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Abstract

The knowledge and the prediction of the transport phenom-
ena in a micro-gravity environment are of essentjal impor-
tance for their application in space and for basic studjes of
convective heat and mass transfer without forced convection
and buoyancy as driving force. There are contrary demands.
In materials processing, heat conduction and mass diffusion
are the only transport mechanisms desired to achieve high-
quality materials, therefore convection should be avoided.
In contrast, for heating and cooling applications, enhanced
heat transfer by convection and two-phase transport mecha-
nisms is highly desirable in order to minimize the occurring
temperature differences and the necessary area in heat ex-
changers. Therefore, we discuss in this paper the influence
of acceleration disturbances on the onset of convection, fur-
thermore, the enhancement of heat and mass transfer by
thermocapillary flow, which occurs, when a free surface is
present. Finally, results of boiling ‘heat transfer in micro-
gravity are presented as examples for two-phase systems.

Introduction

Nowadays, great efforts are made to study transport phe-
nomena without the effects caused by earth-gravity. If pres-
sure-driven forced convection can be excluded in a micro-
gravity environment, the question arises; what are the re-
maining convective transport mechanisms for heat and mass
transfer, besides pure conduction and diffusion. One the one
hand, in material processing convective processes should be
avoided, because it is generally assumed that the quality
oi the material is improved enormously, if the solidifica-
tion process is governed by pure conduction and diffusion
only. The problem arises by the fact that all materials are
processed out of, either a liquid or a gaseous phase thus
inhomogenities or striations in the material are caused by
transient convection, which is connected with a transient
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mass transfer to the solidification front. Such convection is
induced by acceleration disturbances or by thermocapillary
flow. which can easily lead to oscillatory convection due to
a superposition of various mechanisms. On the other hand,
there are applications even in space vehicles, where convec-
tive heat and mass transport is necessary for heating and
cooling devices and for energy conversion. In this case, the
question is, which system can provide high heat transfer
rate. Furthermore, studies on transport phenomena are of
general and fundamental nature for the basic understand-
ing of the driving mechanisms themselves, when buoyancy
is excluded.

Thus, the question of transport phenomena in micro-gravity
is a major one to understand materials processing and fluid
behavior for both space and earth applications. In the fol-
lowing report, some examples and results of our research are
discussed, such as:

e convection induced by acceleration disturbances;

¢ convection induced by thermocapillarity, and the cor-
-responding enhancement of heat transfer;

® heat transport. with phase ﬁhange in two-phase sys-
tems, like boiling.

To avoid misunderstanding, we first clarify the term micro-
gravity. Strictly speaking, there exists no micro- or zero-
gravitational field. One can achieve a micro-gravity envi-
ronment by compensation of earth-gravity, either by accel-
eration or deceleration or by a centrifugal force actinlg in
such a way that the forces on the body compensate each
other according to the fundamental laws of mechanics. The
first one can be realized in {ree-fall systems, il drop tow-
ers, ballistic rocket uad aircraft flights, the sccond one in
orbital systems. '

Convection Induced by Acceleration
Disturbances

Since materials science experiments have been performed in
a micro-gravity environment, a lively discussionr about the
influence of acceleration disturbances on material samples
has come up and is still going on. Such interferences of the



micro-gravity level induce convection in liquids, when they
are differentially heated in their process containers. This
unsteady convection causes unsteady mass transfer and, in
turh, inhomogeneities in the solid material or in the crystal
structure, if such perturbations occur during the solidifica-
tion process. On earth, such disturbances cannot be studied
experimentally. Therefore the onset of convection and the
development of the transient flow field under acceleration
disturbances is examined by numerical simulations {1]-[5].

1 Magnitude of Disturbances

In an orbital system, both external and internal forces may
give rise to acceleration disturbances. External forces are
caused by operational activities, such as thruster firings for
position control. The main direction of such disturbances is
along the axis of the orbiter vehicle with highest spikes of
6 - 10~%g. Internal forces result from mass allocation inside
the space vehicle due to mechanical motions of experimen-
tal facilities and crew activities. Impulses caused by them
are always compensated by negative impulses of the same
size delayed in time corresponding to the resonant frequency
of the experimental module overlapped by the natural fre-
quency of the spacelab module in its suspension. Typical

“spikes have amplitudes of less than 107%g, but often they

are random in their direction. In quiet phases, peaks of the
resulting gravity vector are recorded to be 2-107*¢ in max-
imum. Considering these facts, it is obvious that a general
prediction of the influence of gravity disturbances cannot
be given. Firstly, they depend on the space vehicle and the
mission itself; most of the disturbances are random in di-

" rection. amplitude., and time of their occurring. Secondly.

the experiment itself, the geometry, the size of the tempera-
ture gradient in the liquid. the direction of the acceleration
vector with respect to the temperature gradient. and the
properties of the fluid are of considerable importance.

