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Interaction of Surface-Tension and Buoyancy Mechanisms
in Horizontal Liquid Layers

G. S. R. Sarma*
Deutsche Forschungs- und Versuchsanstalt fur Luft und Raumfahrt e. V.

Gottingen, Federal Republic of Germany

Horizontal liquid layers are prone to convective instability when subjected to appropriate vertical gradients of
temperature and/or concentration. The two potentially destabilizing mechanisms leading to instability in the
configuration, namely, surface tension and buoyancy, generally support each other, and their action can be
tightly coupled. However, this finding, originally due to Nield, needs considerable qualification not only under
the action of external forces such as Coriolis and Lorentz fields but also when the effects of wavy disturbances at
the two-fluid interface are to be duly taken into account. Under different boundary conditions and in certain
parameter ranges, significant departures from the coupling are demonstrated.

Nomenclature
B = magnetic induction field
BQ = magnitude of £-field
K = thermal conductivity
CQ = specific heat
d = mean thickness of the liquid layer
g = acceleration due to gravity
g0 = terrestrial value of g
kxiky = disturbance wave numbers in x,y (horizontal)

directions
q - heat-transfer coefficient at the two-fluid interface
/3 = coefficient of thermal expansion
7 = electrical conductivity
AT = temperature difference (T0 - T^
K = thermal diffusivity K/ (pcQ)
\ = disturbance wavelength 2-
[i = dynamic viscosity
v - kinematic viscosity
p = density
a = interfacial energy at the two-fluid interface
Q = angular speed of rotation

Dimensionless Parameters
a = 2ird/\ (disturbance wave number)

=pg(P/a (Bond)
= Kfji/ad (crispation/capillary)
= ( W" - 3a2 W )/ W (flow indicator)
= d I A T( do/dT) I /K^JL (Marangoni)

(Chandrasekhar)
(Rayleigh)
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Introduction

CONFIGURATIONS of interest in materials processing
often involve fluid interfaces and gradients of tempera-

ture and/or concentration, which in turn can induce inter-
facial tractions and also interact with any body forces present.
These configurations are therefore inherently predisposed
toward convective instabilities and macroscopic flows, which
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can lead to thermal fluctuations and concomitantly to often
undesirable compositional changes in the end product.1'3
Understanding the origins of such instabilities and investiga-
tion of possible methods of controlling them2 both in the pro-
totype configurations and in related model experiments in
space and in ground-based research are of continuing interest.
The interaction between surface-tension-driven and buoyancy-
driven thermal and/or solutal instability in these systems is
often unavoidable. For low-gravity simulation on Earth,
reduction in model size has clearly a lower limit, even for
qualitative studies. In experiments aboard orbital lab-
oratories, large-size models are desirable for better diagnostics
and data acquisition. In either case, therefore, there is likely to
be a residual effective gravity interacting with the ubiqui-
tous temperature/concentration gradients in these con-
figurations. The nominal gravity level in the Spacelab3 of ~0
(10~4g0)» f°r instance, can be offset by a tenfold increase in
size if the characteristic length to the fourth power occurs in
the dimensionless parameter describing the pertinent effect.
Although the basic buoyancy/surface-tension interaction has
been studied since the 1960s under special conditions, there
still seem to be open questions in the area as shown by the
early experiments aboard Apollo missions.4

In this general context, we consider the basic problem of
thermal instability driven both by gravity and capillarity in a
horizontal liquid layer under various boundary conditions. In
view of the practical interest in controlling instability2 in the
configuration we include the effects of uniform rotation about
a vertical axis and a uniform vertical magnetic field.5

Formulation of the Problem
We consider an infinite, horizontal, incompressible liquid

layer of mean thickness d rotating about a vertical axis at a
constant angular speed Q. The lower and upper horizontal
boundaries are nominally at constant temperatures T0, T{,
respectively (T0>Tl)9 while a uniform magnetic induction
field of strength B0 may also be applied transverse to the layer.
The layer is bounded at least on one side by an ambient gas
and is subjected to a variety of thermal and electromagnetic
boundary conditions. We treat in the following three specific
situations denoted by circled numbers 1,2, and 3. Figure 1 is a
schematic representation of the configuration and the bound-
ary conditions (b.c.) considered.

