

important mechanism which determines heat transfer

in boiling, because this process in lg is up to a certain

heat flux nearly identical to that at 1 g.

2. In absence of gravity the bubble detachment, departure

and transport is due to the momentum and inertia

generated by the bubbles and their coalescence

processes. They maintain the vapour transport away

from the heater. Various coalescence mechanisms

could be detected; they replace gravity related buoy-

ancy effects and are the responsible mechanisms for

the detachment of the bubbles from the heater surface

in saturated and subcooled state. In order to understand

the heat transfer and the bubble behaviour optical

observations in direct correlation with the heat transfer

measurements were performed. These mechanisms are

discussed.

The origin of the flow observed around bubbles in sub-

cooled liquids can be identified as surface tension driven

flow (thermocapillary), which in case of subcooled boiling is

due to accumulation of non-condensable gases in the upper

part of the bubbles. This conclusion results from the fact that

in saturated boiling no such flow could be observed.

It is astonishing that the periodical removal of the

vapour bubbles from the heater surface either at 1 g by

gravity or at lg the different bubble dynamics has less

influence on the overall heat transfer as generally assumed,

and even at flow boiling the heat transfer does not

noticeably change at the conditions of microgravity.

We describe in this paper the physical processes and

mechanisms of the complex boiling system which appear at

lg and definitely as well at 1 g, but in this case it is covered

by buoyancy driven convection and bubble movement. The

detailed knowledge of these mechanisms is important and

essential for numerical studies, but even so for the for-

mulation of empirical correlations with a wider range of

validity as most of the present correlations allow.
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