2 Numerical Model

The problem under consideration is sketched in Fig. 1. The
transient 3-dimensional buoyancy-driven flow in a cylindri-
cal enclosure filled with fluid is governed by the well-known
conservation equations for mass, momentum, and energy.

At all rigid walls, we assume non-slip conditions. The ther-
mal boundary conditions are isothermal top and hottom
walls. Furthermore, a perfectly insulated lateral wall is as-
sumed (Fig. 1). For gases, the equation of state for an ideal
gas applies, while the density of liquids. depends linearly
on the temperature. The aspect ratio of height H to di-
ameter D is defined as A = H/D. The inclination angle o
of the cylinder’s axis towards the direction of the gravity

field, the Prandtl and Rayleigh numbers can be varied in-

dependently. The acceleration pulse amplitude is given by a
modified Rayleigh number Ra®, with ¢* as the acceleration:

Ra
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Figure 1: Scheme of the cylinder with boundary conditions
and gravity vector.

A modified Fourier number Fo* describes the*pulse duration
t or oscillation period:

ia

FO-=‘D—E

(2)
The transient flow field is fully calculated, and the maximum
velocity is determined in order to describe the intensity of
the fluid motion. Even if location and direction of the max-
imum velocity vary, its magnitude is an upper limit for all
occurring velocities in the fluid, and it is used in the graphs
to characterize the intensity of the flow. The dimensionless
velocity v* is defined as:

(3)

For a series of impulses, we use the dimensionless-frequency:

_fpr 1
T a T For

s

(4)

Table 1: Properties of the investigated fluids

fluid Pr v a [ele} To Bp
(<] Jo—*=2)[o-e=t)] (k&) [[K] [[10~*]
silicon ([0.023| 0.3 13.0 2500 {1690] 1.43
air 0.71 15.1 21.3 11.20451 293 | 34.13
water 7.0 1.0 0.14 998.2 | 293 1.8
glycerin||134.9] 11.9 0.088 11260.4| 293 4.9

To investigate the influence of .the properties, four.differ-
ent fluids are used for the calculation: silicon, air, water,
and glycerin (Tab. 1). In thermofluid-dynamic problems, the
Prandtl number is an important property, which is varied
with the selected fluids.over about four decades from 1072
to 10%. For the low Prandt! number fluid silicon, the calcu-

lation consumes much more CPU time than for the other

fluids.



3 Results
Onset of Convection

The angle a between the temperature gradient and the vec-
tor of acceleration is important for the onset of convec-
tion. If the acceleration vector is in opposite direction to
the temperature gradient, the density stratification is sta-
ble (o = 180°, Fig. 1), and heat is transferred by conduction
only. For @ = 0°, the acceleration vector and the temper-
ature gradient act in the same direction, this configuration
is metastable, the onset of convection depends on the Ra
number and the aspect ratio. This case is well-known as
Rayleigh-Bénard problem. The critical Rayleigh number ob-
tained by our numerical calculations is in good agreement
with experimental and theoretical results from other au-

thors, and can be regarded as a test for the numerical code
(Fig. 2) [5].
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Figure 2: Onset of convection and critical Re number for
the Rayleigh-Bénard problem dependent on the
aspect ratio of the cylinder.

For all other orientations of the acceleration vector
0° < a < 180°, the density stratification is unstable. For the
case of an axial linear temperature profile between top and
bottom, the convection sets in immediately after an accel-
eration pulse.

In Figs. 3 and 4, the transient development of the maximum
dimensionless velocity v, and the Nu number are shown,
after a gravity pulse from initially Ra = 0 at Fo = 0 to
Ra® = const. for Fo > 0 has been exerted. For small angels
of @ = 1°, a slow fluid reaction is observed. Steady-state
conditions are achieved for Fo > 0.5, and for larger angles
for Fo < 0.1.

Single Recté.ngular Pulse

The effect of external forces caused by thruster firings for
position control of the orbiter is simulated by single rect-
angular pulses. Pulses of different amplitudes Ra* and du-
rations Fo* are applied perpendicularly (a = 90°) to the
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Figure 4: Averaged Nusselt number Nu with time Fo. The”
fluid is air, Ra* = 5000.

temperature gradient. If Fo* exceeds 0.1, steady-state condi-
tions with a constant velocity and Nu uumber are achieved.
The initial conditions are, as mentioned above, no motion
due to low-gravity and linear temperature profile between
the differentially heated end walls. For the same pulse du-
ration Fo*, the maximum peak velocity at the end of the
pulse is directly proportional to the amplitude of the pulse,
where C is constant for a certain aspect ratio:

- —_— . -
vmax,pe.\k =C-Ra

()

Thus, all graphs of Fig. 5 coincide on ane curve, if the ratio
of U}, o« peak/ flu™ is used for the ordinate. The convective flow
fades away exponentially, after the pulse has been applied:

Jmax exp (u> for Fo > Fo*© (6)

.
VUmax peak T

Table 2: Decay constant 7 of the flow in Eq. (6)

Al 0.5
71/0.020

1.0
0.038

2.0
0.053

5.0
0.061




The decay constant 7 depends on the aspect ratio A (Table
2). Fig. 5 is calculated for air; a general transformation to
the other fluids seems possible, if the transient flow Fourier
dumber Fo = [o- Pr is used

7]
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Vax Versus dimensionless time
Fo for rectangular pulses of different amplitude
Ra”.