The Boundary-Value Problems
The conditions for the onset of convection in this configura-

tion can be formulated as a problem of stability6 of the initial,
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linear temperature profile across the layer. An earlier asymp-
totic investigation7 indicates that the incipient instability in the
configuration is likely to be in the stationary mode even if
oscillatory modes are admitted by the system under some cir-
cumstances. Within the standard framework of the normal
modes procedure,6 the special features associated with the
boundary conditions at a wavy two-fluid interface are of
critical importance in the present case.5'8'9 In contrast to
earlier investigations,10'13 we specifically allow for nonzero in-
terfacial deflection, i.e., a finite surface tension a in addition
to a finite variation of a with temperature in formulating the
pertinent stress and thermal balance conditions. In dimen-
sionless terms the aforesaid stability problem can be stated as
follows with DF=F' denoting d- (dF/dz) for any F ( z ) :

(D2-a2)2W-Ta-DZ-Q'D2W=Ra'a20 (1)

(D2-a2)0+W=Q (2)

(D2-a2)Z+Ta-DW+Q-DX=Q (3)

(D2-a2)X+DZ=Q (4)

For cases 1, 2, and 3, the boundary conditions (b.c.) are

(5)

(6)

=0 (7)

and for Nu = Q9 Eqs. (6) and (7) are to be replaced by

(8)

-Nu • D2 W(\) + Ma - a2DB(\) = 0

=0 (9)

whereas at the lower boundary (individually different) for case
1,

W(Q) = 0 = DW(Q) = Z(0) = 0(0) =DX(Q) (10)

for case 2,

= 0 = D W(0) = Z(0) = D0(0) = X(Q) (11)

and for case 3, the same conditions as Eqs. (5-9) hold at z = 0.
Here W, Z, X, and 0 are, respectively, the dimensionless

disturbance amplitudes of the z components of velocity, vor-
ticity, and electric current density, and of temperature in the
perturbed state. Equations (1-4) describe, respectively, the
transport of momentum, energy, and current density in a sta-
tionary perturbed state of the basic configuration. The bound-
ary conditions for cases 1,2, and 3 are specifications of the
thermal and electromagnetic characteristics of the adjoining
media in each case. We consider the following cases. The am-
bient gas at z = d in cases 1 and 2 and at z = 0, d in case 3 is an
electrically perfect insulator. Moreover, at the interface the
heat-transfer characteristics in the disturbed state are de-
scribed by a heat-transfer coefficient </, which we also take to
be the same for both the fluid interfaces for case 3 for the sake
of simplicity.

In cases 1 and 2, the layer is bounded at z = 0 by a solid wall
that is considered a thermally and electrically perfect conduc-
tor in case 1 and insulator in case 2. Application of these con-
ditions on the velocity, vorticity, current density, and
temperature yields5'8'9 the boundary conditions in the form of
Eqs. (10) and (11).

Boundary Conditions at the Fluid Interface
In contrast to earlier treatments with a flat two-fluid inter-

face, the boundary conditions are applied here at a disturbed
wavy interface. Since the location of the disturbed interface is
unknown a priori, its amplitude f0 (assumed to be small within
the linear theory) is an additional dependent variable in the
problem. The auxiliary condition for determining the same is
provided by the kinematic condition; namely, the time rate of
change of the interfacial elevation equals the velocity normal
to the interface. For the neutrally stable, stationary mode (the
time rate of change being zero), this condition reduces simply
to fF(l) = 0 in Eq. (5). The normal and tangential stress
balance conditions at the two-fluid interface after Taylor ex-
pansion about the mean (undisturbed) interface5'8'9 lead to the
following relations between the dimensionless amplitudes W,
0, and f0.

Normal stress balance:

Cr-(D3W(l)-3a2DJV(l)} =

Tangential stress balance:

Z'(D =

(12)

(13)

(14)

The thermal boundary condition at the wavy interface is
somewhat simplified by assuming a nominal (constant) heat-
transfer coefficient q = dS/dT, where S is the rate of heat loss
per unit area at the two-fluid interface. The advantages and
implications of this simplification were discussed in the
pioneering work of Pear son,13 and the same approach has
been adopted ever since in all the later work. Pearson's
assumption regarding the flat interface (f0 = 0) is relaxed here
as per the refinements introduced originally by Scriven and
Sternling.8 Thus, we again get a relation between 6 and f0.

(15)

The case Nu = Q corresponds to the thermally "insulating"
interface, whereas the limit Nu-^oo leads to the equality of
temperature and interface amplitudes that holds trivially
(since both 0 and f0 vanish for this "conducting" interface) in
the buoyancy-driven case6 and in Pearson's treatment.13

From the equations [(12), (13), and (15)] on eliminating the
interface disturbance amplitude f0, we get Eqs. (6) and (7) for
Nu ̂  0 or Eqs. (8) and (9) for Nu = 0. Physical properties other
than density p (T) (within the Boussinesq approximation) and
interfacial tension a(T) are taken as constants. The non-
dimensionalization is carried out using 6 the reference quan-
tities d, WQ = K/d, Z0 = K/d2, 00 = (T0 - 7^), and XQ = yB0K/d,
respectively, for the length, velocity, vorticity, temperature,
and current density. The choice of the thermal diffusive
velocity WQ is appropriate for the present configuration, in
which the instability is thermally driven. Otherwise, the non-
dimensionalization plays no significant role here since the
solutions of the full equations will be used in the following
discussion.

BC® BC® BC®

1. _ .'//////////////////// Insulating gas"- ——
Thermally and electrically Insulating wall on both sides

conducting wall Of the liquid layer

Fig. 1 Basic B£nard-Marangoni configuration under b.c. 1, 2, and 3.
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The parameters Ra, Ma, Ta, Q, Nu, Cr, Bo, and a are ap-
propriate ratios to measure, respectively, the effects of
buoyancy, capillarity, rotation, magnetic field, heat transfer
to the ambient fluid, interfacial curvature, interfacial gravity
waves, and the single characteristic of a neutral, stationary,
normal mode of the disturbance. Oscillatory modes7 were also
considered in special cases, but here we restrict our attention
to the stationary mode. The homogeneous boundary-value
problems (1-11) admit nontrivial solutions only when the
above-mentioned parameters satisfy a secular condition of the
form:

f(Ma,Ra,Q,Ta,Bo,Cr,Nu,a) = 0 (16)

Results and Discussion
The secular conditions of the aforementioned form for the

existence of nontrivial solutions for the respective
homogeneous boundary-value problems have been obtained
by using the general solutions of the governing equations in
the appropriate boundary conditions in each of cases 1, 2, and
3. The details of the solution procedure for the general case
and for the asymptotic long-wave limits are given elsewhere.5
The general solutions W, 6, Z, and X for Eqs. (1-4) are linear
combinations of exponential functions that can be expressed
in terms of trigonometric and hyperbolic functions. The ten
arbitrary constants of integration involved are to be deter-
mined from the linear system of homogeneous equations
resulting from the appropriate boundary conditions (5-11).
Nontrivial solutions for this system exist if and only if the per-
tinent coefficient determinant vanishes. This requirement
leads to the secular condition (16), which is to be satisfied by
the parameters of the problem. We determine Ma (regarded as
the eigenvalue parameter) as a function of the disturbance
wave number a in order to obtain the linear stability
characteristics of the basic configuration defined by given
values of Ra, Ta, Q, Bo, Cr, and Nu. Special interest centers
around the minimum of Ma—Mac defining the threshold for
the onset of convective instability in the layer.