Figure 5: ‘Maximum velocity

Periodic Pulses

Periodic pulses with alternating acceleration vectors are cau-
sed by internal forces from mass allocation inside the space
vehicle. They may be simulated by sinusoidal or rectangular
periodical pulses.

The maximum velocity is nearly independent of the form of
the pulses, however, as discussed before, for low frequencies
(f*/Pr<10) it depends on the acceleration amplitude. and
steady-state conditions are obtained after each reversal of
the acceleration pulse. At a cut-off frequency of f7/Pr=10.
the velocities decrease, because the flow is just opposite to
the direction of the excited new pulse. The inertia of the flow
must first be overcome, before the flow turns ~round and fol-
lows the direction of the new pulse. If the maximum velocity
is plotted versus the dimensionless frequency. (Fig. 6),

D? 1
=/ == Fo~ . Pr

f i -
(N
the decay of the maximum velocity coincides on one curve
for the various fluids. The system is dominated by the kine-
matic viscosity v rather than by the thermal diffusivity a.

Although these results are strictly valid oniy in the range
of the investigated parameters, more general conclusions,
how convection in a micro-gravity environment caused by
acceleration perturbations can he avoided. are possible:

o Accelerations perpendicular to the temperature gra-
Jient induce greater velocities than those in parallel
direction, and the reaction is much faster.
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Figure 6: Maximum velocity for various fluids for periodi-

cal pulses of Ra* = 5000 with frequency
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o The effects of residual acceleration can be reduced, if
the experimental set-up is aligned in such a manner
that the acceleration vector acts in opposite direction
of the temperature gradient.

o The maximum velocities are proportional to the accel-
eration amplitude Ra”, i.e. the velocities increase for a
given acceleration with the third power of the dimen-
sion in the direction of the acceleration vector.

¢ Disturbances of high frequency are less significant than
those of low frequency.

o A periodical series of positive and negative accelera-
tions induce lower velocities than a single pulse of the
same duration for f*/Pr > 10.

It is obvious that only general statements and recommen-
dations for planning space experiments can be derived from
these results. For very sensitive experiments, special 3-di-
mensional calculations have to be performed, where all pa-
rameters of influence can be considered.

Thermocapillary Convection

When a liquid-liquid or. a liquid-gas interface is exposed to
a temperature or concentration gradient, a flow termed Ma-
rangoni, surface tension-driven convection or, in the case of
a temperature gradient, thermocapillary convection is in-
duced in the liquid in direction of higher surface tension. In
most fluids, surface tension decreases with increasing tem-
perature, thus, a convective flow is induced from higher to
lower temperature thus supporting the heat transfer. Due
to the dominance of buoyancy over thermocapillary con-
vection on earth, this form of natural convection was not
paid much attention to for a long time. In addition, it is
impossible to separate the effects evoked simultancously



by both buoyancy and surface tension convection in ex-
periments on earth. However, with the technical feasibil-
ity of experiments on board of orbiting spacecrafts, on bal-
listic rockets or in drop towers, an increasing interest has
been directed towards the iesearch of Marangoni flows. Un-
der micro-gravity, containeiless processing methods, such
as floating zone melting and solidification, and Czochral-
ski crystal growth have been focused on. Any kind of con-
vection is undesired in those processes. Buoyancy convec-
tion can be suppressed, while Marangoni convection can
hardly be avoided in case of a free surface subjected to
a temperature gradient. From the viewpoint of heat and
mass transport, however, thermocapillary convection en-
hances the heat transferred through the liquid. Three ex-
amples are discussed in the following.

1 Experimental Studies

"To demonstrate the effect of thermocapillary flow, the heat
transfer around a single steam bubble is studied. A plate
heater is mounted upside down in subcooled R113. A sin-
gle bubble is created (Fig. 7) and observed by holographic
interferometry. In some distance from the bubble, the in-
terferometer fringes show a temperature profile due to pure
conduction, as the density stratification is stable, and no
buoyancy convection occurs. On both sides of the bubble,
strong convection is induced by thermocapillary forces and
this flow is strong enough to act against the buoyancy force.
The enhancement of heat transfer is investigated in various
liquids by the arrangement sketched in Fig. 8 [6]. A platinum
wire of 0.02 mm in diameter and 3 mm in length merged in
the liquid serves both as heater and resistance thermome-
ter. The heat flux through the wire is kept low enough so
‘that only free convection occurs. By a special holder, a semi-
‘'spherical air bubble of 2.5 mm in diameter is positioned in
‘a way that the wire is just touched by the bubble.

Figure 7: Thermocapillary flow in subcooled R113 observed
by holographic interferometry. The bubble is in
upside-down position.