Parameter Values
In view of the large number of parameters involved, we

must restrict our attention to some special situations with
representative orders of magnitude for the above parameters.
Results for some of the special cases have been reported
earlier5'7 and discussed in the light of other results in the
literature. In illustrating the significance of the interfacial cur-
vature (Cr^O) and of gravity waves (Bo 5*0) in contrast to the
cases O=0, 50 = 0, the small values of O=10~3, 10~4;
£0 = 0.05, 0.018'9 have been found particularity instructive.

For the chosen values of Cr, the corresponding Bo values can
be estimated for different classes of substances and various g
levels since it turns out that the dimensionless ratio
Bo/Cr = gcP/Kv = Ra/(/3AT) is the key parameter determining
the long-wave stability characteristics of the system. The
values chosen for 50 = 0.01, 0.05 with Cr= 10~3,10-4 may
also be regarded as representative estimates for experiments in
an Earth laboratory on thin liquid layers (d~ mm) and ex-
periments in an orbital laboratory with thicker layers (d~cm,
g~10~4g0, the nominal gravity level quoted for Spacelab3),
using thermophysical data on silicone oils14 and some
semiconductor and metallic melts15'16 for reference. Table 1
gives representative estimates of Bo/Cr,Q, and Ta. It may be
mentioned that results appropriate to other situations can be
computed readily by the same procedure as the one used here
and then be applied in the appropriate parameter domains.

Neutral Stability Characteristics
The dependence of the stability characteristics on Nu, Ta,

and Q has been discussed in detail elsewhere,5 with special
reference to small Ra demonstrating the importance of the
long-wave modes (0-*0) for the present configuration.
Asymptotic analysis shows that Mar oca2, a^O for 50 = 0,
Cr^O, whereas Ma^Ma^O when Bo^Q and Cr^O.
Figures 2 and 3 show some typical neutral stability curves for
the three boundary conditions 1,2, and 3. Boundary condition
2 is qualitatively between 1 and 3, sharing some of the features
of 1 and 3 in different parameter ranges. The domain above
each curve corresponds to instability and that below to stable
states in the linear sense, i.e., against small inherent distur-
bances. It is found5 that the stable domain increases with Nu.
This is due to the stabilizing effect of heat transfer across the
two-fluid interface to the ambient gas. Thus, the least stable
situation prevails at Nu - 0. We restrict ourselves to this case
in the following.

The Flat and Curved Interface
Figures 2 and 3 show that the flat interface curves (Cr=0)

differ drastically from those of the wavy interface (807*0,

Table 1 Representative magnitudes of Bo/Cr, Ta, and Q
(£ = 9.81 m/s2,c?= 1mm, #0=0.1 T, ft = 50rpm)

Bo/Cr
Ta
Q

Al melt
242
19.5
36.1

Cu melt
607
24.8
14.0

Ge melt
8740
78.2
22.3

Si melt
1821
29.8
13.6

Ga As
melt
710
33.7
5.7

DC 200,
25 °C
450

0.052

10 10" i<r2 10'10 1
Disturbance wave number a ——^ a ——»» a ——^

(a ) (b ) ( c )
Fig. 2 Neutral curves for thermocapillary convective instability in a horizontal liquid layer under b.c. 1, 2, and 3 (7Vw = 0, jfrz = 0.1, #0 = 0.05).
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). The latter show the possibility of two local minima in
Ma (e.g., for b.c. 1, Cr=10~4, Ta = Q = 0.l, at 0-0 and
a = 2). The important observation for later discussion is that,
in contrast to the case Bo = Q, Cr^O,7'8 there does exist a
nonzero critical Marangoni number Ma-Mac when both Bo
and Cr5*9 are nonzero. This M0C is given by the absolute
minimum in Ma along the respective neutral stability curves
for given Ta, Q, Cr, Nu, Bo, and Ra. The corresponding
critical wave number ac may tend to zero in certain parameter
ranges (cf. Fig. 2a, b.c. 1 at large Ta, Q, and Figs. 2b, c, and
3a). Thus, at nonzero gravity the convective instability sets in
only above a finite threshold value Mac, even with a wavy
two-fluid interface with critical wavelengths Xc being finite or
infinite depending on the parameter ranges and the boundary
conditions.

In Fig. 2 we also notice the stabilizing tendency of the
Coriolis and Lorentz forces in that Mac increases with Ta and
Q in general. However, a monotonic increase in Mac is limited
to a certain range of Ta and Q when the fluid interface is wavy
(cf. b.c. 2 and 3; Cr=lQ-3, 10~4; 70 = Q = 50 vs 100), and
Mac may decrease with Ta and Q. Thus, the anticipated
stabilizing action of these agencies has also to be optimized
within an appropriate parameter range, especially for thin liq-
uid layers. Figure 3 illustrates the effect of variation of Ra,
i.e., of buoyancy, on the neutral curves with b. c. 2 as a case
intermediate between b.c. 1 and 3. We observe that Mac at
Ra = 150 can be higher than that at Ra = 50 or at Ra = 0.1 (Fig.
2b) for 0*5*0. Furthermore, the stable domain at Cr^O can
be larger than at Cr=0 (cf. Figs. 3b and 3c). Also the critical
wavelength Xc can become finite even under b.c. 2 as Ra in-
creases above a threshold and buoyancy takes hold (cf. Figs.
3b and 3c, Cr= 10~3). The full range of variation of ac with
Rayleigh number under b.c. 2 is illustrated in Fig. 4, where
Ra* is the normalized Ra defined in the next subsection. Since
Mac can occur at ac = 0 in certain cases, an asymptotic analysis
was carried out5 by perturbing the eigenvalue problems (1-11)
in the limit 0-»0. Thus we get the following limits Mal along
the respective neutral stability curves for M/ = 0, Ta = Q = Q,

and at zero gravity there is strictly no critical Ma below which
the liquid layer is stable against arbitrary long-wave distur-
bances. In general, at smaller Bo/Cr, the long-wave modes
become more important. Numerical results in Figs. 2 and 3a
agree well with the asymptotic results in the limit 0—0.

The Blnard-Marangoni Interaction
Based on the general information gathered from the neutral

stability curves such as Figs. 2 and 3, we now discuss in the
following only the variation of the critical Marangoni number
Mac with respect to Ra under different boundary conditions in
order to study the coupling between the two potentially
destabilizing agencies due to thermocapillarity and buoyancy.
For this purpose we normalize Mac, (Ra^O), and Ra, respec-
tively, in terms of Ma0 (Mac at Ra = Q), and RaQ (Rac at
M0 = 0) and set Ra/Ra0=Ra* and Mac/MaQ=Ma*. The
values of Ra0 and Ma0 are listed in Tables 2 and 3 for the dif-
ferent b.c. and parameters. (We may mention that RaQ and
MaQ computed at Ta = 0.1 = Q from our general solutions for
70, Q^O are slightly higher than those for zero 70 and Q.
Under b.c. 1, 2, and 3 at 7*0 = 0 = 0, Ra0 equals 669, 320, and
120, respectively.5 The corresponding values of M00 for Cr=0
are 79.6, 48, and 12. The respective values for b.c. 2 and 3 can

b.c. l-. (17)

(c)

Fig. 3 Neutral curves for thermocapillary convective instability in a
horizontal liquid layer under b.c. 2 (Bo = 0.05; Nu = 0; Ta = 0.1 = 0.

where f{ (Bo/Cr) =(2/3)Bo/Cr,

b.c.2:M0! = (960-3Ra)/f2(Ra,Bo/Cr) (18)

where f2(Ra,Bo/Cr) = [20 + (1440- \2Ra)Cr/Bo],

b.c. 3:M0! = 12(1 -#0/120)7/3 (Ra,Bo/Cr) (19)

where/3(Ra,Bo/Cr) = [1 -Ra Ma^Cr/Bo)2].