The flow around the bubble is observed by tracer particles,
while the heat transfer is measured by the change of the
temperature and resistance of the wire, respectively. Im-
mediately when the air bubble touches the wire surface,
thermocapillary flow sets in and the wire temperature is

20

Figure 8: Air bubble of 2.5 mm in diameter on a heated
platinum wire.

reduced. In Fig. 9, the increase of the heat transfer }s rep-
resented by the Nu number as a function of the Marangoni
number, which is defined as:

do
dT

ATD
an

Ma =

(8)

with ¢ as the surface tension, D the diameter of the wire,
a the thermal diffusivrty,  the dynamic viscosity, and AT
the temperature difference between the wire and the bulk
liquid.
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Figure 9: Enhancement of heat transfer by thermocapil-
lary flow on a wire submerged in methanol.

To prove that the enhanced lieat transfer is due to Ma-
rangoni convection, a solid Teflon sphere ot diameter D
is brought in the same position on the wire. As expected,
the heat transfer is reduced because of the obstacle to the
flow. This is a clear evidence that thermocapillary flow con-
tributes to heat transport very efficiently.

For this experiment we used various liquids, like methanol
propanol, ethanol, R113, water, and mixtures of water and
methanol. In case of pure water, it should be mentioned that .
Marangoni convection could not be observed for a longer pe-
riod. Contrary, a mixture of 20 % methanol and 80 % water
exhibited the usual thermocapillary flow. The deficiency of



Marangoni convection in the case of pure water is usually
explained by the contamination of the water surface. How-
ever, if this was true, the contamination should have had an
effect not only on the surface tension itself, but also on the
surface tension gradient and reduce this gradient to zero. It
seems worth to study this effect with water in more details.
As mentioned before, it is difficult to separate the eflects of
buoyancy and thermocapillary convection in earth experi-
ments. Therefore, numerical simulations are decisive tools
to study them. They also help to support the planning of
' space experiments, to facilitate the design of new equipment
and to reduce the numher of evpensive space experiments.
Two numerical examples are discussed below.

2 Numerical Studies

Transient Marangoni convection is simulated around a gas
bubble floating in a rectangular cavity filled with liquid.
The side walls are adiabatic, while the bottom and the
top walls are maintained at different temperatures. Two 2-
dimensional numerical methods are employed, a finite dif-
ference scheme with explicit time steps and a fully implicit
control-volume finite element method. To simplify the cal-
culations, the bubble is fixed in the middle of the container
neglecting buoyancy effects and the force exerted on the
bubble by the thermocapillary flow around it. The magni-
tude of this force is calculated. It can be regarded as the
holding force necessaty to keep the bubble in place. other-
wise it would migrate in the direction of the higher temper-
ature. Variable gravity conditions make it possible to study
the interaction of buoyancy and surface tension-driven con-
vection. The system under consideration is governed by the
conservation laws for mass. momentum. and enecrgy. As {luid
|-roperties the values of water are used. because they are eas-
ily available and for the principle study it is of secondary
interest that with water thermocapillary convection can not
be maintained stationary. In a first approximation, the 3-
dimensional problem is reduced to 2 dimensions by consid-
ering only a cross-section of the bubble. The special com-
bination of circular and rectangular geometry excludes the
use of regular grids. Special elements are used to approach
the curved surface of the babble. For details of the numer-
ical methods we refer to [7] and [3]. The temperature ficld
around the bubble without buoyancy is closely connected
with the flow field (Fig. 10).

When the temperature difference between bottom & nd top
walls of the container or the Marangoni number. respec-
tively, is increased, the heat transfer is enhanced and the
isotherms accumulate near the heated and cooled walls. The
number of isotherms originating from the bubble surface de-
creases with increasing Marangoni number. With an increas-
ing gradient of surface tension around the bubble, two vor-
tices develop due to the recirculating flow. In Fig. 11, the in-
fluence of carth-gravity acting in either parallel or opposite
direction of the thermocapillary flow is obvious. In the case
of Marangoni convection acting against bhuovancy (M-B),
the initial temperatnre ficld canses a stable vertical density
stratification. The displacement of the isot herms accounts

Totd Teold

Figure 10: Predicted velocity fields (left) and isotherms
(right) for increasing Marangoni numbers
under micro-gravity Ma = 5000 (left),
and AMa = 100000 (right).

M-B

g = 9.81ms™?
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Figure 11: Interaction hetween thermocapillary flow and
buoyancy. M-B (Ma = 10000) denotes the case
of counteraction, M+B (Ma = 5000) the case
of cooperation.

for the effect of the thermocapillary flow being in opposite
direction of buoyancy. Compared to micro-gravity condi-
tions, buoyancy pushes the recirculating flow closer to the
bubble surface. With M+B, an unstable density stratifica-
tion is chosen as initial condition in the cavity so that ther-
mocapillary flow and buoyancy convection augment each
other. Now, the recirculating flow is governed by one large
vortex filling up the whole cavity. The influence of thermo-
capillary convection can be demonstrated quantitatively in
the enhanced heat transfer, as in the plot of the My number
versus the Ma number (Fig. 12).

Pure conduction inside the cavity with inactive bubble is
defined as Nu = I; it should be emphasized that in this
case the bubble has an insulating effect, the heat transfer
is 67.5 % lower as in the case of a cavity completely filled
with liquid. The steady-state Nu number increases signifi-
cantly, when a Marangoni number of Ma = 10? is exceeded,
In a range of I < Ma < 107, convection is still existent.
however, its contribution to heat transfer can be neglected.
The behavior that a certain Marangoni nnmber is necessary
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Figure 12 Heat transfer depending on the Marangont nun-

ber for the various cases mvestigiated.

for an observable increasc in the Nusselt number is already
known from buoyancy convection. As expected. the biggest
enhancement of heat transfer is the buovancy supported
thermocapillary flow (M+B) in Fig. 12, The case. where
buoyancy cenvection acts against Marangoni flow (M-B).
has the lowest increase in the Nu number. However, it must
be recognized that even here the lieat transtfer 1s enlarged.
i.e. the thermocapillary flow is strong enougti to exceed the
buovancy fiow. For pure Marangoni convection. the heat
transfer is about eight times higher than for pure heat con-
duction at Ma = 10%. In Fig. 12 the heat transfer of a semi-
spherical bubble attached either to the bottom (AMsg) or
to the top (Mst) of the enclosure, is included additionally.
In both cases, the heat transfer is little less than that of a
spherical bubble of the same diameter. At higher Ma num-
bers, the strong increase of the Nu number is reduced. This
is due to the reduction of the isotherms on the bubble sur-
face.

3  Oscillatory Behavior

Within the range of 5-103 < Ma < 2-10°, an overshoot-

ing of the Marangoni flow at-the beginning of the calcu-:

lation is observed causing damped oscillations vanishing in
the steady state. At higher Ma numbers, steady oscillatory
flow patterns and.temperature fields are maintained leading
to an oscillation of the Nu numbers at top and bottom, too
(Fig. 13). Various tests show that numerical influences can
almost be excluded as reasons for this behavior. These oscil-
lations can nhysically be explained. The strong convection
at the bubblc inteiiace reduces the local temperature gradi-
ent itself and in consequence the velocity of the flow. Now,
with the-reduced flow, the temperature gradient at the in-
terface recovers and strengthehs the convection again. A pe-
riodic oscillation of two vortices, one in the upper, the other

in the lower part of the cavity is stabilized and determines-

the flow and temperature fields. In case of pure.Marangoni
convection, the beginning of periodic oscillation is observed
.at Ma ~ 250000. This value is shifted to lower Marangoni
numbers, when thermocapillary flow is supported by buoy-
ancy.
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Figure 13: Oscillatory heat transfer at higher Marangoni

numbers.

4 Liquid Column Flow

Regarding the discussion above, it is interesting to note that
we could not confirm the oscillating flow in a 3-dimeusional
numerical simulation of a liquid column as recently described
by several authors [9]-{14]. The physical mechanism of oscil-
latory Marangoni convection in a floating zone is discussed
in [15]-[17]. however. it is not completely understood yet.
Further numerical studies and experimental ones by other
authors on space flights are planned. The thermocapillary
fiow in cylindrical floating zones has been studied as a model
for crystal growth configurations both numerically and ex-
perimentally under micro- and earth-gravity. The critical
Marangoni number Ma, for the onset of the oscillation is
widely ranging between 100 < Ma, < 1.6-10% in the experi-
ments, as well as in the numerical studies. The last ones are
often based on 2-dimensional calculations, while it is genes-
ally assumed that oscillations of the flow and temperature
fields are of 3-dimensional nature. Therefore, we have stud-
ied this thermocapillary problem with the 3-dimensional
code as mentioned above [18], [19].. In the vertical liquid
column under consideration, similar to Fig. 1, top and bot-
tom are heated and cooled, both walls are isothermal and
rigid, and non-slip conditions apply. The lateral eylindrical
side, however, is regarded as a non-deformable free surface
subject to the Marangoni boundary conditions. The aspect
ratio of the liquid bridge is H/D = 1, with D the diameter
of the cylinder and H the height of the zone.

Pure thermocapillary convection forms a 2- dlmensxonal axi-
ally symmetric toroidal vortex under micro-gravity (g—*O)
while buoyancy convection alone (1-—g) produces a non-
symmetrical 3-dimensional singic roll. Varying the gravity
level in the simulation, a superposition of both kinds of con-
vection implies 3-dimensional temperature and flow fields.
Due to lack of space, only a few aspects of this study are
given: '

The basic flow mode is already established after a few sec-
onds, and after 50 s steady-state flow is achieved (Fig. 14).
A S-shaped temperature profile develops along the free sur-
face (Fig. 15). Within a distance of about 10 % from the
bottom and the top, the temperature gradients are signif-

jcantly reduced, thus, in the center of about 80 % of the

column length, only a very small gradient is in action.
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ature fields in a liquid column.
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Figure 15: Development of a S-shaped temperature profile

along the free surface.