The above results show the role of the ratio Bo/Cr in deter-
mining the long-wave stability characteristics of the configura-
tion when both Bo and Cr are nonzero. We note that this ratio
is independent not only of AT7 but also of a, and hence its in-
fluence is not limited by the size of o. As Bo/Cr-^Q, Mal — 0

i ' BC© ..........
| Bo =0.05 /'"
o* """""" ~~ ~~ v i
- f Cr x.i

1* ,; ---!£
1 ;/ •
£«* «} 1^ 1(T j \

BC© .............
Bo =0.01 /'

•' /^ ""* ^"
ir
?
i
)
i
i_i

6 II 0.5 1.0 0 0.5
Normalized Rayleigh number Ra* ———— »-

•;

^
t

i
i
i

1

Fig. 4 Variation of critical wavenumber ac with normalized Ray-
leigh number Ra* for a horizontal liquid layer under b.c. 2 (Bo = 0.05,
0.01;7Vi/ = 0; Ta = 0.1 = 0.

Table 2 Values of Ma0 and /?a0 under b.c. 1, 2, and 3 (TVw = 0, Ta = 0.1 = fi)

MaQ/(ac) under b.c. 1
Bo

0.01

0.05

0=0
79.9
(2.0)

79.9
(2.0)

io-4

66.3
(0.0)

79.74
(2.0)

IO-3

6.63
(0.0)

32.91
(0.0)

MdQ/(ac) under b.c. 2
0=0
48.23
(0.0)

48.23
(0.0)

io-4

27.93
(0.0)

42.07
(0.0)

lO-3

5.83
(0.0)

19.57
(0.0)

MaQ/(ac) under b.
0=0
12.1
(0.0)

12.11
(0.0)

io-4

12.1
(0.0)

12.11
(0.0)

c. 3
lO-3

10.83
(0.0)

12.05
(0.0)

g0 = 671.2, gc = 2.02 /tap = 321.6, gc=0.0_ = 121.7, gc = 0.0
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Table 3 Values of Ma0 and RaQ under b.c. 1 at different Ta, Q (Nu = 0, ffo = 0.05)

Ma0/(ac) at Ta = 5Q = Q MaQ/(ac) at Ta = 100 = Q
0=0

266.8
(2.95)

J

10~4

64.5
(0.0)

<te0 = 2371, tfc = 3.2<

io-3

6.45
(0.0)

3

0=0
460.2
(3.4)

io-4

45.6
(0.0)

/?00 = 4361, ac = 3Ai

io-3

4.56
(0.0)

5

O=0
1955.7
(4.2)

Afo0/<«c)atra = 500=G
io-4

20.39
(0.0)

/te0 = 21861, *c = 3.025

io-3

2.04
(0.0)

Normalized Rayleigh number Ra*
Fig. 5 Variation of Ma* with Ra* under b.c. 1, 2, and 3 (#o =
0.01; TVi/= 0; Ta = 0.1 = 0.

0.05,

also be verified from Eqs. (18) and (19) since ac^Q for these
cases). Figure 5 illustrates the correlation between Ma* and
Ra* at r« = 0.1 = Q, i.e., the onset of the pure B&iard-
Marangoni convective instability (under negligible Coriolis
and Lorentz fields), when the effects of gravity waves (Bo7±G)
and of finite interfacial tension (Cr^ 0) at the two-fluid inter-
face are taken into account. We notice that under b.c. 1, 2,
and 3, a linear correlation, i.e., a "tight coupling" in the sense
of mutual support between the two detstabilizing agencies,10

obtains only for the flat interface (continuous curves with
O=0). At Cr<10~4, the above correlation holds approx-
imately for Bo = 0.05 under b.c. 1 and 3 but not for Bo = 0.01.