The overall heat transfer expressed by the integral Nu num-
ber in Fig. 16 is depicted up to Ma = 107. As discussed

before, up to Ma =~ 10% there is no significant deviation of

the Nusselt number from unity, which represents pure heat
conduction. With higher Ma numbers, the velocities and the
Nu numbers rise due to an increasing thermocapillary force.
For Ma > 10%, a gradual decline in heat transfer occurs as in
the case of the bubbles as observed both experimentally and
numerically. At Ma = 107, a saturation of the heat transfer
towards a constant Nu number Nu = 14 is exhibited.

For Ma = 5000, the steady-state heat transfer at three dif-
ferent gravity levels or Bond numbers (Bo = Ra/Ma), re-
spectively, is given in terms of the Nu number (Tab. 3). It s
interesting to note that the heat transfer of pure buoyancy
convection is only 38 % of that of thermocapillary flow. The
interaction of Marangoni and buoyancy-driven convection is
surprisingly weak. If both mechanisms work in same direc-
tion, the increase in the heat transfer rate is only about 7 %%,
wlien they counteract the reduction is about 9 %.
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Figure 16:
Table 3: Integral steady-state Nusselt number for differ-

ent gravity levels (MC=Marangoni convection,
BC=buoyancy convection}

g-level 0-g B-g 1-g 1-g 1-g
Remarks|pure MC|MC 11 BC|MC 1t BC{MC 1} BC|pure BC
Bo 3.6 E-40 (3.6 E-02 | 3.6 E00 | 3.6 E00 oo
Ra 1.8 E-36| 1.8 E02 | 1.8E04 | 1.8 E04 | 1.8 E04
Ma 5.0 £03 | 5.0 E03 | 5.0 E03 | 5.0 E03 |0.0 E00

Nu 6.922 6.928 7.44 6.29 2.65

Pool Boiling

As a last example for transport mechanisms under micro-
gravity, pool boiling is discussed. Transport processes with
phase change are the most efficient modes of heat trans-
fer characterized by small temperature differences and high
specific heat tluxes. Therefore, they are employed in most
thermal energy conversion and transport systems, as well
as in heating and cooling devices. Due to the great differ-
ences in the densities between the surrounding liquid and
the vapor bubbles, it is generally assumed that the heat
transport in pool boiling is highly influenced by buoyancy
forces. Thus, gravity is regarded as an important factor in
all physically based or empirical correlations for pool boiling
heat transfer. Tests in a micro-gravity environment provide
a means to study the real influence of gravity and to sepa-
rate gravity-related to gravity-independent factors.

In the first stage of our experimental studies in micro-gravity,
the most important question was, whether nucleate pool
boiling can be maintained without buoyancy forces. Fur-
thermore, what mechanisms are able to provide similar high
heat flux rates as high as on earth, and which forces can re-:

" place the effect of gravity.

The boiling process is very complex because of the interde-
pendence of numerous factors and effects, such as the in-
teraction between the solid surface of the heater with the
liquid and vapor, the interaction between the liquid and va-
por itself, and the transport of liquid and vapor from the



heater surface. This'complex behavior is the reason that —
despite of nearly 6 decades of boiling research - the physics
of the boiling process itself is not properly understood and
is poorly represented in most correlations. This becomes ev-
ident from the fact that the usefulness of most correlations
diminishes very rapidly, if they are used outside the range of
the physical parameters for which they were developed [20].
Thus, a micro-gravity environment offers the unique oppor-
tunity to study these complex interaction processes without
or, at least, with reduced buoyancy forces.

To answer the numerous open questions arising with boiling,
we started to carry out boiling experiments in micro-gravity
about 15 years ago. We used available facilities by which the
earth-gravity can be compensated, such as ballistic rockets
within the German TEXUS program, parabolic flights with
aircrafts from NASA. Now we are preparing an experiment
for the Space Shuttle scheduled on the D2-mission for Jan-
uary 1993. In the following, some of our recent findings are
nresented. For more details see [21]-[24].

1 Nucleate Boiling

Saturated and subcooled pool boiling have been investigated
in parabolic ajrcraft flights The fluid used is R12, the pres
sure ranges from 0.1 < p/p. < 0.7, with Pe the critical pres.
sure. Platinum wires of 0.2 and 0.05 mm diameter, a gold-
coated tube of 8 mm diameter, and p gold-coated plate of 40
mm x 20 mm are used as heaters. The platinum wire and
the gold coating served as heaters and resistance thermome-
ters simultaneously to determine the surface temperature of
the heater. A typical parabola sequence of saturated nucle-
ate boiling is shown in Fig. 17 using a 0.2 mm-wire at a pres-
sure of p/p. = 0.18. The gravity level a/g, the temperature
difference AT, =T\~ sat; and the power g,, supplied to the
heater are plotted versus the experimental time. The power
was switched on during the low-gravity petiod, at 40 s on
the time scale, eliminating thus convection before the micro.
gravity state was reached. Due to the small heat capacity
of- the wire, the temperature responded immediately after
the power was turned on. At 45 s, the power was increased
stepwise, the wire temperature reacted without delay. The
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Figurt; 17: A parabola sequence with photographs of bﬁbbles,

the acceleration level, the wire -

temperature, and the heat flux during nucleate boiling for p/p. = 0.18.
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duration of the low-gravity period was about 20 s. After
that, the acceleration increased from about a/g = 0.01 to
1.8, and decreased to earth-gravity a/g = 1. Thus, in one
parabola sequence the boiling behavior at micro-gravity and
at higher accelerations could be studied. The low-gravity pe-
riod of 20 s was long enough to achieve steady-state boiling
conditions. The temperature plot in Fig. 17 reveals that the
temperature of the heater remains constant even when the
acceleration changes from micro-gravity to 1.8 ¢. The bub-
ble size, however, is gravity-dependent.

It is clearly demonstrated that the heat transfer coefficient
is neither influenced by gravity nor by the bubble size at
this fluid state. The results are summarized for the wire in
the boiling curves at saturated states for various pressures
in Fig. 18. The symbols represent the data obtained under
micro-gravity, while the lines represent the 1-g-data mea-
sured immediately after the low-gravity in the consecutive
period of the parabola. The evaluation of the heat trans-
fer coefficient ratio a/a; versus heat flux density is shown
in Fig. 19. « is the heat transfer coefficient under micro-
gravity, oy at 1-g. It becomes obvious that the heat transfer
coefficient for low heat flux loads. especially for wires, is
even higher than in earth-gravity. This may be contributed
to the fact that in 16w-gravity all nuclei sites on the wire
are equally activated.
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Figure 18: Nucleate boiling curves for a wire of 0.2 mm di-
ameter in R12 at various saturated fluid states.

As a result, boiling occurs symmetrically around the vwire
in low-gravity, whereas in 1-g, the lower stagnation point
is cooled by free convection, and only the upper circuinfer-
ence of the wire is preferred for boilipg. The reduction of
the heat transfer coeflicient at higher heat fluxes is caused
by the higher bubble density and the appearance of larger
bubbles due to bubble coalescence connected with the in-
crease of dry areas below the bubbles. For lower pressures
p/pe < 0.1, not shown here, the bubbles and the dry areas
below them are large due to the small density of the vapor.
Therefore, the heat transfer is reduced. At higher system
pressures pfp. > 0.7, the reduction in the heat transfer
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Figure 19: Dependence of the heat transfer coefficient ra-
. tio a/ay of various correlations extrapolated to
lower and higher accelerations a/¢g and com-

pared to experimental results.

coefficient may be caused by the smaller surface tension.
which is responsible for the departure of the bubbles as
discussed later. Several correlations from the literature are
evaluated in Fig. 19 with respect to their influence on the
acceleration level a/g. Indeed, all these correlations were
developed under earth-gravity conditions and are valid for
a/g = 1 only. However, if the physics of the boiling pro-
cess were be described correctly, an extrapolation to lower
or higher accelerations should be implicitly possible with-
out too large deviations from-the experimental findings.
The great deviations, however, support the statement given
above that the physics of the boiling proress is not properly
represented in most correlations.

2  Mechanism of Nucleate Boiling

Finally, the question arises, what are the physical mecha-
nisms of nucleate boiling, and how can the transport of en-
ergy be explained in the absence of buoyancy. For a better
understanding, it is useful to divide the mechanism of the
boiling process into a primary and some secondary mecha-
nisms:

e The primary mechanism is the formation and the
growth of the bubbles in the superheated liquid bound-
ary layer by evaporation at the liquid-vapor interface.
Most important for the heat transfer is the edge at the
solid-liquid-vapor interface on the baseline of the bub-
bles. In this region, the evaporation rate is very high
and not influenced by gravity but only by the temper-
ature of the heater.

¢ The secondary mechanisms are responsible for the heat
transport from the heater surface to the bulk liquid.
This occurs by the departing bubbles carrying away
latent heat, by the wake-flow following the bubbles,
and by convection.

In forced convection boiling, the bubbles and the liquid are



carried away by the flow, and in pool boiling under earth-
gravity, they are carried away by buoyancy. In micro-gravity.
the various effects observed are mostly caused by surface
tension, they are shortly summarized:

e inertia forces during rapid growth;

e vertical and horizontal bubble coalescence. followed by
the inertia of the liquid lifting the bubbles and supply-
ing cool liquid to the heater;

¢ coalescence of small bubbles into larger bubbles;

o lifting and replacement of large bubbles by the growth
of smaller ones below them.