The drastic departure from the strictly monotonic correla-
tion between Ra* and Ma* is to be clearly seen under b.c. 2 at
Cr=10~3 for Ra* less than some threshold value (-0.39),
wherein we find that Ma* in fact increases with Ra*. Ma*
stays well above unity for Cr — 10 ~3 over a considerable range
of Ra* before decreasing ultimately to zero as Ra* -* 1. (In the
"downhill" part, ac is in fact nonzero.) Similar behavior is
also to be seen for b.c. 3 at #0 = 0.01. Under b.c. 2 and 3,
therefore, there can be a regime in which an increase in
buoyancy up to a certain threshold Rat can indeed delay the
onset of convective instability beyond the critical gradients re-
quired at zero gravity. The threshold Rat is higher for lower

1*
1 o
aI.,
«-»
dio
*-1?

I Bo =0.05

• ~ "1" ̂ **j.--.

•——..—... — .̂ .
(S)

BC ®(D(D
Nu = 0

Q=Tas0.1

J

v'̂ 3^

X\ X

\ i
\
\
\

I Bo=QjQ1 I. . . . .........

"****!* -^/
"*" "^"^^-^ v \

\
\

Cr \

—————— 10-3 (XIU ^^

if 162 101 t 1(J3 1fl2 101

Normalized Rayleigh number Ra*———

Fig. 6 Variation of interface flow indicator Fl with Ra* under b.c. 1,
2, and 3 (#0 = 0.05, 0.01; Afo = 0; Ta = 0.1 = 0.

Bo/Cr. Although too small to be seen on the plot for b.c. 1,
there exists a similar regime near Ra*-+Q. But the more ob-
vious finding in the case of b.c. 1 is that buoyancy need not
reduce the critical Marangoni number until Ra exceeds a cer-
tain threshold value. At the other extreme as Ra*^l, i.e.,
when buoyancy dominates, our numerical results agree with
the predictions of the asymptotic analysis17 for b.c. 1 in the
limit of small Cr, which indicates a possible stabilizing ten-
dency of the interfacial curvature. This is even more pro-
nounced under b.c. 2 at larger Ra*(cf. Figs. 3b and 3c, O=0
vs Cr= 10~3, 10~4). Thus, the present results spanning the en-
tire range 0< M0*, Ra* < 1 clearly indicate the dual role of the
wavy interface. Whereas the layer tends to be destabilized by
Cr^O in the long-wave limit, it is restabilized by Boj*Q
(Ra ̂  0). The quantitative significance of nonzero Bo and Cr is
far greater in the low-buoyancy limit, say, in a low-gravity en-
vironment (real or simulated) and in thin liquid layers.

This ambivalence in the buoyancy/capillarity interaction
may be partly a plausible explanation for the quicker onset of
convection in the Apollo demonstration experiments.4
Whereas in the ground experiment, onset of convection in the
same thin layer could have been delayed somewhat by the
counteracting buoyancy effect, there could be no such benefit
from buoyancy at g~ 10~8g0 aboard Apollo. At very small
Bo/Cr = g#/Kv, as the asymptotic results show, Mac is also
small. Thus, for given layer thickness, quicker onset of con-
vection than on the ground is indeed likely at such low gravity
levels. Sidewalls and practical lower bounds on observing in-
cipient convection could lead to higher Mac and finite cell size.
Since both the ground and space experiments were also
presumably well in the supercritical regime, quantitative
theoretical comparisons do not seem tenable here. But
physically, even in that regime, it is likely that the evolution of
the finite cells observed took longer in the ground experiment
than in space due to the counteraction contribution of
buoyancy in the former. Futhermore,4 the undercurrents
associated with the sidewall effects, nonuniform layer depth in
space, together with some heat transfer to the environment
(M/;*0), might also have changed the pertinent ac and Mac to
begin with. Some experimental observations on superposed
layers18 under temperature gradients and on layers subjected
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0.5 1.0 0 015
Normalized Rayleigh number Ra*—

1JO

Fig. 7 Variation of Ma* with Ra* under b.c. 1 at different Ta, Q

to concentration gradients19 also suggest the possibility of
counteraction between the destabilizing agencies.