In subcooled liquids, additional effects are observed:

¢ pumping by high frequency growth and condensation,
called micro-convection. observed with small bubbles
on earth;

¢ in micro-gravity, large bubbles are formed with evap-
oration at the bubble base and condensation at the
crown;

e thermocapillary convection:

e voalescence of small bubbles with large bubbles and
condensation at the top. The large bubbles grow into
regions, where the liquid is still subcooled. Partial con-
densation of large bubbles at the top occurs with dy-
namic fluid motion.

1t is interresting to niote, that the overall heat transfer coefii-
cient is only less dependent on these secondary mechanisms.

3  Critical Heat Flux

Under micro-gravity, nucleate boiling can be maintained at
much higher heat fluxes than expected. Therefore, it is obvi-
ous that even the critical heat flux must be shifted to higher
values than predicted by the generally accepted hydrody-
namic theory of vapor film instability. In Fig. 20, results
of wires are plotted in a graph similar to the one originally
used by Lienhard and Dhir [25], where the dimensionless ra-
dius R’ is extended over two decades, and the critical heat
flux ratio is on a logarithmic scale. The 900 data points fol-
lowing the exterded relation for wires, 2= sketched as an
area, and ine 60 data points found in drop-iowers not obey-
ing this relation are also marked. The values we obtained
on TEXUS and parabolic aircraft flights for wires are about
20 times higher than the predicted values for the flat plate
and more than 3 times higher than the extrapolated theory
of wires predicts. Even the values obtained on the flat plate
in TEXUS are more than 2 times higher than the predicted
" ones. For practical technical applications under micrograv-
ity, these high heat fluxes are very promising to use boiling
as an efficient mode of heat transfer.
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Figure 20:

4 Film Boiling

As the measured film boiling data on wires indicate in
Fig. 21, the correlations of Pitschmann [26], Bromley {27]
and Frederking and Clark [28] can obviously be extrapo-
lated at least to a/g = 1072. These relations are devel-
oped on the concept of Nusselt’s film theory and thus they
describe the physical mechanisms better than the nucleate
boiling correlations. Film boiling is maintained-by a mech-
anism caused by surface tension. A chain of large and small
bubbles is formed around the wire (Fig. 22), and vapor is
pumped from the smaller bubbles into the larger ones due
to the higher pressure in the smaller bubbles. The vapor is
pumped by contracting and expanding of the smaller bub-
bles in a mode of peristaltic motion.
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Figure 21: Film boiling data with corresponding correla-
tions.
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Figure 22: Film boiling on a wire under micro-gravity.

Summary

In this paper. the most important transport phenomena for
heat and mass transfer in micro-gravity are discussed. The
excitation of convection by acceleration pulses during ma-
terials processing is certainly an undesirable effect, but it
is also a transport process, which can only be simulated
numerically. In order to study the effect at the solidifica-
tion front itself, the diffusion process in the material must
be considered, too. However, from this investigation gen-
eral statements and recommendations can be drawn. For
very ‘sensitive experiments, special 3-dimensional calcula-
tions have to be performed, where all parameters of influ-
ence are considered. .

“Thermocapillary flow is much more important for heat trans-
port than it was estimated before. The enhancement of heat
transfer is remarkable, however, at higher Marangoni num-
hers the influence is weakened. because the strong flow at
the interface itself reduces the driving temperature gradi-
snts. Therefore. oscillatory flow occurs in a rectangular cav-
ity with a bubble in the venter of the iiquid. ln « fiqua
column. even at very high Ve numbers no osciilation cound
Se observed in the J-dimensional simulation. whichi is con-
tradictory o other authors.

Boiling, as the most efficient heat transfer mechanism. can
be maintained in micro-gravity. Buovancy does not play
the role it has been attributed to until now. nearly the
same heat transfer values as on earth are observed in micro-
gravity. The dominating effect for boiling is evaporatioi
at the edge of the interface solid-liquid-vapor. The energy
transport from the heater surface to the bulk liquid is gov-
erned by inechaaisms in which surface tension is involved.
such as bubble coalescence. liquid inertia. and rveplacement
of bubbles. In subcooled liquids. evaporation at the base.
and condensation at the top of the bubble induce a highly
dynamic liquid motion, and transport cooler liquid to the
heater surface. Film boiling can be stabilized under micro-
gravity with surface tension forming a chain of large and
small bubbles pumping the vapor by peristaltic motion to
the larger bubbles.

We did aot discuss condensation heat transfer in micro-
gravity. [t seems that the basic mechanisms are the same
as on carth, However, attention has been given 1o the liquid
transport from the condensation surface which can be at-
tained by a special capillary structure on the surface. Here
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as well. the surface tension is the driving mechanisin for the
transport of liquid.

We can conclude: Surface tension together with its related
processes is the most important quantity and force for heat
and mass transfer phenomena in micro-gravity. It can re-
place totaly or partly the role of buoyancy. Micro-gravity is
a useful environment to study transport phenomena with-
out buoyancy in more detail for a better understanding
of the physics behind them.
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