The Counteraction Mechanism
The possible counteraction between the two inherently

detstabilizing agencies of capillarity and buoyancy can be
associated with the opposite flows8 induced in the immediate
vicinity of the two-fluid interface, where the thermocapillary
tractions operate. In view of the kinematic condition for a sta-
tionary, neutral mode, W(\) vanishes at the fluid interface.
Therefore, the fluid immediately below moves toward the in-
terface if W(\) is negative and away from it if W'(\) is
positive. Consequently, the flow is upward below the troughs
of an interfacial wave and downward below the crests if f0 and
W'(\) are of the same sign. In Fig. 6 we show the values of the
surface flow indicator Fl [cf. Eq. (12)] given by

(20)

under the three boundary conditions. We find that Fl is
positive as Ra* —>0 and goes through zero to negative values as
Ra* exceeds a certain finite threshold value. The trend is
clearly visible for b.c. 1 and 2 but is present numerically in
case 3 as well. The F/-sign reversal point in cases 2 and 3 is
close to the changeover of Xc to finite values. But the results
for b.c. 1, wherein ac^2.Q even for Cr=10~4, £0 = 0.05 as
Ra*^Q while Fl changes sign at Ra* —0.2 also with ac — 2.Q,
show that the dominant regime of the respective driving
mechanism, capillarity or buoyancy, is to be identified with
the flow reversal rather than the wavelength. Besides, as
already pointed out, Xc can be finite even under b.c. 2 and 3
with some heat transfer to the ambient gas. Hence, the sign
reversal of Fl is rightfully to be attributed to the increasing in-
fluence of buoyancy over that of surface tension.

Decoupling Due to Imposed Fields
In Fig. 7 the pronounced influence of the interfacial effects

in decoupling the two destabilizing agencies even under b.c. 1
are illustrated for different Ta and Q. It is known10'12 that
under the action of Coriolis (Ta) and Lorentz (Q) fields, the
said coupling weakens. This tendency is confirmed by the
curves for O = 0 (the flat interface) as Ta and Q increase. But
we find that for given Ta and Q, the departures for nonzero
Bo and Cr from the case O = 0, 7*7 = 0.1 = Q are far greater.
As indicated in Fig. 5 calculations for other representative Bo

values show that a greater decoupling effect (cf. higher rise in
Ma* for Bo = 0.01) is associated with lower values ofBo/Cr as
may be expected from the asymptotic results in Eqs. (17-19) if
the pertinent ac—-0.

Conclusions
Convective instability due to vertical density and interfacial

energy gradients in a thin horizontal liquid layer bounded at
least on the upper side by an ambient gas tends to occur at
wavelengths that are large compared to the mean layer
thickness under certain boundary conditions and in various
parameter ranges. The parameter ratio Bo/Cr is of decisive
importance for the onset of long-wave instability. At low
values of Bo/Cr, quicker onset of convective instability in thin
liquid layers is to be expected unless appropriate
countermeasures are taken. Such layers5 can, however, be
stabilized in suitable parameter ranges by means of vertical
magnetic fields and rotation about a vertical axis. Critical
wavelength at onset can be finite or infinite, depending on the
boundary conditions as well as the parameter ranges. Under
some conditions, low to moderate buoyancy effects may tend
to raise the critical vertical temperature gradient necessary to
induce convective instability in thin liquid layers. The two
destabilizing mechanisms inherent in such thin layers do not
necessarily support each other and may even oppose each
other under certain conditions. Physically this stems from the
fact that the associated long-wave instabilities can induce
potentially opposing types of flow under the two mechanisms.
Our findings offer at least a partial explanation for the "unex-
pected" trend in the results of the early space experiments,4
admittedly influenced by several nonideal conditions left out
in theoretical analysis. Our theoretical results here point out
the special relevance of the interfacial waviness and of im-
perfect boundary conditions in this context. Further investiga-
tions in the area should be of considerable interest for
materials science experiments and materials processing in
space. Demonstration experiments under precisely controlled
conditions for studying the interaction between the basic
mechanisms and viable means of suppressing instability in
relevant configurations would also be highly valuable.
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